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Preface 
 
Lasers and electro-optics is a field of research leading to constant breakthroughs. 

Indeed, tremendous advances have occurred in optical components and systems since the 
invention of laser in the late 50s, with applications in almost every imaginable field of 
science including control, astronomy, medicine, communications, measurements, etc. If we 
focus on lasers, for example, we find applications in quite different areas. We find lasers, for 
instance, in industry, emitting power level of several tens of kilowatts for welding and 
cutting; in medical applications, emitting power levels from few milliwatt to tens of Watt for 
various types of surgeries; and in optical fibre telecommunication systems, emitting power 
levels of the order of one milliwatt. 

In this book, some advances of lasers and electro-optics in several fields of science, 
covering quite different subjects, are presented. In order to do so, each chapter is self-
contained. Indeed, each chapter is written by different authors who present their research in 
a given field. Some elementary knowledge is usually assumed.  

This book is divided in four sections. The book presents several physical effects and 
properties of materials used in lasers and electro-optics in the first chapter and, in the three 
remaining chapters, applications of lasers and electro-optics in three different areas are 
presented. 

The first section of the book is dedicated to the analysis of physical effects and 
properties of materials used in lasers and electro-optics. The characterization of several 
materials is performed in the first chapters of the section. Then, some physical effects in 
optical components are described and demonstrated. An accurate characterization of 
materials and the knowledge of the physical effects occurring in each material are of 
extreme importance when the choice of materials for a given application has to be 
performed. Some innovative laser implementations are described at the two final chapters of 
this section.  

 The second section of the book is dedicated to communications. Topics related to 
optical sampling, all-optical signal processing, optical fibre transmission and data protection 
are covered in this section. The electronic acquisition of data is quite difficult when data has 
a broad spectrum, requiring improved sampling schemes. Some of those sampling schemes 
are discussed. The retiming and reshaping of optical data in the optical domain avoids opto-
electrical conversions. Thus, all-optical signal processing is discussed. New modulation 
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formats and enhanced transmission systems, required for increasing the data rate available 
to each user and reduce the cost of the data transmission, are also presented. A method for 
data protection is described and analyzed in the final chapter of the section. 

Section three focuses on applications of electro-optics in imaging and processing of 
light. Some background on the physical effects leading to the creation of images is firstly 
given. Then, materials and strategies for the generation and manipulation of light are 
presented. Some applications of the analysis performed in each chapter are referred to along 
the chapters. Examples of such applications are the enhancement of the sensitivity of atomic 
force microscopes and 3-D displays. 

Some applications of electro-optics to biology and medicine are analyzed in section 
four. This section focuses mainly on technologies for biological tissues imaging. It is shown 
that electro-optics has the potential to acquire quite good representations of microscopic 
samples. A chapter related to laser optoperforation for delivering foreign DNA into plants is 
presented at the end of this section. 

We would like to thank to all authors for their contributions. On the behalf of the 
authors, we would like to acknowledge to Vedran Kordic, who coordinated this project, and 
to all who made this publication possible.  We hope readers enjoy reading this book and that 
it benefits both novice and experts, providing a thorough understanding of several fields 
related to lasers and electro-optics. 

 

Editors 

Nelson Costa and Adolfo Cartaxo 
Instituto de Telecomunicações 

 Department of Electrical and Computer Engineering 
Instituto Superior Técnico 

Lisboa, Portugal 
nelson.costa@lx.it.pt 
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Optical, Photoluminescent, and 
Photoconductive Properties of Novel High-

Performance Organic Semiconductors 
Oksana Ostroverkhova, Andrew D. Platt and Whitney E. B. Shepherd 

Oregon State University 
USA 

1. Introduction      
Organic semiconductors have been investigated as an alternative to inorganic 
semiconductors due to their low cost, ease of fabrication, and tunable properties  (Forrest, 
2004). Applications envisioned for organic semiconductors include xerography, thin-film 
transistors, light-emitting diodes, solar cells, organic lasers, and many others (Peumans et 
al., 2003; Murphy & Frechet, 2007; Samuel & Turnbull, 2007). Since most of these 
applications rely on the conductive and photoconductive properties of the materials, it is 
important to understand physical mechanisms of charge photogeneration, transport, 
trapping, and recombination. However, despite numerous theoretical and experimental 
studies of the optical and electronic properties of organic solids, these mechanisms are not 
well understood and are still the subject of debate in the literature (Sariciftci, 1997; Podzorov 
et al., 2004; Moses et al., 2006; Troisi & Orlandi, 2006; Coropceanu et al., 2007; Cheng & 
Silbey, 2008; Laarhoven et al., 2008). Indeed, it is a complicated task to reveal and utilize the 
intrinsic properties of organic materials, since they are often masked by the influence of 
impurities, the presence of which is sensitive to the methods of material purification and 
device fabrication. As a result, measurements performed in the same material using 
different experimental techniques often provide conflicting results (Nelson et al., 1998; 
Hegmann et al., 2002; Podzorov et al., 2003; Jurchescu et al., 2004; Lang et al., 2004; 
Thorsmølle et al., 2004; Ostroverkhova et al., 2005a; Ostroverkhova et al., 2006a; Koeberg et 
al., 2007; Laarhoven et al., 2008; Najafov et al., 2008; Marciniak et al., 2009). Experimental 
methods that probe charge carrier dynamics on picosecond (ps) time-scales after a 100-
femtosecond (fs) pulsed photoexcitation have had most success in revealing intrinsic 
properties of organic semiconductors (Hegmann et al., 2002; Thorsmølle et al., 2004; 
Hegmann et al., 2005; Ostroverkhova et al., 2005a; Ostroverkhova et al., 2005b). In contrast, 
techniques that probe equilibrium charge transport are much more sensitive to extrinsic 
effects (Nelson et al., 1998; Knipp et al., 2003; de Boer et al., 2004; Jurchescu et al., 2004). 
However, since properties under equilibrium conditions are relevant for most devices, it is 
necessary to understand how they are related to intrinsic properties and find ways to 
improve materials and device fabrication techniques in order to minimize extrinsic effects. 
Therefore, one of the emphases of this chapter is on photoexcited charge carrier dynamics 
from sub-ps (non-equilibrium) to many seconds (equilibrium) after photoexcitation in a 
variety of organic crystals and thin films (Sections 3.3-3.4).  
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Of particular technological interest are small-molecular-weight solution-processable 
materials that can be cast into high-performance (photo)conductive thin films. 
Functionalized anthradithiophene (ADT) and pentacene derivatives have attracted 
considerable attention due to their high charge carrier mobility, photoconductivity, and 
luminescence. In particular, charge carrier (hole) mobilities of over 1.2 cm2/Vs have been 
observed in thin-film transistors (TFTs) based on solution-deposited films of these materials 
(Park et al., 2007; Park et al., 2008). Slight chemical modifications of the side groups of both 
ADT and pentacene derivatives lead to considerable changes in molecular packing, which 
affect electronic and optical properties of thin films (Platt et al., 2009a; Platt et al., 2009b; 
Platt et al., 2009c). Additional changes in these properties may be produced by 
functionalization of the core of the molecule. In Sections 3.1-3.5, we will summarize optical, 
photoluminescent (PL), and (photo)conductive properties of several functionalized ADT 
and pentacene derivatives. In addition to a promising potential of ADT pristine compounds 
for (opto)electronic applications, the availability of these high-performance, solution-
processable, structurally similar, derivatives with different highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energies can be utilized 
to create composites with optical and electronic properties tailored for specific applications. 
In Sections 3.1.3 and 3.3.2, we will describe how charge carrier dynamics in ADT films can 
be manipulated using competition between charge and energy transfer achieved by 
introducing various guest molecules into an ADT host (Day et al., 2009a).  An ultimate 
understanding of the charge carrier and exciton dynamics in organic semiconductors can be 
reached, however, only if relationships between charge transfer and energy transfer rates on 
the molecular level and macroscopic (photo) conductivity in the bulk material are 
established. Our preliminary studies of properties of individual molecules are presented in 
Section 3.2.  
Finally, most devices that utilize (opto) electronic properties of materials require  application 
of static electric fields with deposited electrodes. The processes occurring at the metal-
organic interfaces at the electrodes can significantly affect the performance of a device 
(Brutting, 2005; Day et al., 2009b), introducing another difficulty in the materials 
characterization and another variable into the device performance. Effects of the electrode 
material on the (photo)conductive performance of organic thin-film devices, at various time-
scales after photoexcitation, will be briefly reviewed in Section 3.6.   

2. Experimental 
2.1 Materials and sample preparation 
In our studies of non-equilibrium charge carrier dynamics at sub-ps time scales after 100-fs 
photoexcitation (Section 3.3.1), we used single crystals of ultra-high-purity pentacene (Pc) 
(Jurchescu et al., 2004), pentacene derivative functionalized with 6,13-bis 
(triisopropylsilylethynyl) (TIPS) side groups (TIPS-pentacene) (Hegmann et al., 2002; 
Ostroverkhova et al., 2005a; Ostroverkhova et al., 2005b; Anthony, 2006; Ostroverkhova et 
al., 2006a), rubrene (Rub) (Podzorov et al., 2003; Podzorov et al., 2004), and tetracene (Tc) 
(Moses et al., 2006) (Fig.1). The Pc powder was purified using vacuum sublimation under a 
temperature gradient (Jurchescu et al., 2004). Rub, Tc and Pc single crystals were obtained 
using physical vapor transport techniques as described in Jurchescu et al., 2004 and 
Podzorov et al., 2003. The TIPS-pentacene single crystals were grown in a saturated 
tetrahydrofuran (THF) solution at 4°C (Anthony et al., 2001). Eight TIPS-pentacene crystals 
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and four Pc, Rub and Tc crystals (each) were used in these experiments and yielded similar 
results (Ostroverkhova et al., 2006a). For the same experiments, we also prepared 
polycrystalline Pc and TIPS-pentacene thin films. All of the Pc and some TIPS-pentacene 
films were prepared on mica, glass, or KCl substrates by thermal evaporation of the 
corresponding powder heated to 200–250 °C in high vacuum (10−6−10−7 Torr) at a deposition 
rate of 0.3 Å/ s. The thickness of the films was measured with a profilometer (Tencor 
Instruments) and ranged between 150 nm and 1.3 μm (Ostroverkhova et al., 2005a; 
Ostroverkhova et al., 2005b). TIPS-pentacene films drop-cast from THF solution at room 
temperature were also prepared. 
In our studies of anisotropy of the transient photoconductivity (Section 3.3.1), we used 
single crystals of pentacene functionalized with: (i) TIPS and (ii) 6,13-bis 
(triethylsilylethynyl) (TES) side groups. The single crystals had dimensions typically around 
(1.5-2) mm x (2-4) mm (as illustrated in Fig.9(c)) with a thickness of 300-500 μm. Although 
both TIPS-pentacene and TES-pentacene crystals are triclinic (with the unit cell parameters 
listed in Table 1), the molecular packing and resulting π-overlap in these crystals is different, 
as the TIPS-pentacene crystals assume a more two-dimensional (2D) “brick-wall”-type 
structure, while the TES-pentacene crystals exhibit a one-dimensional (1D) “slipped-stack”-
type structure (Figs.9(a) and (b), respectively)(Anthony, 2006). Our crystallographic analysis 
showed that the largest area crystal surface corresponds to the a-b plane of the crystals, with 
the a-axis parallel (||) to the long axis in both TIPS-pentacene and TES-pentacene crystals. 
TIPS-pentacene and TES-pentacene crystals have almost identical absorption spectra in 
solution, with the absorption edge at around 700 nm, which shifts to ~850 nm in a crystal. 
Eight TIPS and four TES crystals were used in these experiments (Ostroverkhova et al., 
2006b). 
 

Compound a (Å) b (Å) c  (Å) α  (deg) β  (deg) γ  (deg) 

TIPS-pent. 7.565 7.75 16.835 89.15 78.42 83.63 

TES-pent. 7.204 9.994 11.326 80.81 89.13 82.21 

ADT-TES-F 7.71 7.32 16.35 87.72 89.99 71.94 

ADT-TIPS-F 7.58 8.18 16.15 100.85 92.62 98.79 

Table 1. Unit cell parameters for functionalized pentacene and ADT derivatives used in our 
studies. 

In our studies of photophysical and photoconductive properties on time-scales from sub-
nanoseconds (ns) after 100 fs excitation to an equilibrium (Sections 3.1, 3.3.2, 3.4, and 3.5), 
we explored thin films of TIPS-pentacene,  of fluorinated ADT derivatives functionalized 
with TES and TIPS side groups (ADT-TES-F and ADT-TIPS-F, respectively), and of another 
ADT derivative functionalized with TIPS side-groups, ADT-TIPS-CN (Figure 1) (Day et al., 
2008; Day et al., 2009a; Day et al., 2009b; Platt et al., 2009b). In addition to pristine materials, 
we explored films of ADT-TES-F doped with various concentrations of C60, TIPS-pentacene, 
or ADT-TIPS-CN. Stock solutions of functionalized ADT derivatives were prepared at ~ 1% 
by weight in toluene. For solution measurements, solutions were prepared by dilution of 
stock solutions to ~10−4 M. Films with thickness of 1 − 2 μm were prepared by drop-casting 
stock solutions onto glass substrates at ~60 °C. Composite films were similarly prepared 
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from stock solutions of known mixtures of ADT-TES-F and C60, TIPS-pentacene, or ADT-
TIPS-CN. When dealing with pristine compounds, this preparation method yielded 
polycrystalline ADT-TES-F, ADT-TIPS-F, and TIPS-pentacene and amorphous ADT-TIPS-
CN films (as confirmed by X-ray diffraction and transmission electron microscopy (TEM)). 
The unit cell parameters for the fluorinated ADT derivatives studied are listed in Table 1. 
For measurements of dark current and photoresponse, glass substrates were prepared by 
photolithographic deposition of either 5 nm/50 nm-thick Cr/Au or 100 nm-thick aluminum 
(Al) electrode pairs. Each pair consisted of 10 interdigitated finger pairs, with 1 mm finger 
length, 25 μm finger width and 25 μm gaps between the fingers of opposite electrodes. Films 
were drop-cast onto the interdigitated regions. Films on coplanar electrodes with 25 or 50 
μm gap were also prepared. 
 

       
                           (a)                                                   (b)                                                (c) 

         
                                                     (d)                                            (e) 

Fig. 1. Molecular structures of (a) functionalized pentacene, (b) functionalized ADT, (c) 
rubrene (Rub), (d) tetracene (Tc), and (e) pentacene (Pc). R = TIPS or TES, R’ = F or CN.     

2.2 Measurements of optical and photophysical properties 
Optical absorption spectra were measured using a halogen lamp and a fiber-coupled Ocean 
Optics USB2000 spectrometer. Absorbance A was calculated from the incident (I0) and 
transmitted (I) beam intensities as A = −Log(I/I0). Reflection losses were taken into account 
by referencing with respect to cuvettes with pure solvent or clean glass substrates for 
solution and film measurements, respectively. Emission spectra were acquired in a custom 
fluorescence measurement setup with laser excitation at wavelengths of either 400 nm 
(frequency-doubled mode-locked Ti:Sapphire laser from KM Labs) or 532 nm (Nd:YVO4 
laser from Coherent, Inc.). Emitted photons were collected using a parabolic mirror and 
detected with a fiber coupled spectrometer (Ocean Optics USB2000 calibrated against a 3100 
K black-body emitter). Absorption of solutions was measured using a standard 1 cm path 
length quartz cuvette with a halogen light source fiber-optically delivered to the sample 
holder and spectrometer. Photoluminescence (PL) quantum yields (QYs) in solution were 
referenced against standards with known quantum yields and corrected for differences in 
optical density and solvent refractive index. The ADT derivatives were measured against 
rhodamine 6G in ethanol (Φ = 0.95) and DCDHF-N-6 in toluene (Φ = 0.85) (Lord et al., 2007). 
The QY of TIPS pentacene solution was measured against rhodamine 6G in ethanol and 
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Alexa Fluor 647 in a phosphate buffer solution (pH 7.2, Φ = 0.33). The QYs in films were 
estimated using DCDHF-N-6 in polymethylmethacrylate (PMMA) (Φ = 0.98) as a reference 
and assuming a value of 1.7 for the index of refraction (Lord et al., 2007). The detection limit 
of the setup was estimated to be at Φ ≈ 0.5% at 650 nm.   
PL lifetime measurements were performed using a mode-locked Ti:Sapphire laser 
frequency-doubled with a beta-barium borate (BBO) crystal with a repetition rate of 93 MHz 
picked at 9.3 MHz using a home-built pulse picker (based on a TeO2 acousto-optic 
modulator from NEOS) and 80-fs pulses as the excitation source. A single-photon avalanche 
photodiode (SPAD – Molecular Photonic Devices) was used in conjunction with a time-
correlated single-photon counter (TCSPC) data analysis board (PicoQuant TimeHarp 200) 
for detection. The instrument response function (IRF) (~200 ps) was recorded using 
scattered light from an etched microscope slide. For measurements of the temperature 
dependence of film spectra, samples on pre-cut microscope slides were mounted on a 
custom built electrically heated and water cooled stage (range: 278 − 360 K) for temperature 
control. PL measurements were taken in situ over the entire temperature range, in ambient 
air. Similar experiments were previously performed under N2 atmosphere and showed no 
discernable difference. 
For measurements of electric field-induced PL quenching, either 532 nm cw light or pulsed 
400 nm light was focused on the samples similar to those used in our (photo)conductivity 
studies. At 532 nm cw photoexcitation, PL was collected using a Thorlabs amplified 
photodetector and a SRS830 lock-in amplifier. Keithley 237 source-measure unit was used to 
apply voltage in the range of 0-500 V and measure photocurrent, simultaneously with 
measurements of the PL. At 400 nm pulsed excitation, PL transient decay was detected 
using SPAD and TCSPC, as described above. The experiment was repeated at voltages up to 
500 V and at different temperatures. 

2.3 Single-molecule-level PL imaging 
Samples for PL imaging at the single-molecule level (Section 3.2) were prepared from stock 
solutions of 1% by weight PMMA (75,000 m.w.) in toluene. ADT-TES-F was doped into the 
solution at the level of 10−10 per PMMA molecule. This solution was then spun coat onto 
clean glass coverslips at 2000 rpm for 55 s. The samples were imaged with an Olympus IX71 
inverted microscope with a 100X UPlanApo objective under wide-field 532 nm cw 
illumination. The PL was detected by an Andor iXon DU-897 EMCCD camera. 

2.4 Transient photocurrent measurements 
2.4.1 Optical-pump-terahertz (THz) probe spectroscopy 
A detailed description of the optical-pump – THz-probe experimental setup can be found in 
Lui & Hegmann, 2001. Briefly, an amplified Ti:Sapphire laser source (800 nm, 100 fs, 1 kHz) 
was used to produce optical pump pulses at wavelengths of 400-800 nm through various 
wave-mixing schemes and THz probe pulses generated via optical rectification in a 0.5 mm-
thick ZnTe crystal. The samples were mounted on 1-2 mm apertures, and both the THz 
probe and optical pump pulses were at normal incidence to the surface of the films (a-b 
plane) of the single crystal samples. The room-temperature data were taken in air. For 
temperature dependence measurements, the samples were mounted in an optical cryostat 
(sample in vapor). The electric field of the THz pulse transmitted through the samples, T(t), 
was detected by free-space electro-optic sampling in a 2-mm-thick ZnTe crystal and 
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monitored at various delay times (Δt) with respect to the optical pump pulse. The range of 
optical pump fluences was 0.9-1.5 mJ/cm2. No transient photoconductivity was observed 
upon optical excitation of the substrates alone. Optical excitation of all thin film and single 
crystal samples resulted in a change in the transmitted electric field (-ΔT(t)) due to the 
transient photoconductivity (i.e. mobile photogenerated carriers) (Hegmann et al., 2002; 
Hegmann et al., 2005; Ostroverkhova et al., 2005a; Ostroverkhova et al., 2005b; 
Ostroverkhova et al., 2006a; Ostroverkhova et al., 2006b). In the absence of the phase shift 
between THz waveforms obtained in the unexcited and optically excited sample, as was the 
case for all our samples, the optically induced relative change in the THz peak amplitude (-
(T-T0)/T0≡ -ΔT/T0, where T0 is the amplitude of the THz pulse transmitted through 
unexcited sample) provides a direct measure of the transient photoconductivity (Hegmann 
et al., 2002; Thorsmølle et al., 2004; Ostroverkhova et al., 2005a). The time resolution of this 
experimental setup was ~400 fs. In the approximation of a thin conducting film on an 
insulating substrate, the differential transmission (-ΔT/T0)  due to optical excitation of 
mobile carriers at small |ΔT/T0| is related to the transient photoconductivity as follows 
(Lui and Hegmann, 2001; Hegmann et al., 2002; Thorsmølle et al., 2004):  

 σ = − (ΔT/T0)(1+N)/(Z0L),  (1) 

where Z0 = 377 Ω is the impedance of free space, N is the refractive index of the substrate at 
THz frequencies, and L is the film thickness. Using this expression, and setting the 
maximum value for the transient response at Δt = 0 so that |ΔT/T0|MAX  =  |ΔT(0)/T0|, the 
product of the charge carrier mobility (μ) and photogeneration efficiency (η) can be 
calculated as follows (Hegmann et al., 2002; Ostroverkhova et al., 2005a; Ostroverkhova et 
al., 2005b): 

                                         ( )
( )0 0

1(0)
(1 ) 1 exp[ ]

h NT
T eF R L Z

ν
μη

α
+Δ=

− − −
, (2) 

where  e is the electric charge, h is Planck’s constant, ν is the light frequency, α is the 
absorption coefficient, F is the incident fluence, and R is the reflection coefficient.  

2.4.2 Direct measurements of fast photocurrent using digital sampling oscilloscope 
For transient photoconductivity measurements on sub-100 ps to hundreds of microsecond 
(μs) time-scales after pulsed photoexcitation, an amplified Ti:Sapphire laser (800 nm, 100 fs, 
1 kHz) was used in conjunction with a frequency-doubling beta-barium borate (BBO) crystal 
to excite the samples. Voltage was supplied by a Keithley 237 source-measure unit, and light 
pulse-induced transient photocurrent was measured with a 50 Ω load by a 50 GHz CSA8200 
digital sampling oscilloscope (DSO). The time resolution of this setup was 30-40 ps. 
From the peak of the transient photocurrent (Iph,max), a product of charge carrier mobility μ 
and photogeneration efficiency η was calculated using  

 μη = Iph,max/(eNphEd),  (3) 

where Nph is the number density of absorbed photons per pulse, E is the static electric field 
(E = V/L, where V is the applied voltage and L is the gap between the electrodes), e is the 
charge of the electron, and d is the channel width. 
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2.5 Dark current and cw photocurrent measurements 
For dark current and cw photocurrent measurements, the samples were embedded in a 
fixture incorporating a thermoelectric unit for temperature control (range: 285−350 K). The 
Keithley 237 source-measure unit was used to measure current through the sample in the 
absence and in the presence of cw photoexcitation with a Nd:YVO4 laser at 532 nm. The 
photocurrent was calculated as the difference between the two. 

2.6 Scanning photocurrent microscopy 
Scanning photocurrent microscopy has been previously utilized in probing internal electric 
field distributions, mapping electronic band structure, measuring mobility-lifetime 
products, etc. in inorganic and organic films, nanowires, carbon nanotubes, and graphene 
sheets (Gu et al., 2006; Agostinelli et al., 2007; Ahn et al., 2007; Park et al., 2009). In our 
experiments, ADT films on coplanar electrodes, either Al or Au, separated by a 50-μm gap, 
were excited with a focused beam from the glass substrate side, and photoresponse was 
monitored as the excitation spot was moved across the gap from one electrode to another 
(Day et al., 2009), under applied voltage. This experiment was performed with either pulsed 
100-fs 400-nm excitation or cw 532-nm excitation, using laser sources described above. In the 
case of pulsed excitation, a lens with 2.5-cm focal distance was used to focus the beam with 
pulse energy of ~1 nJ to an approximately 4-μm spot at the sample. The lens was translated 
along the gap using a micrometer-controlled translation stage. At each position of the lens, 
transient photocurrent resulting from excitation of a localized region of the film was 
recorded with the DSO. In the case of cw excitation, the sample was placed on an Olympus 
IX-71 inverted microscope, and a 10x objective with a numerical aperture of 0.6 was used to 
focus the beam at a power of ~0.4 μW to an approximately 400-nm spot. Position of the 
localized excitation with respect to the electrodes was monitored by a CCD camera that 
detected fluorescence (emitted by the photoexcited region of the sample) collected through 
the same objective. The sample was translated using a closed-loop piezoelectrically 
controlled x-y stage with sub-nm resolution, with a speed of 1 μm/s. Cw light was chopped 
at 565 Hz, and the amplitude of the modulated photocurrent signal was measured by a 
Stanford Research Systems 830 lock-in amplifier. The experiment was repeated as a function 
of applied voltage and light power, as well as at different voltage polarities, directions of the 
scan, and lengths of the waiting period between successive scans. 

3. Results 
3.1 Optical properties 
3.1.1 Dilute solutions 
Figure 2 shows optical and PL properties of functionalized ADT and pentacene derivatives 
in toluene solution. In all spectra, vibronic progression due to coupling of the electronic state 
to ring-breathing vibrational modes (~1400 cm-1), characteristic of oligoacenes, is observed 
(Pope & Swenberg, 1999).  In solutions, optical properties were determined primarily by the 
core of the molecule and were not affected by TIPS or TES side-groups, which resulted in 
identical spectra of, for example, ADT-TES-F and ADT-TIPS-F in Fig. 2 or TIPS- and TES- 
pentacene (only TIPS-pentacene data are shown). Spectra of ADT-TIPS-CN and TIPS- 
pentacene in solution were both red-shifted with respect to those of ADT-TIPS(TES)-F. Small 
Stokes shifts of <10 nm, observed in all solutions, are due to rigidity of the molecular core of 
oligoacenes. PL lifetime decay of solutions was well described by a single-exponential 
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function (~exp[−t/τ], where τ is the PL lifetime). ADT-TIPS-F and ADT-TES-F derivatives 
exhibited similar lifetimes (τ) of ~9 ns and high PL quantum yields (QYs) (Φ) of ~70% in 
toluene. Solutions of ADT-TIPS-CN and TIPS-pentacene showed longer lifetimes (~12-12.5 
ns) and QYs ~75% (Table 2) (Platt et al., 2009a; Platt et al., 2009b; Platt et al., 2009c). 
 

 
Fig. 2. Normalized optical absorption (a) and PL (b) spectra of functionalized pentacene and 
ADT derivatives in toluene solution. Spectra of ADT-TES-F and ADT-TIPS-F in solutions are 
identical. Reprinted from Platt et al., 2009b, with permission. Copyright American Chemical 
Society (2009). 

3.1.2 Thin films 
Optical absorption spectra of films (Fig. 3(a)) exhibited a redshift, or displacement Δ, with 
respect to those in solutions, due to enhanced Coulomb interaction of the molecule with its 
surrounding and exchange interaction between translationally equivalent molecules 
(Ostroverkhova et al., 2005b). In general, Δ depends on the molecular-orbital overlap and on 
the structure and morphology of the film. In contrast to identical absorption and PL spectra 
of ADT-TIPS-F and ADT-TES-F in solution, those of corresponding films were considerably 
different (Fig. 3), which we attribute to differences in packing of these molecules in the solid 
and in film crystallinity. In particular, ADT-TIPS-F and ADT-TES-F films exhibited 
displacements Δ of ~320 cm−1 and ~760 cm−1, respectively. Although Δ exhibited sample-to-
sample variation, it was always larger in ADT-TES-F films compared to films of ADT-TIPS-
F, indicative of a higher degree of exciton delocalization in ADT-TES-F films. Also 
redshifted were PL spectra of ADT-TES-F with respect to those of ADT-TIPS-F films (Fig. 
3(b)). Vibronic bands in both absorption and PL spectra were broader in films, as compared 
to solutions, with relative intensities of the bands varied depending on the film thickness 
and morphology (Platt et al., 2009a; Platt et al., 2009b). Regardless of the film thickness, 
ADT-TIPS-F films showed a more pronounced vibronic structure of the PL spectra than 
ADT-TES-F or ADT-TIPS-CN. The differences observed in PL spectra of films compared to 
those in solutions are due to intermolecular interactions leading to a formation of crystallites 
and molecular aggregates (whose properties depend on the degree of molecular order, size, 
and intermolecular coupling). This is further supported by our observations that the PL 
spectra of molecules under study embedded at low concentrations in the PMMA matrix 
yielded spectra identical to those of solutions in Fig. 1(b), as expected from non-interacting 
molecules (Platt et al., 2009b). Although all materials studied could be prone to aggregate 
formation due to their π-stacking properties, PL properties of aggregates significantly 
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Fig. 3. Normalized optical absorption (a) and PL (b) spectra in TIPS-pentacene and ADT 
films. No PL response was observed in TIPS-pentacene films. Reprinted from Platt et al., 
2009b, with permission. Copyright American Chemical Society (2009). 

depended on the material. For example, at room temperature, thin films of ADT-TIPS-F and 
ADT-TES-F were highly luminescent, with PL QYs reaching 40 − 50% depending on the film 
thickness and morphology. (These values represent a lower limit, since effects of self-
absorption were significant in even the thinnest of our films). In contrast, PL in TIPS-
pentacene films was so low that it could not be detected (QYs of < 0.5%). 
In all materials studied, the PL decay dynamics in films were faster than those in solutions 
and could be described by a bi-exponential function (~a1 exp[−t/τ1] + a2 exp[−t/τ2], where 
τ1(2) and a1(2) are shorter (longer) lifetimes and their relative amplitudes, respectively, and     
a1 + a2 = 1), characteristic of molecular aggregates. Both τ1 and τ2 were shorter than lifetimes τ 
measured in solutions of the same molecules, and the weighted average lifetimes in films, 
τav = a1τ1 + a2τ2, were typically on the order of 0.4 − 4 ns at room temperature, depending on 
the material, and varied with film quality (e.g. from 1.1 to 2.5 ns in ADT-TIPS-F films). 
Temperature dependence. In all ADT films, the PL response was strongly temperature 
dependent, and PL quantum yields decreased by a factor of 3−6 as the temperature 
increased from 5 °C to 80 °C, depending on the sample. Figure 4 (a) shows (i) PL QY 
calculated from the integrated PL spectrum measured at 400 nm excitation, (ii) the peak PL 
intensity measured under pulsed 80 fs 400 nm excitation with the time resolution of ∼ 200 
ps, and (iii) integrated time-resolved fluorescence decay measured under pulsed 80 fs 400 
nm excitation, all normalized by their values at room temperature of 20 °C, as a function of 
temperature in an ADT-TIPS-F film. Considerable temperature dependence of the peak PL 
intensity suggests significant contribution of processes occurring on sub-200 ps time scales, 
not resolved in our experiments, to the overall temperature dependence of the QYs. The 
remaining contribution is due to processes occurring on time scales of <2-4 ns. Since no 
temperature dependence of PL emission of our molecules in solution was observed, the 
strong temperature dependence observed in films is due to temperature-dependent 
intermolecular interactions in films (Platt et al., 2009b). In order to quantify the observed 
temperature dependence, we consider PL quantum yield to be inversely proportional to a 
sum of temperature independent radiative rate and thermally activated non-radiative rate, 
so that  

 1/Φ ∼ 1 + a exp [−ΔPL/kBT] ,  (4) 
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where kB is the Boltzmann constant, T is temperature, and a is a fitting parameter related to 
the ratio between radiative and temperature-independent non-radiative rate prefactor. PL 
quenching activation energies ΔPL, obtained from fits of data to Eq.(4) yielded values 
between 0.11 and 0.27 eV, depending on the sample and on the material (e.g. 0.15 eV in an 
ADT-TIPS-CN film in Fig.4(b)) (Platt et al., 2009b). 
 

 
Fig. 4. (a) Temperature dependence of (i) the QYs calculated from the integrated PL 
spectrum measured at 400 nm excitation (triangles), (ii) peak amplitude of the PL transient 
measured under pulsed 80 fs 400 nm excitation with 200 ps resolution (×), and (iii) 
integrated PL decays measured under pulsed 80 fs 400 nm excitation (diamonds) in ADT-
TES-F film. All are normalized by their values at room temperature of 20 °C.  
(b) Temperature dependence of the QY, normalized at its value at room temperature, 
obtaine in an ADT-TIPS-CN film. The fit of the QY by Eq. (4) is also shown. Reprinted from 
Platt et al., 2009b, with permission. Copyright American Chemical Society (2009). 
 

Compound HOMOa 
(eV) 

LUMOa 
(eV) 

λabsb 

(nm) λPLb (nm) Φc τc (ns) λabs,filmd 
(nm) 

λPL,filmd 
(nm) 

ADT-TES-F -5.35 -3.05 528 536 0.70 9.4 550 595 
ADT-TIPS-F -5.35 -3.05 528 536 0.72 9.1 537 600 

ADT-TIPS-CN -5.55 -3.49 
 582 590 0.76 12.7 592 ~688 

TIPS-pent. -5.16 -3.35 643 650 0.75 11.8 ~705 -- 

Table 2. Electrochemical and photophysical properties of TIPS-pentacene and ADT 
derivatives. 
a Measured using differential pulse voltammetry (Platt et al., 2009b) 
b Wavelengths of maximal absorption or PL corresponding to 0→0 transitions in toluene 
solutions 
c PL QY and PL lifetime in toluene solutions 
d Wavelengths of maximal absorption or PL in thin films. PL from TIPS-pentacene films 
could not be detected (QY<0.5%) 

Electric field dependence. In order to address a possibility of electric field-induced 
dissociation of the radiative state, we measured PL spectra and lifetimes upon either cw 532 
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nm or pulsed 80 fs 400 nm photoexcitation of ADT films, under applied voltage. No changes 
in the PL QYs, peak PL intensity, or PL lifetimes have been detected at the applied voltages 
of 0-500 V, i.e., up to average electric fields of 2 × 105 V/cm, at any temperature in the range 
of 5-80 °C. 

3.1.3 Composite thin films 
Figure 5 shows absorption and PL spectra of the composite films containing ADT-TES-F 
host molecules and 2 wt% C60, 10 wt% of TIPS-pentacene or 10 wt% of ADT-TIPS-CN guest 
molecules. Based on the absorption spectra in Fig. 5(a)), no ground state charge transfer 
occurs upon addition of guest molecules at these concentrations. In contrast to absorption 
spectra, addition of any guest molecules to ADT-TES-F in film produced a dramatic effect 
on the PL spectra (Fig. 5(b)), due to photoinduced charge or energy transfer, depending on 
the guest (Day et al., 2009a). In particular, very strong photoinduced energy transfer was 
observed in ADT-TES-F/ADT-TIPS-CN composites: even at a concentration of ADT-TIPS-
CN in ADT-TES-F as low as 0.1%, almost no PL emission was observed from the ADT-TES-F 
host, and the PL response of the film was dominated by that of the ADT-TIPS-CN guest 
molecules (Platt et al., 2009c). In contrast, photoinduced charge transfer, leading to the PL 
quenching, is more favored in ADT-TES-F/C60 and ADT-TES-F/TIPS-pentacene composites. 
As we discuss in Section 3.3.2, PL properties of the composites are correlated with 
photoconductive properties of the same samples on short time-scales after a pulsed 80 fs 
photoexcitation. 
 

 
Fig. 5. Optical absorption (a) and PL (b) spectra of a pristine ADT-TES-F film and 
composites ADT-TES-F/C60 (2%), ADT-TES-F/TIPS-pentacene (10%), and ADT-TES-
F/ADT-TIPS-CN (10%). Absorption spectra are shifted along y-axis for clarity. Reprinted 
from Day et al., 2009a, with permission. Copyright American Institute of Physics (2009). 

3.2 Properties of individual molecules 
Figure 6 shows a typical time trajectory of the PL photon count obtained from an individual 
ADT-TES-F molecule in a PMMA matrix, as confirmed by a single-step photobleaching at 
time t = 32 s. This demonstrates that PL quantum yields and photostablity of ADT-TES-F 
molecules are good enough to enable imaging at the single molecule level at room 
temperature. Signal–to–noise ratios of over 20:1 were obtained at moderate excitation levels 
at 532 nm in the epi-illumination geometry. Moreover, ADT-TES-F exhibited remarkably 
good stability as a single molecule fluorophore, comparable to DCDHF-N-6, which is 

(a) (b) 
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currently one of the best fluorophores utilized in single-molecule fluorescence spectroscopy. 
This opens up new possibilities to study charge- and energy-transfer processes in these 
materials at nanoscales, which are currently underway in our laboratory. 
 

 
Fig. 6. Time trace of the fluorescence of a single molecule of ADT-TES-F under 700 μW wide-
field 532 nm cw illumination. Single-step photobleaching at ~32 s confirms that the trace 
belongs to a single-molecule. Inset shows a surface plot of the emission of the same molecule 
with cubic interpolation.  Integration time was 100 ms. 

3.3 Transient photoconductivity 
3.3.1 Non-contract measurements on 400 fs-1 ns time-scales using optical pump-THz 
probe spectroscopy 
Figure 7(a) illustrates the differential THz transmission (-ΔT/T0) under optical excitation at 
580 nm as a function of delay time (Δt) between the optical pump and THz probe pulses, 
obtained in Pc, TIPS-pentacene, Rub and Tc crystals and Pc and TIPS-pentacene thin films 
(Ostroverkhova et al., 2005a; Ostroverkhova et al., 2005b; Ostroverkhova et al., 2006a). All 
transients, except that for the Tc, which was taken at 10 K, were measured at room 
temperature in air. The onset of the photoresponse reveals a fast photogeneration process 
for mobile carriers with characteristic times below ~400 fs limited by the time resolution of 
our setup in all samples. This suggests that free carriers, and not only excitons, can be 
created in these materials fast, and in the absence of applied electric field. At room 
temperature (RT), measurements of the peak value of -ΔT/T0 yielded μη  values (calculated 
from Eq.(2)) of ~ 0.3-0.35, 0.15-0.2, 0.05-0.06, and 0.03 cm2/(Vs) for Pc, TIPS-pentacene, Rub 
and Tc crystals, respectively, and 0.02-0.03 and 0.01-0.06 in Pc and TIPS-pentacene thin 
films, depending on their structure. These values (in particular the photogeneration 
efficiency η) include initial carrier trapping and recombination occurring within 400 fs after 
photoexcitation, not resolved in our experiment. If we assume η = 1, then these μη values 
provide a lower estimate for the carrier mobility μ. Since η < 1, the mobility value is higher. 
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Likewise, if we assume that RT intrinsic mobilities in these materials are on the order of <10 
cm2/Vs in TIPS-pentacene and Tc and ~20-30 cm2/(Vs) in Rub and Pc (Jurchescu et al., 2004; 
Podzorov et al., 2004), then the lower limit for the photogeneration efficiency in single 
crystals is ~1-2% in Pc and TIPS-pentacene and ~0.3% in Rub and Tc. The observed 
difference in μη  could be due to the differences in: (i) intrinsic carrier mobility, (ii) initial 
photogenerated free carrier yield, and (iii) carrier loss due to charge trapping and 
recombination. Factor (iii) is likely not to be a significant contributor at such short time-
scales after photoexcitation. This is supported by our observation of the μη values measured 
in good-quality TIPS-pentacene thin films reaching 30 - 40% of those obtained in TIPS-
pentacene single crystals, in spite of the abundance of deep traps at the grain boundaries in 
thin films (Ostroverkhova et al., 2005b). Therefore, the differences in the trapping properties 
of TIPS-pentacene, Pc, Rub and Tc crystals most likely account only for a factor up to ~2 in 
the differences in μη values obtained in these crystals at RT, while further differences are 
due to factors (i) and (ii). For example, the lower transient photoconductivity observed in 
Rub compared to Pc single crystals at RT at 400 nm could be mostly due to the lower 
photogeneration efficiency η (factor (ii)) in Rub, in qualitative agreement with Podzorov et 
al., 2004 and Lang et al., 2004. 
 

 
Fig. 7. (a) Differential THz transmission due to transient photoconductivity in various 
organic crystals and thin films as a function of pump-probe delay time. (b)  Decay dynamics 
of the transient photoconductivity in TIPS-pentacene crystal and two films. Fits with a 
power-law function are also shown. Adapted from Ostroverkhova et al., 2005b and 
Ostroverkhova et al., 2006a, with permission. Copyright American Institute of Physics (2005, 
2006).  

The decay dynamics of the transient photoconductivity yield information about the nature 
of charge transport, trapping and recombination (Etemad et al., 1981; Moses et al., 1987; Yu 
et al., 1990). In TIPS-pentacene crystals, the transient photoconductivity exhibited a fast 
initial decay during the first few picoseconds, followed by a slow decay best described by a 
power law function (~Δt−β) with β= 0.5-0.7 over many orders of magnitude in time, which 
has been attributed to dispersive transport (Fig.7(b)) (Etemad et al., 1981; Hegmann et al., 
2002). Interestingly, these dynamics in TIPS-pentacene crystals did not change appreciably 
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over a wide temperature range of 5-300 K, which suggests tunneling, rather than thermally-
activated hopping, mechanism of charge transport. Similar decay dynamics was observed in 
Pc crystals at RT and in best TIPS-pentacene films (Ostroverkhova et al., 2005b; 
Ostroverkhova et al., 2006a). In contrast, photoconductivity in lower-quality TIPS-pentacene 
and Pc films exhibited fast bi- or single-exponential decay dynamics (~exp[-Δt/τc]) with time 
constants τc~1 ps for both materials, independent of the temperature, most likely due to 
deep-level traps at the interfaces between crystallites.  
Wavelength dependence. In order to gain insight into the photogeneration process, we 
repeated the optical pump-THz probe experiment at various pump wavelengths in TIPS-
pentacene crystals and Pc and TIPS-pentacene thin films. Due to the short temporal width of 
the optical pulses (~100 fs), the illumination is not monochromatic, as illustrated in Fig. 8(a), 
which shows the spectra of some of the optical pump pulses utilized in this experiment. 
Typical optical absorption spectra of the thin film and single crystal samples are shown in 
Fig. 8(b). No transient photoresponse was obtained from TIPS-pentacene and Pc thin films 
upon excitation at 800 nm – the spectral region in which there is too little absorption (Fig. 
8(b)). At all wavelengths of optical excitation within the absorption spectra, we observed a 
photoinduced change in THz transmission with a fast onset and decay dynamics similar to 
that shown in Fig. 7 in all our samples.  
Furthermore, μη calculated from our data was wavelength-independent within our 
experimental error, as shown in Fig. 8(c). Wavelength-independent photocarrier generation 
has also been observed in other organic semiconductors using ultrafast techniques (Moses et 
al., 2000). However, conventional steady-state photoconductivity measurements typically 
exhibit wavelength-dependent mobile carrier photogeneration efficiencies (Silinsh & Capec, 
1994; Pope & Swenberg, 1999), as reported for pentacene single crystals (Lang et al., 2004).     
Temperature dependence. The temperature dependence of the photoresponse provides 
valuable information about the mechanism of photoconductivity (Moses, 1989; Karl, 2001; 
Karl, 2003). In both single crystals and thin films, the transient photoconductivity increased 
as the temperature decreased, as demonstrated in Fig. 8(d). As the temperature decreased from 
297 K to about 20 K, μη   increased in all crystals by a factor of 3-10, depending on the crystal. 
Assuming η does not increase as the temperature decreases, we can attribute the 
temperature dependence of μη  shown in Fig. 8(d) to band-like charge carrier transport 
(Hegmann et al., 2002; Thorsmølle et al., 2004; Ostroverkhova et al., 2005a; Ostroverkhova et 
al., 2005b), which has not been previously observed over such a wide temperature range in 
Tc and Rub single crystals (de Boer et al., 2004; Newman et al., 2004; Podzorov et al., 2004). 
The initial increase of μη by a factor of 1.5 - 3 (depending on the crystal) as the temperature 
is lowered from 297 K to about 150 K (Fig.8(d)) is consistent with the increase in charge 
carrier mobility observed from field-effect measurements in Rub (Podzorov et al., 2004) and 
from space-charge-limited-current measurements in Pc (Jurchescu et al., 2004) and Tc (de 
Boer et al., 2004) single crystals over the same temperature range. In films, the μη increased 
from ~0.02 cm2/(Vs) to ~0.07 cm2/(Vs) as the temperature decreased from 297 K to 5 K, the 
trend which has not been previously observed in polyacene thin films. In addition, even 
though such band-like mobility has been obtained in several organic crystals (Moses, 1989; 
Karl, 2001; Hegmann et al., 2002; Karl, 2003; de Boer et al., 2004; Jurchescu et al., 2004; 
Podzorov et al., 2004; Thorsmølle et al., 2004), only a few studies reported the band-like 
behavior over a wide temperature range (Karl, 2001; Hegmann et al., 2002; Karl, 2003; 
Thorsmølle et al., 2004), as observed in our experiments (Fig.8). The thin film data in Fig. 
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8(d) can be fitted with the power law function μη~T-n, with the exponent n~0.32, similar to 
n~0.27 reported from transient photoconductivity measurements of Pc single crystals. 
(Thorsmølle et al., 2004). 
 

 
Fig. 8. (a) Normalized intensity spectra of selected optical pump pulses. Spectra of pulses 
centered at 550 and 590 nm are not included for clarity. (b) Absorption spectra of a TIPS-
pentacene crystal and TIPS-pentacene and Pc thin-film samples. (c) Product of mobility and 
photogeneration efficiency (μη) measured in a TIPS-pentacene crystal and TIPS-pentacene 
and Pc thin-film samples at room temperature. (d) Temperature dependence of the 
μη obtained in Pc, Rub, Tc, and TIPS-pentacene (the latter labeled as FPc on the figure) 
single crystals and Pc and TIPS-pentacene (labeled as FPc) films. Adapted from 
Ostroverkhova et al., 2005a and Ostroverkhova et al., 2006a, with permission. Copyright 
American Physical Society (2005) and American Institute of Physics (2006). 

Photoconductivity anisotropy. In order to probe the effect of molecular packing on the 
transient photoconductivity, we performed optical pump-THz probe experiments in TIPS-
pentacene and TES-pentacene single crystals (Fig.9(a)-(c)) (Ostroverkhova et al., 2006b). The 
-ΔT/T0 transients observed in both TIPS-pentacene and TES-pentacene crystals had very 
similar shapes and exhibited sub-picosecond charge photogeneration and power-law decay 
dynamics discussed above (Fig.7). The μη product, calculated using Eq.(2) from the peak of 
the -ΔT/T0 transient obtained with both the electric field of the THz probe pulse (ETHz) and 
that of the optical pump pulse (Epump) parallel to the a-axis, yielded ~0.15-0.2 cm2/(Vs) and 
~0.05-0.06 cm2/(Vs) for the charge carrier mobility in TIPS-pentacene and TES-pentacene 
crystals, respectively, depending on the sample. As discussed above, these numbers 
represent lower limits for the charge carrier mobility along the a-axis. The triclinic symmetry 
group of TIPS-pentacene and TES-pentacene crystals (Table 1) leads to a complex picture of 
charge transport described by six components of the mobility tensor μij, where i,j = x, y, z, 
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are components in an orthogonal coordinate system (choice of which is somewhat arbitrary), 
and μij=μji.  In general, the principal axes of the mobility tensor do not coincide with the 
crystallographic axes, are different for hole and electron transport, and are temperature-
dependent (Karl, 2001). In order to measure charge carrier mobility anisotropy, separately 
from that of the photogeneration efficiency, we performed the following experiments 
(Ostroverkhova et al., 2006b). The crystal was rotated in the azimuthal (a-b) plane, so that 
the angle (ϕ) between the direction of ETHz and the a-axis of the crystal changed (at ϕ = 0º 
ETHz was parallel to the a-axis). The polarization of the pump (Epump) was rotated with the 
crystal using a half-wave plate and a polarizer combination in order to maintain Epump 
parallel to the a-axis and ensure the same fluence at all angles. At every angle, the peak 
value of -ΔT/T0 was measured and the μη product was calculated using Eq.(2). In this case, 
the observed angular dependence of the photoconductivity was purely due to that of the 
charge carrier mobility, and not due to the combined effects of the mobility and 
photogeneration efficiency anisotropy. Figures 9 (d) and (e) show the angular dependence of 
the charge carrier mobility (averaged over all samples measured at 800-nm, 400-nm and 580-
nm-excitation) normalized to the value at ϕ = 0º in TIPS-pentacene and TES-pentacene 
crystals, respectively. The charge carrier mobility along a certain direction l=(li, lj, lk)  is 
given by μll = μijlilj. For convenience, we chose the orthogonal coordinate system (x,y,z) so 
that x || a-axis, y ⊥x and is in the a-b plane, and z ⊥a-b plane. Then, in the a-b plane, l = 
(cosϕ, sinϕ, 0), and the mobility along l is:   

 μll = μxx (cosϕ)2 + μyy (sinϕ)2 + μxy sin(2ϕ)  (5) 

For example, the mobility along the a-axis is μaa= μxx. The equation above normalized by μxx 
was used to fit the data in Fig. 9 (d) and (e) and yielded μyy/μxx = 0.34 ± 0.05 (0.09±0.05) and 
μxy/μxx = -0.17 ± 0.04 (0.06±0.04) in TIPS-pentacene (TES-pentacene). Using these 
components and substituting ϕ = γ from Table 1 (for μbb) in Eq.(5), we obtained the ratio of 
the mobilities along a- and b-axis (μaa/μbb = 3.2 and 8 in TIPS-pentacene and TES-pentacene, 
respectively). Assuming that μyz and μxz components of the mobility tensor are small, we 
diagonalized the x-y part of the tensor and determine the directions of the principal axes 1 
and 2, as well as the corresponding mobilities μ11 (1.04μaa and 1.004μaa in TIPS-pentacene 
and TES-pentacene, respectively) and μ22 (0.30μaa and 0.086μaa in TIPS-pentacene and TES-
pentacene, respectively), whose ratio μ22/μ11 yielded 3.5 ± 0.6 and 12 ± 6  for TIPS-pentacene 
and TES-pentacene, respectively. The mobility anisotropy of 3.5 in the TIPS-pentacene 
crystal is very similar to that obtained in Rub and Pc single crystals using a field-effect 
transistor geometry (Podzorov et al., 2004). Considerable difference in the in-plane mobility 
anisotropy between the TIPS-pentacene and TES-pentacene crystals supports a theoretical 
prediction of much stronger mobility anisotropy in the case of the TES-pentacene-type 
crystals that favor 1D charge transport based on the crystal structure and molecular packing 
(Figs.9(a) and (b)). In TIPS-pentacene, the principal axes 1 and 2 constitute angles ϕ1 = -14º 
and ϕ2 = 76º with respect to the a-axis, respectively (Fig.9(d)). Interestingly, the highest 
mobility axis does not exactly coincide with the direction of maximum π-overlap along the 
a-axis, which highlights the contribution of factors unrelated to band structure, such as 
fluctuations of the intermolecular coupling, to charge carrier mobility in organic molecular 
crystals. In TES-pentacene, the principal (highest mobility) axis 1 is coincident with the 
direction of maximum π-overlap along the a-axis (Figs. 9(b) and (e)). However, it is possible 
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that due to the above mentioned fluctuations in intermolecular electronic coupling, the 
observed in-plane anisotropy of ~12  is smaller than that expected based solely on the band 
structure. The observed mobility anisotropy in these samples, which is one of the signatures 
of band-like charge transport in organic crystals, further supports the occurrence of band-
like transport in functionalized pentacene single crystals. 
 

 
Fig. 9. Molecular packing in (a) TIPS-pentacene and (b) TES-pentacene crystals. (c) Typical 
TIPS-pentacene crystal. Dependence of the charge carrier mobility on the azimuthal angle 
ϕ obtained in (d) TIPS-pentacene and (e) TES-pentacene crystals. In both crystals, ϕ=0° 
corresponds to the a axis. Lines correspond to the fit with a function described in the text. 
Crystallographic a and b axes as well as the principal axes 1 and 2 are also shown. Adapted from 
Ostroverkhova et al., 2006b, with permission. Copyright American Institute of Physics (2006). 

3.3.2 Transient photocurrent on 30 ps to 1 ms time-scales in thin-film device 
structures  
Pristine Materials. Upon excitation with 400 nm 100 fs pulses under applied voltage, thin-
film devices based on TIPS-pentacene and ADT derivatives (ADT-TES-F and ADT-TIPS-F, 
Section 3.1) showed fast photoresponse, with the rise time of 30-40 ps, limited by the time 
resolution of the sample fixture and DSO, which supports our earlier observations (using 
noncontact optical pump-THz probe techniques, Section 3.3.1) of fast charge carrier 
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photogeneration in acenes. Transient photocurrents obtained in ADT-TIPS-F and TIPS-
pentacene films upon excitation with 400 nm pulses at the electric field E of 1.2 × 104 V/cm 
are shown in Fig. 10. In all films, transient photocurrents exhibited fast initial decay, most 
likely due to initial carrier trapping and recombination, followed by a slow component that 
can be fitted with a power-law function (Iph ~ t−β) with β ~0.2 − 0.6, depending on the 
sample and on the material, over at least three orders of magnitude (inset of Fig. 10) (Day et 
al., 2008; Day et al., 2009a; Platt et al., 2009b). Among ADT-TIPS-F, ADT-TES-F, and TIPS-
pentacene films, the decay of the transient photocurrent was, on average, slowest in ADT-
TES-F, followed by ADT-TIPS-F and TIPS-pentacene, when measured under the same 
conditions. Power-law exponents β describing the transient photocurrent decay dynamics 
on time scales from sub-ns to at least tens of μs after photoexcitation were also slightly 
different, with β of ~ 0.2 − 0.3 in ADT-TES-F and of ~0.4 − 0.6 in ADT-TIPS-F and TIPS-
pentacene films. Interestingly, the power-law exponents observed in these experiments in 
TIPS-pentacene films were similar to those obtained at shorter time-scales in the optical 
pump-THz probe experiments in similar films and TIPS-pentacene single crystals (Fig.7(b)) 
(Ostroverkhova et al., 2005a; Ostroverkhova et al., 2005b), which suggests that the same 
physical mechanism is responsible for charge carrier dynamics observed on time-scales from 
ps to at least tens of μs after photoexcitation.  
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Fig. 10. Transient photocurrent obtained in ADT-TIPS-F and TIPS-pentacene films on Al 
interdigitated electrodes at 1.2x104 V/cm and 30 μJ /cm2 at 400 nm. Inset: normalized 
transient photocurrents (Iph) in ADT-TIPS-F and TIPS-pentacene films, at longer time-scales. 
Power-law fits (Iph~t−β) are also shown. Offset along the y axis is for clarity. Adapted from 
Day et al., 2008, with permission. Copyright American Institute of Physics (2008). 

The μη products calculated from Eq.(3) yielded values between 0.01 and 0.025 cm2/Vs at 
1.2×104 V/cm in ADT-TES-F, ADT-TIPS-F and TIPS-pentacene films (Table 3). Here η 
includes trapping and recombination that occurred during the first tens of picoseconds after 
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photoexcitation, not resolved in these experiments, and therefore, η < η0, where η0 is the 
initial photogeneration efficiency. If intrinsic mobilities in ADT materials are on the order of 
1 cm2/Vs, then the lower limit for the initial photogeneration efficiency η0 is ~1-2%, which is 
comparable to that of 5% estimated from the transient photocurrents measured in tetracene 
single crystals under similar conditions (Moses et al., 2006). Similarly to the results of the 
THz spectroscopy (Section 3.3.1, Fig.8(b)), the μη obtained from the transient photocurrent 
amplitudes in these experiments decreased as the temperature increased, at least in the 
temperature range between 285 K and 350 K (Day et al., 2008). 
Composites. Both amplitude and decay dynamics of the transient photocurrent can be 
manipulated by addition of guest molecules in the host material (Section 3.1). Inset of Figure 
11 shows peak amplitude of the transient photocurrent as a function of concentration of C60 
in the ADT-TES-F/C60 composite thin film, at 40, 70, and 100 V (Day et al., 2009a). Addition 
of C60 at a concentration of 2 and 5% increased the photocurrent amplitude by a factor of ~3 
and 10, respectively, at 40 V. This increase is most likely due to fast photoinduced electron 
transfer (a mechanism similar to that leading to sensitization of C60-containing polymer 
composites and organic glasses (Ostroverkhova and Moerner, 2004)),  based on our 
observation of significant PL quenching in ADT-TES-F/C60 composite films compared to 
pristine ADT-TES-F films (Fig.5(b)) (Day et al., 2009a). Further addition of C60 lowered the 
measured photocurrent amplitude (e.g. by a factor of ~2 at 10% of C60, at 100 V), most likely 
due to enhanced initial recombination, occurring at times below ~100 ps, not resolved in our 
experiments.  Addition of either TIPS-pentacene or ADT-TIPS-CN to ADT-TES-F lowered 
the amplitude of the transient photocurrent by a factor of ~3-4 at all applied voltages in the 
range studied. The most interesting effect of adding these molecules to the ADT-TES-F host 
was, however, the change in the initial photocurrent decay dynamics (Fig. 11). In particular, 
  

 
Fig. 11. Transient photocurrent obtained in pristine ADT-TES-F film and in ADT-TES-F/TIPS-
pentacene and ADT-TES-F/ADT-TIPS-CN composites at a fluence of 5 μJ /cm2 at 100 V 
applied across 25 μm gap. Inset shows amplitudes of the transient photocurrent as a function 
of concentration of C60 in ADT-TES-F/C60 composites, measured at 40, 70, and 100 V. Adapted 
from Day et al., 2009a, with permission. Copyright American Institute of Physics (2009). 
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upon addition of TIPS-pentacene, the initial decay became faster, the effect similar to that 
achieved by the addition of C60. For example, only ~32% of “initially” photogenerated 
carriers remained mobile at 5 ns after photoexcitation in the ADT-TES-F/TIPS-pentacene 
composite. We attribute this to fast hole transfer from ADT-TES-F to TIPS-pentacene 
followed by trapping at the TIPS-pentacene molecules (Day et al., 2009a). In contrast, 
addition of ADT-TIPS-CN to ADT-TES-F introduced a slow component into the 
photocurrent rise dynamics and completely removed the fast initial decay (Fig. 11). In 
particular, the fast rise of the photocurrent, limited by the time resolution of our setup, 
accounted only for ~70% of all photogenerated carriers, whereas the other 30% were 
generated over ~0.1-20 ns. As a result, the peak of the photocurrent in the ADT-TES-F/ADT-
TIPS-CN composite was achieved at about 20 ns after photoexcitation, after which a slow 
decay, characterized by a power-law function with β < 0.1, persisted to at least 1 ms after 
photoexcitation. Our  observations of complete quenching of the PL of ADT-TES-F, while 
magnifying that of the ADT-TIPS-CN in the ADT-TES-F/ADT-TIPS-CN composite (Fig.5(b)) 
(Day et al., 2009a) suggest efficient energy transfer from ADT-TES-F to ADT-TIPS-CN. 
Therefore, it is possible that the slow component in the rise dynamics of the transient 
photocurrent in Fig. 11 is due to a multistep process that involves excitation of ADT-TES-F, 
followed by energy transfer to ADT-TIPS-CN, which then leads to energetically favorable 
hole transfer back to ADT-TES-F, while the electron remains trapped on the ADT-TIPS-CN 
molecules. 

3.4 Dark current 
Space-charge-limited currents (SCLCs) were observed in the ADT-TIPS-F, ADT-TES-F and 
TIPS-pentacene films on Au electrodes. Effective charge carrier mobilities (μeff) were 
calculated from the slope of the fits of the dark current as a function of applied voltage 
squared. In the case of planar electrode geometry used here, the current flows along a layer 
of unknown thickness, and there is no analytical solution for the relationship between SCLC 
(linear) density (j = Id/d, where Id is the dark current and d is the channel width) and 
voltage (V) in a film of finite thickness.  In the approximation of the infinitely thin film, valid 
when the film thickness is much lower than the gap width (L) between the electrodes (which 
is the case here),  

 j = 2μeffεε0V2/(πL2),  (6) 

where ε is a relative dielectric constant of the film and ε0 is the dielectric permittivity of 
vacuum. SCLC effective mobilities (μeff), which represent a lower bound of charge carrier 
mobilities in these films, showed sample-to-sample variation, especially significant in the 
case of ADT-TIPS-F and TIPS-pentacene (Table 3). On average, however, μeff in ADT-TES-F 
was at least a factor of ~3 higher than that in ADT-TIPS-F, and a factor of ~7 higher than in 
TIPS-pentacene films.  

3.5 Cw photocurrent 
Figure 12 shows cw photocurrent obtained at 532 nm excitation of ADT-TIPS-F, ADT-TES-F, 
and TIPS-pentacene films on interdigitated Au electrodes. In all samples, cw photocurrent 
measured at light intensity of 0.58 mW/cm2 was higher than the dark current. Especially 
strong cw photoresponse was observed in best ADT-TES-F films, with photocurrents of over 
200 μA at the average electric field of 4×104 V/cm at low light intensities (Fig. 12). This 
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Fig. 12. Dark current and cw photocurrent at 532 nm excitation in ADT-TES-F, ADT-TIPS-F, 
and TIPS-pentacene films on interdigitated electrodes. 

corresponds to linear photocurrent densities (jcw = Icw/d) of over 0.1 mA/cm, which, under 
assumption that photons absorbed throughout the entire thickness of a 1 μm thick film may 
contribute to the photocurrent, yields (area) current densities (Jcw) of over 1 A/cm2. If 
photoconductivity (σph) is calculated using σph = Jcw/E, then values of σph ~ 2.5 × 10−5 S/cm 
are obtained at 4 × 104 V/cm at 0.58 mW/cm2 in ADT-TES-F, which are considerably higher 
than those reported in conductive polymers such as PPV and in unsubstituted pentacene 
films or tetracene crystals under cw excitation (Platt et al., 2009b). As the temperature 
increased, the cw dc photocurrent increased, with the increase described by the function Icw 
~ exp[-Δcw/kBT], with the activation energies Δcw of 0.05-0.17 eV, depending on the sample 
and on the material (Day et al., 2008l; Platt et al., 2009b).  This is in contrast to the behavior 
observed on ps time-scales after photoexcitation in the same materials (Sections 3.3.1-3.3.2), 
which suggests a change in charge photogeneration and/or transport mechanisms as the 
time progresses. 
Photoconductive gain G was calculated from the cw photocurrents, absorption coefficients, 
and light intensity as the ratio between the number of carriers flowing in the film and the 
number of absorbed photons. In the case of hole-transporting materials and hole-injecting 
electrodes (such as Au in the case of ADT-TIPS(TES)-F and TIPS-pentacene), bulk 
photoconductive gain 

 G ≈ η0τc/ttr  (7) 

(where τc is the carrier lifetime, and ttr is the time for the hole to transit through the film), 
and G can be much larger than 1. Gain values G that are much larger than unity were 
indeed observed in fluorinated ADT and TIPS-pentacene films, as summarized in Table 3. 
The highest photoconductive gains, up to 130 at 4×104 V/cm at 0.58 mW/cm2, were 
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achieved in ADT-TES-F films, consistent with highest effective mobility μeff (shorter transit 
time ttr) and longest carrier lifetimes (as observed in SCLC and in the transient photocurrent 
measurements, respectively) in ADT-TES-F films, as compared to other materials under 
study. The values of G measured in ADT-TES-F films were similar to those in GaN 
photodetectors (Munoz et al.,1997) at similar light intensity levels and at least an order of 
magnitude higher than those in unsubstituted pentacene and in functionalized pentacene 
films (Gao & Hegmann, 2008; Lehnherr et al., 2008). 

3.6 Influence of organic-metal interfaces on the current 
3.6.1 Transient photocurrent 
Figure 13 (a) shows transient photocurrents, normalized at their peak values, measured in 
ADT–TIPS–F films on Au and Al electrodes. Interestingly, the faster decay component was 
more pronounced in films on Al electrodes, whereas the slower one was independent of the 
electrode material and could be described by a power-law function (Iph ~ t−β), as discussed 
above (Section 3.3.2). In samples with a 25-μm gap at voltages above ~30 V, the difference in 
the peak transient amplitudes for films on Au and films on Al electrodes was comparable to 
that due to morphology-related sample-to-sample variation of approximately a factor of  2 
(Fig. 13 (b)). The relation between the peak amplitude and applied voltage (Iph,max ~ Vα) was 
sample-dependent, with α = 1.3–1.8. Analysis of the behavior of many samples, however, 
yielded that on average, α in samples with Al electrodes was higher than in those with Au 
 

Compound μη ,THza 

(cm2/(Vs)
μηb 

(cm2/(Vs) 
μeffc 

(cm2/Vs) 
μFET 

(cm2/(Vs) η0, mind Ge 

ADT-TES-F -- 0.02-0.025 0.033-0.092 1.7 (film)f 

6 (crystal)g 0.013-0.024 70-130 

ADT-TIPS-F -- 0.018-0.025 0.002-0.029 0.1 (crystal)h 0.018-0.033 16-30 
 

TIPS-pent. 

0.02-0.06 
(film) 

0.15-0.2 
(crystal) 

0.01-0.022 0.002-0.007 1.5 (film)i 

 0.0003-0.001 9-28 

Table 3. (Photo)conductive properties of TIPS-pentacene and ADT thin films. 
a Calculated from the peak THz transmission using Eq.(2) (Section 3.3.1 and Ostroverkhova 
et al., 2005b) 
b Calculated from the peak of the transient photocurrent measured at 400 nm excitation in 
thin-film device structures using DSO (Section 3.3.2 and Day et al., 2008) 
c Calculated from SCLC currents in thin-film devices (Section 3.4 and Platt et al., 2009b) 
d Calculated from cw photocurrents in thin-film devices on Al electrodes (Section 3.5 and 
Platt et al., 2009b) 
e Calculated from cw photocurrents in thin-film devices on Au electrodes (Section 3.4 and 
Platt et al., 2009b) 
f Calculated from TFT characteristics of ADT-TES-F spin-coated onto Au electrodes treated 
with PFBT (Park et al., 2008) 
g Calculated from FET characteristics of ADT-TES-F single crystal (Jurchescu et al., 2008) 
h Calculated from FET characteristics of ADT-TIPS-F single crystal (Subramanian et al., 2008) 
i Calculated from TFT characteristics of spin-coated TIPS-pentacene film (Park et al., 2007) 
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electrodes (e.g. α = 1.76±0.06 and 1.33±0.01 in ADT–TIPS–F films on Al and Au electrodes, 
respectively, in Fig. 13 (b)). Similar dependencies were observed for all electrode geometries, 
regardless of film-side or glass substrate-side illumination. Since measurements of the 
photocurrent were performed in the presence of applied electric field, the photoresponse 
was necessarily measured after dark current flow had been established in the film, or, in 
other words, after the sample had been pre-conditioned by the dark current. In samples 
with Au and Al electrodes, very different charge injection conditions obtain and, therefore, 
different pre-conditioning of the samples is realized. In particular, samples with Au 
electrodes, in which SCLC regime is established (Section 3.4), are expected to have a high 
density of filled hole traps. In contrast, samples with Al electrodes are expected to be in a 
close-to-pristine condition (empty traps) at low voltages, and have partially filled traps at 
higher voltages, after hole injection via, for example, Fowler-Nordheim tunneling is enabled 
(Day et al., 2009b). If fast initial decay is related to bulk material properties and is due to fast 
trapping of photogenerated holes, then in films on Au electrodes, the density of empty traps 
is reduced, which in turn reduces initial trapping of the photogenerated holes. In contrast, 
most traps in films on Al electrodes are empty and are readily filled by photogenerated 
holes, thus leading to a fast initial decay of the photocurrent. This is also consistent with 
previously observed slowing down of the initial decay of the transient photocurrent upon 
increasing applied electric field in ADT–TIPS–F films on Al electrodes (Day et al., 2008). 
 

 
Fig. 13. (a) Transient photocurrents, normalized at their peak values, obtained in ADT-TIPS-
F films on Au and Al electrodes under the same experimental conditions. Inset: long time-
scale dynamics of the same transient photocurrents. Power-law fits (Iph ~ t-β) are also shown. 
(b) Transient photoresponse peak amplitude (Iph;max) as a function of applied voltage 
obtained in ADT-TIPS-F samples with Al or Au interdigitated electrodes. Reprinted from 
Day et al., 2009b, with permission. Copyright American Institute of Physics (2009). 
Scanning microscopy. The peak amplitudes of the transient photocurrent measured at 
different positions of the localized pulsed photoexcitation of ADT-TES-F and ADT-TIPS-F 
films on Au and Al electrodes are shown in Fig. 14 (a). No signal was detected at any 
position in the absence of applied voltage. Change in the transient photocurrent amplitude 
upon scanning of the pulsed focused beam across a planar device has been previously 
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related to internal electric field distribution in InP planar devices (Day et al., 2009b). In ADT 
films, although the exact distribution of transient photocurrent amplitudes in the gap 
somewhat depended on the measurement protocol (such as direction of the scan and 
waiting time between the data points), these distributions in samples with Au and Al 
electrodes were similar within the experimental error and, with our spatial resolution, 
relatively uniform across the gap. In particular, the amplitudes of transient photocurrents 
obtained upon excitation of near-electrode regions and of a mid-gap region were within a 
factor of 2 of each other. Transient photocurrent decay dynamics under localized excitation 
in samples with Au and Al electrodes were similar to those in Fig. 13 (a) obtained under 
uniform illumination, with the initial decay faster in samples with Al electrodes. No 
dependence of the decay dynamics of the transient photocurrent on the beam position in the 
gap was observed.  
 

 
Fig. 14. (a) Peak amplitudes of the transient photocurrent, normalized at their maximal 
values in the gap, at different positions of the localized beam spot obtained in ADT-TES-F 
and ADT-TIPS-F films on Au and Al electrodes, in coplanar electrode geometry with 50-μm 
gap at 100 V and 150 V, respectively. (b) Cw photoresponse as a function of the beam 
position obtained in an ADT-TIPS-F film in coplanar electrode geometry with 50-μm gap 
with Al and Au electrodes at 150 V. Dashed lines correspond to the geometrical edges of the 
electrodes. Adapted from Day et al., 2009b, with permission. Copyright American Institute 
of Physics (2009). 
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3.6.2 Dark current and cw photocurrent 
Unlike the amplitudes of transient photocurrent, the cw photocurrents (Icw) and dark 
currents (Id) for films on Au and on Al electrodes differed by more than an order of 
magnitude over a wide range of applied voltages, with much higher currents measured in  
samples with Au electrodes (Fig. 15). Voltage dependencies of the dark current and of the 
cw photocurrent observed in samples with Au and Al electrodes were drastically different, 
indicative of different mechanisms responsible for observed currents, depending on the 
electrode material. In samples with Au electrodes, the relationship between dark current 
and voltage (Id ~ Vαd ) was close to linear at very low voltages and close to quadratic at 
higher voltages (e.g. αd = 1.09±0.03 at voltages below 2 V and 1.830±0.006 from 2 to 300 V in 
an ADT–TES–F film in Fig. 15(a)). In contrast, in samples with Al electrodes, dark current 
was weakly voltage-dependent at lower voltages, followed by a steep increase at higher 
voltages. Despite this sharp increase, even at the highest applied voltage of 300 V used in 
our experiments, dark current in samples with Al electrodes was much lower than that in 
samples with Au electrodes at the same voltage. In films on either Au or Al electrodes, the 
cw photocurrent was higher than the dark current in the entire range of light intensities 
used. Regardless of the material, in samples with Au electrodes, αcw obtained from the fit of  
voltage dependence of the photocurrent (Icw ~ Vαcw) ranged between 1.5 and 2.2, depending 
on the sample. In any given sample, however, a single value of αcw was sufficient to describe 
voltage dependence of the cw photocurrent over a large voltage range (e.g. αcw = 1.62±0.02 
from 5 to 300 V in an ADT–TES–F film in Fig. 15(b)). In samples with Al electrodes, however, 
αcw was ~1.3–3 at lower voltages (e.g. αcw = 1.32±0.05 in Fig. 15(b)), depending on the sample, 
followed by steep transition described by αcw ~3.3–5 (e.g. αcw = 4.6±0.2 in Fig. 15(b)) at higher 
voltages. Similar trends were observed in ADT–TIPS–F films. (Day et al., 2009b). 
 

 
Fig. 15. (a) Dark current (Id) and (b) cw photocurrent (Icw) obtained in ADT-TES-F films with 
Al and Au contacts in coplanar geometry with 50-μm gap. Power-law fits Id ~ V αd and Icw ~ 
V αcw in (a) and (b), respectively, are also shown. 

The photoresponse under cw illumination is strongly affected by the conditions imposed by 
the electrode material (Fig. 15(b)) because the steady-state photocurrent (Icw) is proportional 
to the photoconductive gain (G), which is much larger than 1 in our samples on Au 
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electrodes (Table 3) due to long carrier lifetimes (Day et al., 2009b). In samples with non-
injecting electrodes, such as ADT films on Al electrodes at low voltages, the maximal 
achievable gain cannot exceed the initial photogeneration efficiency η0 (η0 < 1) and therefore, 
the cw photocurrent Icw is much lower. This is in contrast to the transient photocurrent, the 
amplitude of which does not significantly depend on the carrier lifetime, thus leading to 
comparable transient photoresponse of films on Au and Al electrodes. 
In samples with blocking electrodes (such as Al in the case of ADT-TIPS(TES)-F and TIPS 
pentacene), G cannot exceed η0. Thus, the photoconductive gain calculated from cw 
photocurrents measured in samples with Al electrodes at low voltages  represents a lower 
limit of the photogeneration efficiency η0,min. In ADT-TES-F and ADT-TIPS-F films, 
comparable values of η0,min ≈ 0.01-0.03 were obtained at 1.2 × 104 V/cm (Table 3). 
Interestingly, these values are similar to those estimated from transient photocurrents 
measured in the same films. In constrast, in TIPS-pentacene films, the η0,min values were 
considerably lower than those calculated from the amplitudes of the transient photocurrents 
(Table 3). This is most likely due to extensive deep trapping in TIPS pentacene, which 
reduces carrier lifetime, leading to an underestimation of the initial photogeneration 
efficiency η0 from G. 
Scanning microscopy. Figure 14 (b) shows the cw photoresponse measured under localized 
excitation of ADT-TIPS-F films on Al and Au electrodes, respectively, as a function of the 
beam position in the gap. Samples with either Al or Au electrodes showed a marked peak in 
photoresponse at the excitation near the positively biased electrode, which became more 
pronounced as the voltage increases. This effect was independent of the direction of the 
scan, was observed at all light powers ranging between 0.03 and 4 μW used in our 
experiments, and was attributed to a dominant photogenerated hole transport, accompanied 
by strong electron trapping (Day et al., 2009b). As seen from Fig. 14(b), at 150 V, in the case 
of Al electrodes, photoresponse was mostly limited to the several micron-wide region. 
Under the same conditions, photoresponse in the sample with Au electrodes was more 
uniform within the gap (Fig. 14(b)), yielding measurable photocurrents upon excitation of 
the mid-gap region, as well as of the region close to the negatively biased electrode. 
Interestingly, if the waiting period between the successive scans was short compared to the 
time needed to thermally empty the filled charge traps, the photocurrent distribution in the 
gap became more and more uniform with each scan, which could be due to increased carrier 
lifetime under trap-filled conditions. No photoresponse was observed in the absence of an 
applied voltage (Day et al., 2009b). Such pronounced differences in cw photoresponse 
behavior of samples on Au and Al electrodes are in agreement with results obtained under 
uniform illumination in the same devices (Fig. 15). 

4. Discussion 
One of the challenging aspects of dealing with organic semiconductors, especially thin films, 
is that intrinsic properties are often masked by impurities, grain boundaries, and defects. As 
a result, it is often difficult to reconcile results of different experiments performed on the 
same material. One of our motivations for the studies described above was to develop a 
picture of charge photogeneration and transport in acenes that would be consistent with 
results of a variety of experiments that probe carrier and exciton dynamics from sub-ps to 
many seconds after photoexcitation.  
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First of all, it seems clear that charge carriers in acenes can be created via photoexcitation on 
time-scales of ps and faster, without either thermal or electric-field assistance. However, in 
keeping with μη values extracted from the transient photoconductivity experiments 
(Sections 3.3.1 and 3.3.2) and assuming intrinsic mobilities at room temperature in most of 
our materials to be below 10 cm2/(Vs) (Park et al., 2007; Jurchescu et al., 2008; Park et al., 
2008, Subramanian et al., 2008), the efficiency of this process is rather low, with initial 
photogeneration efficiencies η0 of <5%. This is also consistent with the estimates of the η0 
from cw photocurrent measurements (Table 3). The other >95% of the primary 
photoexcitation results in exciton formation. The origin of the photogenerated carriers 
observed in transient photocurrent experiments on time scales from sub-ps to ns after 
photoexcitation does not appear to be excitonic (i.e. due to exciton dissociation) due to the 
following observations: (i) decrease of μη with the temperature, as opposed to an increase 
expected from the Onsager model of exciton dissociation; (ii) weak, if any, wavelength 
dependence of the photogeneration efficiency above the absorption edge; (iii) similar μη 
values for TIPS-pentacene and functionalized ADTs, despite very different exciton behavior 
in films (high PL QYs in ADTs and ultra-low ones in TIPS-pentacene); (iv) different charge 
carrier and exciton dynamics (long power-law and fast bi-exponential, respectively), 
assessed using time-resolved photocurrent and PL, respectively; and (v) no apparent electric 
field-induced exciton dissociation up to electric fields that are more than an order of 
magnitude higher than those used in photocurrent measurements. Photogeneration 
efficiency can be improved by introducing a strong acceptor such as C60 as a guest molecule 
in the acene host due to fast photoinduced electron transfer from the host molecule to C60, 
which releases a free hole into the host. Other dopants can affect the photoexcited charge 
carrier dynamics as well by initiating competition between energy and charge transfer.     
It is also interesting to note that μη values obtained from direct measurements of the 
transient photocurrent (Section 3.3.2) in TIPS-pentacene solution-deposited films at electric 
fields of ~104 V/cm are only about a factor of 2-3 lower than those measured at earlier times 
in the optical pump-THz probe experiments (Section 3.3.1) in similar films at zero static 
electric field (Table 3). Since at low electric fields neither mobility nor photogeneration 
efficiency are expected to strongly depend on the electric field, this difference would be 
mostly due to a carrier loss that occurs between ~400 fs and ~30 ps after photoexcitation, 
which correspond to the time resolution of these two experiments.  
Regarding charge transport mechanism, the following picture seems to apply. At ps time-
scales after photoexcitation, charge transport is band-like, which is characterized by mobility 
increasing as the temperature decreases and by mobility anisotropy in crystals. As the time 
progresses, dispersive transport takes over and persists over many orders of magnitude in 
time. Interestingly, in functionalized acenes, it appears that non-activated carrier tunneling, 
rather than hopping, occurs at least up to ns after photoexcitation, since no significant 
temperature dependence of the transient photoconductivity power-law decay dynamics was 
observed in the wide temperature range. The fact that this behavior is seen in both single 
crystals and thin films suggests that it is an intrinsic property of these materials, possibly 
related to molecular π-stacking. In the equilibrium, the transport is thermally activated, 
consistent with hopping mechanism. An interesting feature of these materials is persistent 
photoconductivity due to long carrier lifetimes, which lead to high photoconductive gains.  
Equilibrium transport is characterized by the effective mobility μeff = μθ, where θ is the ratio 
between free and trapped charge carriers (θ ≤ 1).  In our films, μeff extracted from SCLC 
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measurements (Section 3.4) is lower than the intrinsic mobility μ, since most likely the trap-
free limit has not been achieved in our samples (Table 3). Indeed, although μeff values of 
0.033−0.092 cm2/Vs obtained in ADT-TES-F films were similar to those obtained in ADT-
TES-F TFTs with channel lengths similar to ours (i.e. 25 μm), mobilities of over 1.5 cm2/Vs 
and 6 cm2/Vs have been achieved in short-channel ADT-TES-F films spin-coated on the Au 
electrodes treated with pentafluorobenzenethiol (PFTB) (Park et al., 2008) and in ADT-TES-F 
single crystals (Jurchescu et al., 2008), respectively. Therefore, θ is below ~0.015 in our ADT-
TES-F films. It is lower yet in TIPS-pentacene films, since μeff values of 0.002−0.007 cm2/Vs 
obtained in our SCLC measurements are much lower than 1.2 cm2/Vs observed in TIPS-
pentacene TFTs, indicative of high trap density in our TIPS-pentacene films.  
Also, under equilibrium, there is a possible interesting connection between the PL and cw 
photocurrent. In particular, temperature dependencies of the PL QYs and cw 
photoconductivity, characterized by ΔPL and Δcw, respectively (Sections 3.1 and 3.4), seem to 
be close to each other in the same samples (Platt et al., 2009b). It has been shown 
theoretically that in materials with π-stacking, such as functionalized pentacene and ADT 
derivatives, thermal fluctuations lead to dramatic changes in intermolecular coupling (Troisi 
and Orlandi, 2006), which could be important for both PL and photoconductivity in films. In 
particular, it appears that thermally activated nuclear motions can both enhance 
nonradiative recombination, leading to a decrease in the PL, and facilitate charge carrier 
detrapping from shallow traps and transport of localized carriers, which would improve cw 
photoconductivity. This does not seem to affect transient photocurrents measured at ps 
time-scales after photoexcitation. 
Finally, the electrode material plays a significant role in the dark current and cw 
photoresponse, since both rely on efficient carrier injection from the electrode. In contrast, 
transient photocurrents are only weakly affected by the choice of the electrodes. 

5. Conclusions and outlook 
Over the past decade, tremendous progress has been made towards understanding of 
physical mechanisms that determine optical and electronic properties of organic 
semiconductors, in development of novel experimental methods that probe intrinsic 
properties of materials,  in organic synthesis and purification of materials, and in fabrication 
and characterization of various devices. Novel solution-processable high-purity materials 
with tunable properties are now available, and a variety of methods of high-quality crystal 
growth and thin-film deposition have been developed. A number of devices that utilize 
organic thin-film transistors and light-emitting diodes are already on the market, and 
performance of many more devices, such as photovoltaic cells and various photorefractive 
devices, keeps steadily improving and has already almost reached the point of commercial 
feasibility. Possibility to fine-tune optical and electronic properties by creating solution-
deposited organic semiconductor composite films offers an extraordinary flexibility to tailor 
the materials for the specific application demands. Another exciting possibility is to utilize 
properties of individual highly photoluminescent molecules (such as ADT-TES-F) as 
nanoprobes of conduction, nanoswitches, and nano optoelectronic devices.  
Despite considerable progress, many issues require further attention. In particular, the exact 
nature of charge photogeneration and transport in small-molecular-weight organic 
semiconductors is still not well understood, and new experimental methods reveal 
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additional layers of complexity of their behavior. Also, more solution-processable materials 
with improved charge-transfer properties are in demand. Moreover, optical and electronic 
properties strongly depend on the structure and morphology of organic films and, therefore, 
fabrication methods that yield consistent films, and over a large substrate area, are needed. 
Finally, influence of ambient conditions, including temperature, humidity, the presence of 
oxygen and other gases, etc. on device performance is strong and, ideally, has to be 
minimized by creative design of device structures. Nevertheless, the field of organic 
photonics and electronics is developing fast and will undoubtedly produce new and exciting 
results in the near future.  
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1. Introduction   
Nonlinear optical materials play a major role in the technology of photonics. To further 
advance the performance of optical devices, researchers have sought for materials with 
enhanced nonlinear optical properties, including inorganic semiconductors, polymeric 
systems and other organic molecules. The latter, specifically, are of great interest because 
they present high nonlinear optical properties combined with versatility of available routes 
of synthesis, used to alter and optimize molecular structure to maximize nonlinear 
responses and other properties. To select a material for a specific application, it is important 
to characterize its nonlinear optical absorption in a broad spectral range, in order to choose 
the optimized excitation wavelength. This book chapter describes resonant nonlinear optical 
absorption spectrum of the organic molecules Chlorophyll A, Indocyanine Green, Ytterbium 
Bisphthalocyanine and Cytochrome C, which are materials with potential applications in 
nonlinear optical devices. These organic molecules present distinct nonlinear optical 
absorption, such as saturable absorption (SA) and reverse saturable absorption (RSA), 
depending on the laser excitation wavelength and pulse duration. In order to investigate the 
excited state absorption and the population dynamics of the molecules, two distinct Z-scan 
methodologies were used, both based on measurements of the sample’s transmittance under 
laser excitation. The main difference between the methods employed is the possibility to 
monitor nonlinear effects in distinct temporal regimes, and then observe effects related with 
singlet and triplet electronic transitions, which, in most cases, can only be discriminated by 
the temporal dynamic of the system. While one technique uses a sequence of picoseconds 
pulses to induce and probe nonlinear absorption dynamics between singlet and triplet 
states, the other one employs femtosecond white-light supercontinuum pulses to map the 
spectrum of the excited state absorption in the visible and near infrared. By using both 
methods, one can determine and quantify nonlinear effects from femtoseconds up to 
hundreds of nanoseconds, including singlet excited state absorption cross-section spectrum 
and other spectroscopic features, such as decaying time (ranging from femtoseconds to a 
few nanoseconds) and triplet excited state cross-section. Once one is able to temporally and 
spectrally map the nonlinearity of materials, it can be predicted how a given nonlinear 
optical device will act in distinct regimes (temporal, spectral and of intensity). Specifically, 
Chlorophyll A and Ytterbium Bisphthalocyanine present large RSA or SA depending on the 
excitation wavelength. Indocyanine Green presents high singlet and triplet excited state 
absorptions. Cytochrome C also presents saturable absorption, with short singlet-state 
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lifetime and a relatively fast intersystem-crossing time. Therefore, information on the 
temporal dynamics combined with the excited state absorption cross-section and intensity 
regime can guide the development of applications based on the organic molecules presented 
here. Some notable applications of these materials in optical devices include all-optical 
switches, nonlinear optical limiters, and also bio-related applications, such as Photodynamic 
Therapy (PDT). 

2. Nonlinear optics  
Nonlinear optics processes are responsible for the nonlinearity of materials, phenomena 
which include nonlinear absorption, nonlinear refraction, and induced scattering, among 
others. The origin of such nonlinearities varies considerably. For instance, nonlinear 
absorption may be related to two-photon absorption, excited state absorption and free-
carrier absorption. There are good reviews in the literature about two-photon absorption 
(He et al., 2008, Prasad, 1991) and free-carrier  absorption (Banfi et al., 1998, He et al., 2008). 
This chapter will specifically focus on excited state absorption. 
Classification of optical nonlinearities usually falls in two main categories: instantaneous 
and accumulative (slow) nonlinearities. In the instantaneous case, the instantaneous 
polarization induced by the applied electromagnetic field in the medium can be expressed 
by an expansion in a Taylor series of the electric field amplitude, according to (Shen, 1984):  

 EEEEEEP ⋅+⋅+⋅= )3()2()1( χχχ   (1) 

In Eq. (1), the quadratic term with the electric field describes the first nonlinear effect. The 
coefficient ( )2χ  is named complex susceptibility tensor of order 2. Its magnitude describes 
the intensity of the 2nd order nonlinear effect, which, in turn, is related to second harmonic 
generation, optical rectification and sum and difference frequency mixing. Such effects are 
only observed in noncentrosymmetric materials.  
The coefficient ( )3χ  is named complex susceptibility tensor of order 3 and describes the 
intensity of the 3rd order nonlinear effect, such as self-focusing action, third harmonic 
generation and two-photon absorption. Materials presenting non-zero ( )3χ  (e.g., materials 
exhibiting two-photon absorption) are candidates as active medium for several 
technological applications, for which there are  good reviews available in literature 
(Bhawalkar et al., 1996, He et al., 2008, Prasad & Willians,1991). However, such materials are 
out of the scope of this book chapter, which will describe organic molecules’ nonlinear 
effects arising only from resonant absorption. In the case of resonant absorption, the 
accumulative nonlinearities may occur in a time scale longer than the pulse duration. For 
instance, the polarization density generated by an applied field may develop or decay in a 
time scale longer than the excitation duration. Such interactions are normally dissipative, 
causing energy transfer from the absorbed field to the medium, which triggers the 
nonlinearity. Therefore, on the contrary to instantaneous nonlinearity, accumulative 
nonlinearities are strictly dependent on the amount of energy stored into the medium. 
Examples of such accumulative nonlinearities include resonant excited state absorption, 
such as saturation of absorption (SA) and reverse saturable absorption (RSA), which find 
applications in the construction of nonlinear optical devices. 
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2.1 Nonlinear effects arising from excited states 
Nonlinear optical effects can also be associated to one-photon absorption (resonant) 
processes when they cause significant population change of the material’s electronic states. 
When a medium is excited to a higher energy level, the linear polarization of material, 

EP ⋅= )1(χ , cannot be held constant. In this case, let us consider a simplified picture of a 
medium possessing two energy levels (ground and excited states), so that eegg nn χχχ += , 
in which gχ  and eχ represent the electrical susceptibilities of ground and excited state 
respectively. The linear electrical susceptibility of excited molecules is other than that in the 
ground state and can be expressed as )( geeg n χχχχ −+= , where 1=+ eg nn . The term en  
describes the population fraction lying in the excited state (

0
/ NNe ), in which eg NNN +=0  

is the total number of molecules of the system, and eN  and gN  are the excited and ground 
state population, respectively. This description of polarization is not linear with the electric 
field anymore, because the excited state population fraction depends on the light intensity, 
which is equivalent to the square of the electric field, according to (Pang et al.,1991):  

 E
N
N

EP ge
e

g ⋅−+⋅= )( )1()1(

0

)1( χχχ   (2) 

The second term of Eq. (2) presents a nonlinear relation to the electric field and depends on 
the linear susceptibility of the ground and excited states. Therefore, the nonlinear 
susceptibility in Eq. (1) presents resonant terms that are dependent on the population 
fraction of molecules. Considering a case of a centro-symmetric material (all even 
susceptibilities are null), the nonlinear polarization can be rewritten as: 

 ( ) ...)(: )1()1(

0

3)1( +⋅−++⋅= E
N
N

EEEEP ge
e

gg χχχχ  (3) 

This new polarization contains resonant and non-resonant effects induced by the electric 
field of a laser beam. The evolution of the nonlinear effect related to the population of 
excited states can be monitored by rate equations that describe every electronic transition 
involved in the absorption. The temporal population evolution of a given excited state can 
be described by (Pang et al.,1991):   
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τ h
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in which )(νσ  is the one-photon absorption cross-section, νh  is the photon energy , and τ  
is the excited state relaxation time. ννσ hI)(  describes the molecules transition from the 
ground to the excited state. The solution to this equation is given by:  

 ∫
∞−

−=
t

tt
e dtetIe

h
vtn ')'()()( '// ττ
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σ   (5) 

This integral contains the light intensity I  and 'τ , defined as )1/(' satII+= ττ , where 
στνhIsat =  is the saturation intensity of the medium, which occurs as the lowest energy 

state is depopulated. The temporal evolution of the population from each state provides a 
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dynamic absorption coefficient to the material. For instance, for a material that possesses 
two excited states, the absorption coefficient can be defined as ))()(()( 1210100 σσα tntnNt += , 
in which 01σ  and 12σ  are the one-photon absorption cross-sections related to absorption 
from the ground to the first excited state, and from the first excited state to the second one, 
respectively. 

3. Applications in nonlinear optical devices  
The integration of all-optical and electro-optical devices into the current technology has led 
to the development of a large number of schemes for controlling and manipulating the 
phase, direction, polarization and amplitude of optical beams. The ability to control light 
intensity is of prime relevance in optical-related applications, such as optical 
communications, optical computing and light-driven chemical reactions. The methods to 
control the amplitude of light can be generally divided into two major groups: dynamic and 
passive methods. The first method is accomplished by a device that receives an external 
feedback, such as an iris or a power optical filter to control the light intensity incident on an 
optical system.  Such method requires other devices to work along in the acquisition (e.g., a 
sensor, a processor, etc), leaving the process slower and more complex. On the other hand, 
passive control is obtained by using a nonlinear optical material, in which sensing, 
processing and actuation are inherent, making the devices simpler and faster. Within the 
classification of passive devices to control the amplitude of an optical signal, two of great 
importance are all-optical switches and optical limiters. An ideal optical switch is a 
nonlinear optical device that is activated at a specific intensity or fluence threshold, 
becoming totally opaque. In contrast, an ideal optical limiter is a device that exhibits a linear 
transmittance below a specific intensity or fluence level but, above this level, its output 
intensity becomes constant. Optical limiters have been used in several applications, such as 
passive mode locking, pulse compression, and the most popular application: eye and sensor 
protection in optical system (e.g., telescopes and night vision systems).  
For instance, one can construct optical limiters with responses that are insensitive to the 
incident pulse duration. The resonant nature of the accumulative nonlinearities (such as SA 
and RSA), however, frequently results in a narrow bandwidth of operation for devices 
utilizing these mechanisms. By contrast, optical limiters that rely on instantaneous 
(nonresonant) nonlinearities can be broad band. These nonlinearities, however, require high 
intensities and typically operate effectively only for very short optical pulses. Therefore, by 
using an appropriate optical limiter in terms of nature and threshold value, one can extend 
the lifetime of a device and allow it to continue to operate under severe conditions. 

4. Techniques employed to determine the materials’ nonlinear optical 
properties  
4.1 Z-scan technique in the nano- and picosecond regime  
In order to characterize the nonlinear optical absorption of organic molecules in the nano- 
and picosecond regime, the open aperture Z-scan technique, developed originally by Sheik-
Bahae et. al. (Sheik-Bahae et al.,1989), can be used. Basically, this technique monitors the 
change in the nonlinear transmittance as the sample is scanned through the Z-axis, which 
contains a focused Gaussian laser beam. An extension of this technique, called Z-scan 
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technique with pulse train (Misoguti et al.,1999), can also be employed, allowing the 
investigation of the time evolution of nonlinear processes. The excitation source is a 
frequency-doubled, Q-switched and mode-locked Nd:YAG laser, delivering pulses at 532 
nm and 100 ps. Each pulse train contains about 20 pulses separated by 13 ns at a 10 Hz 
repetition rate. This low repetition rate is generally used to avoid cumulative thermal 
nonlinearities. The beam is focused onto a quartz cell, yielding diameters of tens of µm at 
the focal plane. A photodetector placed in the far field coupled with a digital oscilloscope 
and a computer are used to acquire the pulse train signal. Each peak height is proportional 
to the corresponding pulse fluence, once the detection system has a rise time slower than the 
100 ps pulse duration. By measuring the beam waist and the pulse train average power, one 
can find out the pulse fluency. The intensity can be determined by carrying out Z-scan 
measurements with CS2. When the sample is located at the focus, the pulse train signal is 
acquired. Then, this signal is normalized to the one obtained when the sample is far from 
the focus, yielding the normalized transmittance as a function of pulse number. All optical 
measurements were carried out with the sample placed in a quartz cuvette. Figure 1 
schematically shows the experimental setup. 
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Fig. 1. Experimental setup of the Z-scan technique with pulse trains, used to characterize the 
material’s nonlinear response in the pico- and nanosecond regime. 

4.2 Z-scan technique in the femtosecond regime  
The nonlinear optical absorption of organic molecules in the femtoseconds regime in a large 
spectral range may be carried out by means of two methodologies: (a) Single wavelength Z-
scan technique and (b) White-Light Continuum Z-scan technique, described in more details 
as follows.  
(a) Single wavelength Z-scan technique 
This methodology uses a Ti:sapphire chirped pulse laser amplified system that produces 
pulses of 150 fs centered in 775 nm, with a repetition rate of 1 kHz, to pump an optical 
parametric amplifier (OPA), which, in turn, generates wavelengths in the spectral region 
from 460 nm to 2200nm of nearly 100 fs. Figure 2 (a) schematically displays the details of the 
Single wavelength Z-scan technique experimental setup.  
(b) White-Light Continuum (WLC) Z-scan technique 
In this methodology, whose full details can be found elsewhere,(Balu et al., 2004, De Boni et 
al., 2004), the White-light Continuum (WLC) is produced by focusing a femtoseconds laser 
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beam (Ti:sapphire chirped pulse laser amplified system that produces 150 fs centred in 775 
nm, with a repetition rate of 1 kHz,) with a lens onto a quartz cell containing distilled water. 
A low-pass filter is used to remove the strong pump pulse and the infrared part of the WLC 
spectrum. The use of typically 0.3 mJ laser pulses generates about 10 μJ of WLC, spanning 
from 420 up to 750 nm. After re-collimation, the WLC beam is focused onto the sample, 
which is scanned along the beam propagation z-direction, as usually done in the traditional 
Z-scan method. The WLC transmitted through the sample is completely focused onto a 
portable spectrometer with a resolution of ~1 nm. The spectra are acquired for each z 
position as the sample is scanned along the z-direction and then normalized to the one 
obtained far from the focal plane. By selecting a particular wavelength from the complete set 
of measured spectra, a Z-scan signature is obtained according to the nonlinear response at 
that wavelength.  Figure 2 (b) schematically shows the experimental apparatus of the WLC 
Z-scan technique. When using this technique under resonant conditions, the white-light 
continuum pulse chirp must be considered, since distinct spectral components will reach the 
sample at distinct times. Consequently, cumulative effects can occur as result of absorption 
by excited molecules, which are then promoted to a higher excited state.  
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Fig. 2. Experimental setup of the (a) Single wavelength and (b) WLC Z-scan techniques, 
used to characterize the material’s nonlinear response in the femtosecond regime.  

5. Nonlinear optical absorption (NLOA) of organic molecules 
In this section, the results of the nonlinear optical absorption (NLOA) of the molecules 
Chlorophyll A, Indocyanine Green, Ytterbium Bisphthalocyanine and Cytochrome C are 
presented. The molecules are characterized in the nano, pico and femtoseconds regimes and 
present Reverse Saturable Absorption (RSA) and Saturable Absorption (SA), with potential 
applications in nonlinear optical devices. 
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5.1 Chlorophyll A  
5.1 (a) NLOA in the nano and picosecond regimes 
Chlorophyll A, belonging to the class of porphyrins, is a biomolecule of prime importance in 
the photophysical processes of plants, acting in the conversion of light into chemical energy 
in several biological systems (Michel-Beyerle, 1985, Scheidt & Reed, 1981) by taking part in 
the light absorption and electron transfer in the photosynthetic reaction center (Baker & 
Rosenqvist, 2004, Carter & Spiering, 2002, Michel-Beyerle, 1985). Due to its relevance in 
biological processes, Chlorophyll A has been the subject of extensive theoretical and 
experimental studies (Gouterman, 1961, Hasegawa et al., 1998, Parusel & Grimme, 2000, 
Sundholm, 1999). Furthermore, porphyrins have been proposed for medical and photonics 
applications such as optical limiters (Calvete et al., 2004, Neto et al., 2003, Neto et al., 2006, 
O'Flaherty et al., 2003), optical switches (Loppacher et al.,2003), and sensitizers for 
photodynamic therapy (Fisher et al.,1995). Hence, studying Chlorophyll A excited states 
properties is essential to understand biological processes aiming at possible applications in 
photonics and medicine. 
The electronic transitions of Chlorophyll A are usually characterized by two regions: the Q-
band, which is relatively weak and occurs in the visible region; and the intense Soret or B-
band, which appears in the near UV region and is often accompanied by an N-band of lower 
intensity (see Figure 3). The linear absorption spectrum of Chlorophyll A has been 
understood in terms of the four-orbital model applied by Gouterman (Gouterman, 1961), 
which although very simple reproduces all the major features of this system. There are 
several theoretical studies carried out using distinct methods to further understand the 
electronic excited states of Chlorophyll A (Hasegawa et al., 1998, Parusel & Grimme, 2000, 
Sundholm, 1999). In general, these works assign more than one electronic excited state to 
describe the experimentally observed features of Chlorophyll A spectrum (Q and B-band). 
In this book chapter, the choice was based on the electronic states reported by Parusel et al. 
(Parusel & Grimme,2000) obtained through the DFT/MRCI method (density functional 
theory and multireference configuration interaction), which gives the best interpretation for 
the linear absorption spectrum of Chlorophyll A, as the basis for the energy diagram 
employed here to understand the results. The Q-band at 670 nm is the main transition 
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Fig. 3. Absorption spectrum of Chlorophyll A/chloroform solution. 
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excited by the 532 nm light used in this investigation. This molecule has considerable 
absorption in the 600-700 nm region, in which human tissues are more transparent. In terms 
of medical therapy, for instance, light can reach the dye molecule adsorbed in the cells and 
undergo a photoreaction, i.e. Chlorophyll A satisfies an important requirement for possible 
use as a sensitizer in PDT. 
The emission spectrum at room temperature for excitation at the Q-band presents a strong 
fluorescence peak at 669 nm, which means that the Q-band is the predominant excitation 
path. The fluorescence lifetime ( fτ ) reported in the literature is 4 ns (Vernon & Seely, 1996). 
Based on the absorption and emission spectra and on models traditionally used for other 
porphyrins, a simplified five-level energy diagram can be sufficient to describe the 
dynamics of the nonlinear absorption in the picosecond regime, as illustrated in Figure 4.  
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Fig. 4. Five-level energy diagram used to simulate the experimental results.  

Figure 5 shows experimental results (open circles) for the nonlinear absorption obtained 
with the Z-scan technique with pulse train at 532 nm (Correa et al., 2002) and theoretical 
fitting (solid line) using the five-level energy diagram depicted in Figure 4. The strongest 
peak in the pulse train was arbitrarily labeled “0.” The irradiance is (0)I = 0.35 GW/cm2.  
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Fig. 5. Normalized transmittance of Chlorophyll A/chloroform solution along the pulse 
train for a I(0) =0.35 GW/cm2. Solid line is the theoretical curve obtained by using the five-
level energy diagram. 
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To understand the changes in the nonlinear effect during the train of pulses, basically, one 
needs to comprehend how the population dynamic is produced by the pulse train. When the 
first pulse of the pulse train is absorbed by the sample, it will promote molecules from the 
ground state 0  to the excited singlet state 1 . The fraction of population on the singlet 
excited state 1  may decay radiatively to level 0 , with the characteristic lifetime of the 
state ( 10τ ), or relax to an excited triplet state 3 , with the lifetime iscτ , known as 
intersystem-crossing time. Also, because the lifetimes involved in this nonlinear process 
have the same order of the time between two consecutives pulses (13 ns), molecules already 
in 1  and 3  do not have enough time to completely relax back to the ground singlet state. 
Based on this fact, the next pulse of the pulse train will probe a different population in the 
electronic states than the first pulse did. If the absorption cross-sections are different, the 
transmittance of such pulse will be proportional to the new absorption coefficient. This 
mechanism will be present to the other pulses, as an accumulative effect. In addition, 
because the higher excited states, 2  and 4 , are short-lived, their populations can be 
neglected. On the basis of this energy diagram, the set of rate equations that describe the 
fraction of molecules (ni) at each level is:  
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where νσ hIW 0101 = is the transition rate. This set of equations was numerically solved 
using the actual temporal intensity pattern of the Q-switched/mode-locked pulse train of 
our experiment, yielding the population dynamics, ni(t). The time evolution of the nonlinear 
absorption can be calculated according to: 

 }{)( 343121010 σσσα nnnNt ++=   (9) 

where N is the sample concentration, and 12σ  and 34σ  are the excited state cross-sections. 
The ground state cross-section, 01σ , was determined by measuring the linear absorption at 
532 nm ( 01σα N= ). This procedure resulted in 01σ = 3.1 x 10-18 cm2. The numerical 
calculation was carried out with fτ = 4 ns. In Figure 5, the solid line represents the 
theoretical fittings obtained with 12σ = 4 x 10-18 cm2, 34σ = 8 x 10-18 cm2, and iscτ = 1.5 ns. The 
absorption cross-section of the triplet state is higher than that of the singlet, although with a 
low ratio (only 2 times). On the other hand, the intersystem-crossing lifetime (1.5 ns) is 
shorter than the typical values reported for porphyrins and phthalocyanines.(Frackowiak et 
al., 2001, Shirk et al., 1992). This short intersystem-crossing lifetime indicates an efficient 
singlet-triplet conversion, which makes Chlorophyll A suitable for applications as a PDT 
sensitizer. This efficient intersystem-crossing (singlet-triplet) conversion is consistent with 
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those found for Mg phthalocyanine, which has a yield of triplet formation higher than for 
most phthalocyanines.(Frackowiak et al., 2001)  

5.1 (b) NLOA in the femtosecond regime 
This section presents the study of the excited state absorption of Chlorophyll A in the 
femtosecond regime by measuring its nonlinear absorption spectrum from 460 nm to 700 
nm using the WLC Z-scan technique. Its resonant nonlinear absorption spectrum presents 
saturable absorption (SA) and reverse saturable absorption (RSA) depending on the 
excitation wavelength (De Boni et al., 2007). Figure 6 displays Z-scan curves of Chlorophyll 
A for some pump wavelengths of the WLC spectrum. An inversion of the normalized 
transmittance is observed as the nonlinear process changes from RSA (shorter wavelengths) 
to SA (longer wavelengths).  
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Fig. 6. Experimental Z-scan curves for Chlorophyll A obtained with the WLC Z-scan 
technique. An inversion of the normalized transmittance is observed according to the 
dominant nonlinear process (SA or RSA).  

Because the white-light continuum pulse temporal width is around 5 ps, only the singlet 
levels of Figure 4 were used to establish the population dynamics of Chlorophyll A. In this 
case, molecules in the ground state 0  can be promoted to the first excited state 1  (Q-
band) by one-photon absorption, being subsequently excited to a higher excited level. This 
level does not correspond to the B-band (Linnanto & Korppi-Tommola, 2000, Rivadossi et 
al., 2004, Wehling & Walla, 2005, Zigmantas et al., 2002) but to a distinct electronic state in 
the UV region, since the photons used to transition an electron from 1  to a higher excited 
state belong to the blue spectral region of the WLC pulse and, therefore, are more energetic 
than those required to promote a transition from 1  to the B-band. The relaxation from level 
1  to the ground state can be neglected because of the short pulse temporal width of the 

WLC pulse. The upper energy levels (located above 1 ) are assumed to be too short-lived 
and, therefore, present no appreciable population (Shank et al.,1977). As a consequence, 
molecules are accumulated only in the first excited state and the absorption cross-section 
between states 1  and upper energy levels (located in the UV region) can be determined. In 
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this case, no triplet state was considered, since the intersystem-crossing time of Chlorophyll 
A is in the order of nanoseconds (Correa et al.,2002), which is much longer than the duration 
of the WLC pulse used. Based on these considerations, the rate equation used to describe the 
dynamic change of absorption, in accordance with the energy-level diagram, is:  
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in which ( ) ( )tntn 01 1 −=  and ( ) ( ) νλσλ hIW  0101 =  is the transition rate, where ( )λσ 01  is the 
ground state cross-section. I is the excitation intensity, ni(t) is the population fraction in each 
state, h is the Planck constant, and ν is the photon frequency. Due to the WLC pulse chirp, 
its red portion (resonant with the Q-band) promotes part of the population to the first 
excited state 1  and consequently the other spectral components of the WLC pulse probe 
the excited state absorption (ESA), once the first excite state has a lifetime longer than the 
pulse duration. The time evolution of the nonlinear absorption, α(λ,t), was calculated 
according to: 

 ( ) ( ) ( ) ( ) ( )[ ]λσλσλα etntnNt 1010, +=   (11), 

where N is the number of molecules/cm3 and ( )λσ e  is the excited state cross-section 
correspondent to the transition 1  to a higher excited state. The first and the second terms in 
Eq. (11) provide the absorption coefficient of the ground and excited states respectively. 
Since the ground state absorption cross-section for every spectral component is determined 
through the linear absorption spectrum, the only adjustable parameters are the excited state 
cross-sections. By fitting the normalized transmittance spectrum, it is possible to determine 
the excited state cross-sections of Chlorophyll A for each wavelength within the WLC 
spectrum. These values are displayed in Figure 7 (closed triangles). The region below 450 
nm was omitted because the white-light spectrum generated in the experiment starts around 
this wavelength. The difference between the values of ground and excited state cross-
sections ( eσσ −01 ) is also displayed in Figure 7 (open triangles). From these data, one can 
observe the singlet excited state processes of Chlorophyll A. When 001 >− eσσ , there is a 
decrease in the total absorption coefficient, α, characterizing SA. For Chlorophyll A, this 
process was observed from 700 nm up to 640 nm. Around 635 nm, the values of 01σ and eσ  

are the same, giving rise to no appreciable change in the normalized transmittance at this 
wavelength.  
It can be observed that σe values (closed triangles) are zero from 700 nm up to 665 nm, 
indicating that, for this range, there is no transition to a higher excited state. The red portion 
of the WLC, which is resonant with the Q-band, causes ground state depletion, responsible 
for the SA. Therefore, up to 665 nm, the WLC is populating  state 1 , which is then probed 
by the remaining components of WLC pulse. Consequently, for wavelengths shorter than 
665 nm, the values of σe are not zero, due to the transition from 1  to the higher excited 
state, which is allowed according to DFT/MRCI calculations presented in the literature 
(Parusel & Grimme, 2000). If σ01 − σe < 0, the material has its absorption coefficient increased 
with the intensity (RSA process), as shown by open triangles in Figure 7 for wavelengths 
below 640 nm. The excited state population build-up generated with the WLC Z-scan 
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technique can be advantageously used to shape the pulse intensity spectrum in order to 
match the most intense linear absorption band of the material. As a consequence, it is 
possible to obtain an enhancement of the nonlinear absorption in a transparent region 
through excited state absorption. In practical terms, WLC pulses could be used in 
applications where a high RSA process is needed in the blue region of the spectrum. 
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Fig. 7. Excited state (σe: closed triangles) cross-sections as a function of the excitation 
wavelength for Chlorophyll A obtained with the WLC Z-scan technique. The difference 
between the excited and ground state cross-section (σ01 − σe: open triangles) is also 
displayed.  

5.2 Ytterbium Bisphytallocyanine  
5.2 (a) NLOA in the nano and picosecond regimes 
Phthalocyanines are planar organic molecules that can exhibit large third-order 
susceptibilities due to their high  π-conjugation. To further increase the conjugation, and 
consequently enhance the nonlinear optical properties, one can augment the molecular size 
by adding peripheral rings or constructing sandwich compounds, known as 
Bisphthalocyanines (YbPc2), where two phthalocyanine rings are coordinated to a central 
metal ion. Owing to their excellent environmental stability and optical properties, that can 
be tuned by varying the central metal ion, or a peripheral side-group, phthalocyanines and 
bisphthalocyanines are promising for manufacturing optical devices, such as optical-
limiting devices. The basic principle of optical-limiting devices is the reverse saturable 
absorption (RSA), which is normally caused by an efficient intersystem-crossing process 
from a higher excited singlet state to an excited triplet state, competing with direct radiative 
decay to the singlet ground-state. This section reports on the dynamic optical nonlinearities 
of Ytterbium Bisphthalocyanine (YbPc2)/chloroform solution obtained with the Z-scan 
technique with pulse trains. The dependence of the nonlinear absorption on the pulse 
fluence presents first SA, and subsequently RSA behavior. A six-energy-level diagram is 
used to establish the population dynamics and the mechanisms that contribute to the 
nonlinear refraction and absorption. (Mendonça et al., 2000) 
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Figure 8 shows that the absorption spectrum of YbPc2 in chloroform solution is similar to 
those reported in the literature for other phytallocyanines containing metal-ions, and agrees 
with the energy-level diagram, shown in the inset, obtained from the valence-effective 
Hamiltonian (VEH) calculation.  
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Fig. 8. Absorbance spectrum of YbPc2 /chloroform solution. The inset depicts VEH one-
electron energies of the molecular p-orbitals. 

The structure around 650 nm, known as Q-band, is attributed to transitions from the split 
π (

ua2
) orbital to the upper *π ( *

ge ) orbital. The band around 460 nm corresponds to 
transitions from the deeper π (

ge ) level to the half occupied π (
ua2
) orbital, while the B 

(Soret) band, which appears in the ultraviolet region (320 nm), is attributed to the transitions 
between π (

ub2
) and *π ( *

ge ) levels. According to the absorption spectrum, both the Q-band 
and the ug ae 2→

 
transition can, at first, be excited when 532 nm is employed. However, 

time-resolved fluorescence measurements for a pump at this wavelength resulted mostly in 
an emission centered on 550 nm, with a 4 ns lifetime, indicating that the ug ae 2→ transition 
is the main excitation path. A weaker 5 ns lifetime fluorescence (about 15% of the total) 
centered around 692 nm (Q-band) was also observed, indicating a secondary path for the 
excitation mechanism.  
Figure 9 shows experimental results for the nonlinear absorption obtained with pulse trains 
Z-scan technique. To explain these results, the six-energy-level diagram depicted in Figure 
10 is considered, which is a simplification of the one shown in the inset of Figure 8. Two 
possible ground state levels can be considered, 0  and 1 , because two distinct bands 
( *

2 gu ea → and ug ae 2→ ) can absorb photons of the excitation employed. According to the 
present model, molecules in state 0  can be promoted to level 1 , when pumped by 
excitation at 532 nm, while molecules at level 1  can be excited to level 2 . A two-photon 
absorption process ( *

gg ee → ) could also be considered, but it was found to have little 
influence on the theoretical fitting. On the other hand, molecules excited to level 1  can 
decay radiatively to level 0 , and those excited to level 2  can either decay radiatively to 
level 1 or undergo an intersystem-crossing to the triplet state 4 . The upper excited singlet 
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and triplet levels, 3 and 5  respectively, are assumed to be too short-lived to present any 
significant population build up.  
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Fig. 9.  Nonlinear absorption of YbPc2 along the pulse train. Solid line is the theoretical curve 
obtained by using the six-energy-level diagram. 
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Fig. 10. Six-energy-level diagram used to simulate the experimental result of Ytterbium 
Bisphytallocyanine.  

The rate equations used to describe the fractions of molecules, in , at each energy level are: 
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τ

24 =   (15)                          

where υσ hIW 0101 =  and υσ hIW 1212 =  are the transition rates, with 01σ  and 12σ  being the 
ground and excited state cross-sections, respectively. 10τ  and 21τ  are the lifetimes of levels 
1  and 2 , and iscτ  is the intersystem-crossing time. This set of equations was numerically 

solved using the actual temporal intensity pattern of the Q-switched and mode-lock pulse 
train of the experiment, yielding the population dynamics, )(tni . The time evolution of the 
nonlinear absorption can be calculated according to: 

 { }454232121010)( σσσσα nnnnNt +++=   (16) 

where N is the concentration, and 23σ  and 45σ  are the excited state cross-sections. The 
excited state cross-sections, 01σ , determined by measuring the linear absorption at 532 nm , 
resulted in 218

01 104.2 cm−×=σ . The numerical calculation was carried out with 410 =τ  ns 
and 521 =τ  ns, values obtained through time-resolved fluorescence measurements. The solid 
line in Figure 9 represents the theoretical fitting obtained with 217

23 100.1 cm−×=σ , 
217

45 104 cm−×=σ  and nsisc 25=τ . A very small saturation for the first few pulses can be 
observed, which is related to the population buildup in level 1 . After this initial step, level 
2  starts to be populated, allowing a population transfer to the triplet state. Since this state 

has an absorption cross-section higher than that of level 2 , a reverse saturation occurs. If 
the transition ug ae 2→  is not taken into account in the model, the plateau observed for the 
first few pulses does not appear.  

5.2 (b) NLOA in the femtosecond regime  
This section reports the resonant nonlinear absorption spectrum of Ytterbium 
Bisphthalocyanine (YbPc2) from 500 up to 675 nm in the femtoseconds regime determined 
through the WLC Z-scan. The results indicate the presence of SA, at the Q-band region, and 
a RSA, around 530 nm (De Boni et al., 2006). The line with circles in Figure 11 shows the 
nonlinear spectrum (transmittance change ( TΔ ) spectrum) of YbPc2 obtained through the 
WLC Z-scan technique. Three distinct behaviors can clearly be observed: (i) a strong SA 
process that follows the Q-band, indicated by the positive ΔT values, (ii) an excited state 
absorption which gives an effective SA process below the Q-band and (iii) the negative ΔT 
values due to a RSA mechanism.  
Due to the WLC-pulse chirp, the red portion of the pulse, which is resonant with the Q-
band, promotes the population to the first excited state. In this case, a simplification of the 
diagram showed in Figure 10 can be used, which consists in considering only the first three 
levels (0, 1 and 2). From this assumption, the population dynamics is established to 
understand the experimental results. According to this consideration, molecules at the 
ground state 0  ( ua2 ) can be promoted to the first excite state 1  ( *

ge ) by one-photon 
absorption (Q-Band; *

2 gu ea → ), being subsequently excited to level 2 . Molecules at level 
1  decay radiatively to the ground state with a relaxation time τ10= 4 ns, which is much 

longer than the WLC-pulse duration. The upper excited singlet level, 2 , is assumed to be 
too short-lived to present any significant population buildup. In this case, molecules are 
accumulated in the first excited state and the absorption cross-section between the states 1  
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and 2  can be determined. As the intersystem-crossing time for this molecule is around 25 
ns, no triplet states need to be considered for the temporal regime of the pulses employed. 
The rate equations used to describe the fraction of molecules, ni, at each level are obtained 
from Eq. (12-15) but considering only terms related to levels 0, 1 and 2. The time evolution of 
the nonlinear absorption can be calculated according to: 

 ( ) ( )[ ]λσλσλα 121010 )()(),( tntnNt +=   (17) 

where N is the sample concentration. When 1201 σσ > , the sample presents a decrease in the 
effective absorption as the excited state is populated (SA). On the other hand, if 1201 σσ < , 
the sample becomes more opaque, characterizing a RSA process. The occurrence of SA or 
RSA depends on the contribution of different electronic states, excitation wavelength and 
pulse width. For the Q-band region (660 nm for instance), the model gives a 12σ  of 
approximately zero, which leads to a SA that follows the absorption band, due to the 
population accumulated in the first excited state. Right below the Q-band (600 nm), SA does 
not follow the linear absorption. At 600 nm, for example, the theoretical fitting was obtained 
with 12σ = 0.5x10-18 cm2, which is smaller than 01σ (SA). Around 530 nm, RSA was observed 
with 12σ = 10x10-18 cm2, which is about four times higher than 01σ . A similar behavior in six 
distinct wavelengths was observed by Unnikrishnan et al. (Unnikrishnan et al., 2002), even 
though they used much longer pulses (nanoseconds). Furthermore, due to the ultrashort 
pulses regime employed here, no triplet state is being populated and only the singlet state 
contributes to the observed RSA. The excited state absorption cross-section at 530 nm 
determined here (σ12/σ01 ≈ 4) is in agreement with a previous one obtained at 532 nm using 
the Z-scan technique with picosecond pulses (Mendonça et al., 2000,Mendonça et al., 2001, 
Misoguti et al., 1999). In that work, RSA was found to be related to singlet and triplet 
 

 
Fig. 11. Normalized transmittance change of YbPc2 solution obtained with WLC Z-scan. 
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states, being mainly due to the last one, whose cross-section was found to be sixteen times 
higher than that of the ground state. The smaller singlet state contribution to RSA was 
comparable to the one presented here. 

5.3 Indocyanine Green 
5.3.1 NLOA in the nano and picosecond regime 
The organic dye Indocyanine Green (ICG) presents high nonlinear optical properties, such 
as an efficient RSA (O'Flaherty et al., 2003), which makes it an interesting candidate for 
optics-related applications, such as optical limiting devices. Indocyanine Green can also be 
used as laser dye and saturable absorber. In medicine, ICG has been used for diagnosis and 
photo-dynamic therapy (PDT) of cancer. The intersystem-crossing time and quantum yield 
of triplet formation of ICG in different solvents have already been investigated (Reindl et al., 
1997). These results revealed that the conversion efficiency to the triplet state is diminished 
by increasing the solvent polarity. The same behavior was observed for τ01. For instance, in 
DMSO (apolar solvent), τ01 is 30 times greater than that observed in polar solvents. This 
section presents the nonlinear absorption of ICG obtained using single pulse and pulse train 
Z-scan techniques, both at 532 nm. Using the single pulse Z-scan and a theoretical analysis 
employing a three-energy level diagram, the excited singlet absorption cross-section was 
determined. Additionally, with the PTZ-scan technique and a five-energy level diagram, the 
intersystem-crossing time and the triplet absorption cross-section were obtained (De Boni et 
al.,2007). 
Figure 12 shows the linear absorption spectrum of ICG diluted in DMSO. It has a strong 
band around 800 nm, related to the  ∗→ ππ  transition. At 532 nm, wavelength employed 
in the nonlinear optical measurements, only a small absorption was measured. 
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Fig. 12. Absorption spectrum of Indocyanine Green in DMSO.  

Figure 13 (a) shows the decrease of the normalized transmittance (NT) for ICG as a function 
of the pulse irradiance, characterizing a RSA process. From this figure, it is possible to see 
saturation of the NT due to the accumulation of molecules in the first singlet excited state 
( 1 ) and to the depletion of the ground state ( 0 ).  



 Advances in Lasers and Electro Optics 

 

50 

0 1 2 3
0.6

0.7

0.8

0.9

1.0

1.1

0 5 10 15 20

 

no
rm

al
iz

ed
 tr

an
sm

itt
an

ce

irradiance (GW/cm2)

(a)

pulse number

(b)

 
Fig. 13. (a) Normalized transmittance as a function of pulse irradiance for ICG in DMSO. 
The solid line represents the fitting obtained with three-energy-level diagram.  
(b) Normalized transmittance along of the Q-switch envelope (pulse number) for the same 
sample. The solid line represents the theoretical curve obtained with parameters given in the 
text, using the five-energy-level diagram. 

As seen in Figure 13 (a), the saturation for ICG in DMSO occurs at ∼ 2 GW/cm2, a relatively 
low intensity for this type of nonlinear process. This low saturation intensity for ICG is 
related to its 01 →  transition lifetime ( 10τ ~ 700 ps)(Reindl et al., 1997), which allows a 
considerable accumulation of ICG molecules in the singlet excited state 1 . With more 
molecules in the first excited state, more transitions occur to the second excited state 2 , 
which presents an absorption cross-section approximately null. This process can be 
visualized by the increase in the NT curve fitting that occurs after 3 GW/cm2.  In order to fit 
the experimental data obtained with the single pulse Z-scan technique (Figure 13 (a)), the 
three-energy-level diagram shown in Figure 14 (a), representing only the singlet states of the 
molecule, was employed. As the band gap of ICG is around 1.5 eV, the internal conversion 
(IC) process must be taken into account in the rate equations used to describe the population 
dynamics. The triplet states were neglected because the duration of each single pulse is 
shorter than the intersystem-crossing time. In this case, only the singlet states contribute to 
the nonlinear absorption process. The transition lifetime ( 10τ ) can be described by 

ICr τττ /1/1/1 10 += , where 5≈rτ ns and 840≈icτ  ps (Reindl et al., 1997) are singlet radiative 
lifetime and internal conversion time respectively.  
It was also assumed that the lifetime of the second excited singlet state, 21τ , is in the order of 
a few femtoseconds; therefore, the population of this state is small at low irradiances. Hence, 
to describe the fraction of molecules in each state, the rate equations used are given by: 
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Fig. 14. Three- (a) and  five- (b) energy-level diagrams used to model the single pulse and 
pulse train Z-scan results for ICG. 

where in ’s are the population fractions of the singlet states with 1210 =++ nnn . The terms 
in these equations have already been described in the previous sections. The time 
dependence of absorption coefficient during the excitation is given by:  

 }{ 021010 )()()( σσα tntnNt +=   (21) 

As mentioned in the previous sections, 01α  is obtained from the linear absorption spectrum 
( N0101 ασ = ) and, therefore, the only adjustable parameter in this fitting procedure is 12σ . 
The value determined from the fitting was ( ) 217

12 10112 cm−×±=σ , which is 75 times higher 
than the ground state cross-section ( 217

01 1016.0 cm−×=σ ).  
Figure 13 (b) displays the accumulative nonlinearity for ICG obtained with pulse trains Z-
scan technique. As seen, NT decreases with the pulse number up to about pulse 10, after 
which a small increase can be observed.  This behavior could be understood by using a five-
energy-level diagram, shown in Figure 14 (b). When excited by a pulse of the train to level 
1 , the molecule can undergo an intersystem-crossing to the triplet state 4 , return to the 

ground state 0 , or be promoted to a second excited state 2 . With the arrival of the next 
pulse of the envelope, accumulative contributions to the optical nonlinearity, due to 
population built up in the long-lived (~ μs) 4  state, start to appear.  The molecules in this 
state can be promoted to a second triplet state, 5 , resulting in a change in the molecule 
absorption. Given the low irradiance of each individual pulse of the train and the short 
lifetime of levels 2  and 5 , their population can be neglected. Considering this model, the 
fractions of molecules in each state are given by: 
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isc

n
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dn
τ

14 =   (24) 

in which 4n  is the population fraction of the first triplet state. The 01 →  transition 
lifetime is given by iscf τττ 111 01 −= , where  fτ  and  iscτ are the fluorescence lifetime and 
the intersystem-crossing time respectively. This set of equations was numerically solved, 
yielding the time evolution of the absorption as:  

 }{ TtntntnNt σσσα )()()()( 4121010 ++=   (25) 

where Tσ  is the triplet state transition absorption cross-section. The only adjustable 
parameters are Tσ  and iscτ , once 01σ  and 12σ  are already known from the single pulse Z-
scan analysis. The solid line in Figure 13(b) represents the best fitting obtained. 
The intersystem-crossing time obtained through the fitting was nsisc )14( ±≈τ , which is in 
good agreement with the one reported in the literature (Reindl et al., 1997). The quantum 
yield of triplet formation, Tφ , was calculated using iscfT ττφ /= and iscτ  values, providing  

%15≈Tφ . The absorption cross-section of the triplet state found through the fitting 
procedure was 21710)15( cmT

−×±=σ . This value is 31 times higher than that of the ground 
state cross-section ( 2171016.0 cmT

−×=σ ). It was observed that 12σ  is higher than Tσ  
( 4.2/12 ≈Tσσ ), indicating that the excited singlet state gives a higher contribution to the 
RSA process for ICG. In table 1 are the spectroscopic parameters obtained by fitting single 
and pulse train Z-scan data. This table also shows other ICG spectroscopic parameters 
obtained from the literature.  
 

01σ  12σ  Tσ  fτ
 flφ

 Tφ  icφ  isck  rk  ick  
16.0  112 ±  5.05 ± 40580 ± 106.0 04.015.0 ± 05.074.0 ± 6.05.2 ± 07.082.1 ± 111±  

Table 1. Cross-section values (x10-17 cm2) for ground )( 01σ , excited singlet )( 12σ  and excited 
triplet )( Tσ  states at 532 nm. Fluorescence lifetime ( fτ ) (ps) (Reindl et al., 1997), 
fluorescence ( ftφ ) (Reindl et al., 1997), triplet )( Tφ  and internal conversion )( icφ quantum 
yields and rates constants (x108 s-1) of intersystem-crossing )( isck , radiative )( rk  (Reindl et 
al., 1997) and internal conversion  )( ick  of ICG/DMSO solution.  

5.4 Cytochrome C  
5.4.1 NLOA in the nano and picosecond regime 
Cytochrome C (cyt c) is one of the most intensively investigated redox proteins, which act as 
electron carriers in the respiratory chain. It contains a covalent heme group linked to 
polypeptide chains, which prevent aggregation, feature desirable, for instance, in 
Photodynamic therapy (PDT). The heme group is an iron porphyrin, the same that is found 
in hematoporphyrins, with peripheral groups bonded to pyrrole rings, while the 
polypeptide chains are polymers made by amino acid residues linked by peptide bonds. 
This section presents some results of Z-scan technique employed to characterize the 
spectroscopic parameters and the dynamics of excited states of Fe3+ cyt c molecules, 
combined to pump-probe (Shapiro, 1977) measurements at 532 nm. The results clearly show 
that the nonlinearity origin can be ascribed to population effects of the Q-band followed by 
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a fast relaxation back to the singlet ground state. The saturable absorption process observed 
has an intensity dependence and time evolution that can be described with a three-energy-
level diagram, yielding the excited state parameters of cyt c (Neto et al., 2004). 
Figure 15 shows the UV-Vis absorption spectrum for oxidized cyt c water solution. The 
strong band at 400 nm corresponds to the B (Soret) band, while the transition around 530 nm 
is attributed to the Q-band  of the metalloporphyrin complex. The origin of these bands is 
related to π-π* and charge transfer transitions. According to the absorption spectrum, only 
the Q-band  is excited when light at 532 nm is used.   
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Fig. 15. Normalized absorbance spectrum of oxidized cyt c in water solution.  

The results of the Z-scan measurements as a function of the pulse irradiance, in distinct 
temporal regimes (ps and fs), are depicted as solid circles in Figure 16 (a) and (b). To explain 
the behavior observed, the three-energy-level diagram presented in the inset of Figure 16 
was considered, assuming that only the singlet states contribute to the nonlinear absorption 
process. This assumption is based on the fact that the pulse duration is faster than the 
intersystem-crossing time, which avoids any appreciable triplet state population buildup 
during the light-matter interaction time. In addition, the excited singlet state |2〉 was 
assumed to be too short-lived to present an appreciable population buildup.  
According to the three-energy-level diagram proposed, molecules at the ground state |0〉 can 
be promoted to level |1〉 when excited by laser pulses of 70 ps at 532 nm, then decaying back 
to |0〉 with a relaxation time τ10. Two-photon absorption processes were neglected because, 
under resonant conditions, excited state processes (saturable absorption) prevail. (Andrade 
et al., 2004). The rate equations used to describe the fraction of molecules remaining at 
ground state are: 
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where n0 and n1 are the population fractions of the ground and first excited singlet state 
respectively and W01 = σ01I/hν is the one-photon transition rate. All the terms in Eq. 25 
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Fig. 16. (a) Normalized transmittance as a function of the 70 ps pulse irradiance at 532 nm. 
(b) Normalized transmittance as a function of the 120 fs pulse irradiance at 530 nm. The 
solid line in (a) and (b) are the fitting obtained with the three-energy-level model (inset) 
with the parameters given in the text. 

have already been defined. 110 =+ nn , because the population of the 2  state is neglected.  

01σ  was determined as 4.1 x 10-17 cm2.  
In addition, an independent measurement was performed to determine the decay time of  
level |1〉, 10τ , with the degenerate pump-probe technique at 532 nm, yielding a characteristic 
time of 2.7 ps (Neto et al., 2004). Therefore, since all parameters of Eq. (25) are determined, it 
can be numerically solved using a Gaussian temporal intensity pattern for the laser pulse, 
yielding the population dynamics within the laser pulse. The time-dependent absorption 
coefficient in this case is: 

 { }121010 )()()( σσα tntnNt +=   (26)        

where N is the concentration, σ12 is the excited state cross-section, and n0 and n1 are the 
population fraction in each state. By fitting the experimental data, the best value found for 
σ12 was 3.7 x 10-17 cm2, which is on the same order of magnitude of those reported in the 
literature for metallporphyrins (Blau et al., 1985, Neto et al., 2003). Since the intersystem-
crossing time is unknown, the possibility of the triplet state acquiring some population 
cannot be disregarded a priori. In order to confirm the excited singlet state cross-section 
value and the three-energy-level model assumed, Z-scan measurements using 120 fs pulses 
at 532 nm were carried out. In this case, one can safely state that the pulse duration is faster 
than the intersystem-crossing time and that there is no triplet state population during the 
pulse interaction, which certainly allows the use of the three-energy-level diagram. Again, 
an increase due to a saturable absorption mechanism is observed in the normalized 
transmittance as a function of irradiance, displayed in Fig 16(b), indicating that laser pulses 
are populating the excited state. The solid line represents the theoretical fitting obtained 
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with the model described previously, resulting in σ12 = 3.7 x 10-17 cm2, which is the same 
value found in the picosecond Z-scan experiment. This result indicates that, even when 
picosecond pulses are used, the triplet state is not populated, supporting the assumption 
made on the three-level energy model used to explain the experimental results. It also 
implies that the intersystem-crossing time of cyt c should be in the order of a few hundred 
picoseconds (Sazanovich et al., 2003).  
The short singlet state lifetime is a clear indication of the fast intersystem-crossing time, 
which is a characteristic of porphyrins with open shell ions (Kalyanasundaram, 1992). This 
short intersystem-crossing time, compared with those of closed shell porphyrins 
(Kalyanasundaram, 1984), indicates an efficient singlet-triplet conversion, making 
hematoporphyrins suitable for applications as a PDT sensitizer. Besides, cyt c is a 
biocompatible molecule, which is a requirement for medical applications. 

6. Conclusion 
This chapter aimed to describe the resonant nonlinear optical properties of four important 
organic molecules: Chlorophyll A, Indocyanine Green, Ytterbium Bisphthalocyanine and 
Cytochrome C, which are materials that present interesting optical nonlinearities for 
applications in optical devices. It was shown that Chlorophyll A solution exhibits a RSA 
process for Q-switched and mode-locked laser pulses, with an intersystem-crossing time 
relatively fast and a triplet state cross section value twice higher than that of the singlet. 
Such features are desired for applications in PDT. However, due to the low triplet–singlet 
cross-section ratio, Chlorophyll A is not expected to be efficient as an optical limiter. In 
addition, the excited state population buildup generated with the WLC Z-scan technique 
can be advantageously used to shape the pulse intensity spectrum in order to match the 
most intense linear absorption band of the material. As a consequence, one can obtain an 
enhancement of the nonlinear absorption in a transparent region through excited state 
absorption. In practical terms, WLC pulses could be used in applications where a high RSA 
process is needed in the blue region of the spectrum. RSA at 532 nm for ICG solution was 
also described. For single pulse experiments, it was determined that the excited singlet state 
cross-section is 75 times higher than that of the ground state. However, when pulse trains 
are employed, triplet population is identified, with an intersystem-crossing time in the 
nanosecond time scale. In this case, the triplet absorption cross-section found is 31 times 
higher than the ground state one. These results indicate ICG as a candidate for applications 
requiring high RSA, such as optical limiters and all-optical switches. Regarding Ytterbium 
Bis-phtalocyanine, it was shown that this molecule presents two possible ground state levels 
and both can absorb the excitation light for some wavelength range. When using 
femtosecond laser pulses, it was also possible to observe distinct resonant nonlinear 
absorption behaviours (SA and RSA) depending on the wavelength. Basically, the excited 
state absorption cross-section is approximately zero in the Q-band region, giving origin to a 
strong SA process. Oxidized Cytochrome C in water solution exhibits a saturable absorption 
process when resonant excitation at 532 nm (Q-band ) is employed. Its short singlet state 
lifetime indicates a relatively fast intersystem-crossing time that can lead to an efficient 
formation of the triplet state. Such feature prompts this molecule as an efficient sensitizer for 
PDT applications. Therefore, organic molecules presenting high nonlinear optical absorption 
processes are potential candidates as active media for applications in optical devices.  
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1. Introduction  
This chapter deals with description properties of a number of Rare-Earth (RE) ions in 
polymer materials. The list of the RE elements with some of its basic properties are shown in 
Table 1. The electronic structure of each trivalent RE element consists of partially filled 4f 
subshell, and outer 5s2 and 5p6 subshell. With increasing nuclear charge electrons enter into 
the underlying 4f subshell rather than the external 5d subshell. Since the filled 5s2 and 5p6 

subshells screen the 4f electrons, the RE elements have very similar chemical properties. The 
screening of the partially filled 4f subshells, by the outer closed 5s2 and 5p6 subshell, also 
gives rise to sharp emission spectra independent of the host materials. The intra-subshell 
transitions of 4f electrons lead to narrow absorption peaks in the ultra-violet, visible, and 
near-infrared regions. 
 

 
          *Number of electros (n) in the 4f shell of three-valence Rare Earth ions.  

Table 1. The Rare Earth elements and some of its properties 



 Advances in Lasers and Electro Optics 

 

60 

Trivalent RE ions can be used for many photonics applications. Erbium (Er), neodymium 
(Nd), praseodymium (Pr) ions are well-known, because these elements have transitions 
used in telecommunications systems. Except these RE ions other elements are intensively 
studied. Europium (Eu), terbium (Tb) and cerium (Ce) produce red, green and blue light 
which is used for full colour displays. Thulium (Tm) and holmium (Ho) lasers has received 
a large amount of interest during last ten years because these elements are the best 
candidates for a wide range of applications including medicine and eye-safe remote sensing 
systems such as laser ranging, coherent Doppler lidar for wind sensing, wind-shear 
detection and etc (Kenyon A.J.; 2002; Bourdet et al. 2000). 
The choice of host materials for RE ions hardly influences the energy levels of the RE ions. 
Therefore in principle any materials that have little absorption at the pump and emission 
wavelength can be used. Up to now there have been published many papers describing 
properties of RE-doped with many different materials. Photonics materials such as glasses, 
optical crystals (LiNbO3, Al2O3, Y2O3) and semiconductors (Si, SiGe, SiC, GaN, etc.) are 
conventional materials for accomplishing lasing action (Polman A; 1997; Wong, et al. 2002; 
Zavada, et al. 1995). Recently there has been considerable interest in the development of 
new photonics materials such as polymers which have better properties and a lower price. It 
is due to fact that a number of properties make polymers attractive hosts for RE ions 
including high transparency in the visible and near-infrared spectra, well controlled 
refractive indices, good thermal stabilities, offering simple fabrication process and low cost 
(Liang et al., 2003; Slooff et al., 2002; Sosa et al., 2003; Tung et al., 2005) .  
Polymers doped with RE-ions are still a new area and there is only a small number of groups 
active in this field as for example: L.H. Slooff from the FOM Institute for Atomic and 
Molecular Physics, Amsterdam, The Netherlands, W.H. Wong from the Department of 
Electronic Engineering and Department of Physics and Material Sciences, City University of 
Hong Kong, H. Liang from Structure Research Laboratory and Department of Polymer Science 
and Engineering, University of Science and Technology of China and X. Xu from Optical 
Physics Laboratory, Institute of Physics, Chinese Academy of Sciences, Beijing, China. 
For our research we chose two types of polymers. As first polymer we chose 
Polymethylmethacrylate (PMMA) polymer because it is the most common used polymer 
and we also used new of type polymer Epoxy Novolak Resin (ENR) due to its low optical 
losses 0.2 dB/cm at 1090 nm, 0.77 dB/cm at 1310 nm, 1.71 dB/cm at 1550 nm and due to 
easy fabrication process (Beche et al., 2005). We doped these two polymers with erbium (Er), 
ytterbium (Yb), europium (Eu), neodymium (Nd), thulium (Tm), holmium (Ho), 
praseodymium (Pr) and dysprosium (Dy) ions (Prajzler et al., 2007; Prajzler et al., 2008). We 
chose these RE ions because Er3+ doped materials can emit at 1530 nm and Tm3+ doped 
photonics materials can have emission bands around 1470 nm and from 1600 to 2100 nm. 
Yb3+ and Ho3+ ions were used as co-dopants. Tm3+ doped polymers were co-doped with 
Ho3+ ions and Er3+ doped polymers were co-doped with Yb3+ ions. Trivalent Dy3+ ions are 
studied for emission at 1300 nm. Other RE ions were chosen for photoluminescence study in 
visible region. 

2. Experimental part  
2.1 PMMA layers  
Fabrication process of PMMA layers doped with RE ions is following: Small pieces of 
PMMA (Goodfellow) were left to dissolve in chloroform for a few days before being used in 
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the fabrication of PMMA layers. The layers were formed by the solution either being spin-
coated onto silicon and glass substrates or by being poured into bottomless molds placed on 
a glass substrate and left to dry. For RE doping, solutions whose content ranged from 1.0 at. 
% to 20.0 at. % RE-ions were added to the PMMA. For RE co-doping rare earth chloride or 
Rare Earth fluoride were together dissolved in C5H9NO or C2H6OS. Samples containing 1.0 
at. % erbium were co-doped with ytterbium in amounts also ranging from 1.0 at. % to 20.0 
at. %. 

2.2 Epoxy Novolak Resin  
Commercially available polymer Epoxy Novolak Resin (NANOTM Su-8 10) supported by 
Micro Resist Technology GmbH was used for fabrication of the RE doped samples. 
Chemical structure of Epoxy Novolak Resin (ENR) polymer is shown in Fig.1. 
 

 
Fig. 1. Structure of the Epoxy Novolak Resin polymer 

Polymer layers were formed by the solution either being spin-coated onto silicon or by 
being poured into bottomless molds placed on a quartz substrate and let to dry. After the 
deposition the samples were baked at 90°C for 45 min and then UV light was used for 
hardening. Finally hard baking at 90°C for 60 min was applied. The doping occurred using 
anhydrous RE chloride or RE fluoride dissolved in C2H6OS (Sigma-Aldrich). For the doping, 
solutions where the RE content ranged from 1.0 at. % to 20.0 at. % were added to the ENR 
polymer. 

3. Results and discussion  
3.1 Infrared spectra  
The fabricated samples were investigated by infrared spectroscopy (FT-IR). Infrared 
reflectance and ATR spectra were obtained using a Bruker IFS 66/v FTIR spectrometer 
equipped with a broadband MCT detector, to which 128 interferograms were added with a 
resolution of 4 cm-1 (Happ-Genzel apodization). Fig. 2a displays the FT-IR spectra of PMMA 
layers doped with Er3+ ions. Fig. 2b shows the FT-IR spectra of ENR layers doped with Nd3+ 

ions in the wavelength range from 3900 to 2600 cm−1. 
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Fig. 2a shows the three strong broad bands occurring at 2843 cm-1, 2953 cm-1, 2994 cm−1 

correspond to the aliphatic C-H bands. These bands are assigned to the stretching vibrations 
of CH3 and CH2, and indicate a high content of hydrogen-rich CHx. The absorption band at 
3349 cm-1 corresponds to the O-H stretching vibrations of the PMMA layers. Fig.2a also 
shows that increasing the Er3+ content also increases the intensity of the O-H vibrations. This 
can be explained by the fact that ErCl3, as very hygroscopic substance, not only dopes the 
polymer samples but also brings a certain amount of water. It is a well-known fact that the 
presence of O-H groups in a matrix containing rare earth ions unfortunately causes 
problems by hindering emission in the infrared region. 
 

 
Fig. 2. Infrared spectra a) PMMA samples doped with Er3+ using ErCl3 and b) ENR samples 
doped with Nd3+ ions using NdCl3. 

Fig. 2b shows also three strong broad bands occurring at 2873 cm−1, 2930 cm-1 and 2965 cm-1 

correspond to aliphatic C-H bands while that one corresponding to aromatic C-H band is at 
3060 cm-1. These bands are assigned to the stretching vibrations of CH3 and CH2, and 
indicate a high content of hydrogen-rich CHx. The absorption bands at 3380 cm-1 correspond 
to the O-H stretching vibrations of the ENR layers. Similar results were obtained for all the 
samples with the only difference that the O-H stretching bands were for particular rare 
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earths slightly shifted (while the C-H stretching bands remained un-affected). Fig. 2b also 
shows that increasing RE content caused the O-H vibrations intensity increased as well. This 
can be explained by the fact that RE chloride and fluoride are very hygroscopic substances. 

3.2 Transmission spectra  
The transmission measurements were performed using a UV-VIS-NIR Spectrometer (UV-
3600 Shimadzu) in the spectral range from 350 to 1800 nm. The transmission spectra of the 
Er3+ doped PMMA layers in the spectral range from 350 nm to 700 nm are shown in Fig.3a 
and the transmission spectra of the Er3+ (1.0 at.%) doped polymers co-doped with Yb3+ ions 
in the spectral range from 900 nm to 1040 nm are shown in Fig. 3b. 
 

 
Fig. 3. Transmission spectra a) Er3+ doped PMMA layers and b) Yb3+ doped PMMA layers 

Samples contain 5.0 at. % of Er3+, two bands appeared that were attributed to the following 
transitions: 4G11/2 (377 nm) and 2H11/2 (519 nm). Samples contain 20.0 at.% of Er3+ another 
band appeared at 4F9/2 (650 nm). We did not observe bands 2G7/2 (355 nm), 2G9/2 (363 nm), 
2H9/2 (405 nm), 4F3/2 (441 nm), 4F5/2 (448 nm), 4F7/2 (485 nm) and 4S3/2 (539 nm). Sample 
contains 20.0 at. % of Yb3+ ions has a typical Yb3+ 2F5/2 transition with maximum at 977 nm. 
Samples with a lower concentration have weaker 2F5/2 transition, and the samples with 
concentration 1 at.% Yb3+ ions have no visible Yb3+ (2F5/2) transition. 
Transmission spectra of the Ho3+ doped ENR layers are shown in Fig. 4. Fig. 4a shows 
transmission spectra in spectral range from 400 nm to 1000 nm and samples contain 10.0 
at.% of Ho3+ appeared following three strong bands 5G6 (448 nm), 5F4 (535 nm) and 5F5 (639 
nm). Fig. 4a also shows three week bands 5G5 (415 nm), 5F2 (466 nm), and 5F3 (482 nm), which 
can be assigned to the holmium ions. Fig. 4b shows transmission spectra in spectral range 
from 900 nm to 1300 nm and we found out band at 1152 nm corresponds to 5I6 transitions. 
Transmission spectra of ENR polymer doped with Ho3+ ions co-doped with Tm3+ ions are 
shown in Fig. 5. Fig. 5a shows four bands 1G4 (463 nm), 3F2 (658 nm), 3F3 (683 nm), and 3H4 

(790 nm), and Fig. 5b shows one band 3H5 (1210 nm) corresponds to Tm3+ ions. Fig. 5a also 
shows tree bands 5G6 (448 nm), 5F4 (535 nm), and 5F5 (639 nm) correspond to Ho3+ ions. 
ENR polymer doped with Nd3+ and Dy3+ ions is shown in Fig. 6. 
Fig. 6a shows four strong bands corresponding to the Nd3+ transitions: 5G5/2 (574 nm), 4F7/2 

(740 nm), 4F5/2 (794 nm), 4F7/3 (865 nm) and Fig. 6b shows six bands corresponds to the Dy3+ 

ions. We observed transitions 6F3/2 (758 nm), 6F5/2 (807 nm), 6F7/2 (906 nm), 6F9/2 (1100 nm), 
6F11/2 (1280 nm) and 6H11/2 (1685 nm). 
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Fig. 4. Transmission spectra of ENR polymer doped with Ho3+ ions (1.0 at.%) and co-doped 
with Tm3+ ions a) 10.0 at.% Tm3+, b) 20.0 at.% Tm3+ 

 

 
Fig. 5. Transmission spectra of ENR polymer doped with Ho3+ ions (1.0 at.%) and co-doped 
with Tm3+ (20.0 at.%) ions 
 

 
Fig. 6. Transmission spectra of ENR polymer doped with a) Nd3+ ions and b) Dy3+ ions 

The obtained transmission spectra of the ENR layers doped with Eu3+ ions are shown in Fig. 
7a and ENR polymer doped with Pr3+ is shown in Fig. 7b. 
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Fig. 7. Transmission spectra of ENR polymer doped with a) Eu3+ ions and b) Pr3+ ions 

Fig. 7a shows only two weak bands correspond to Eu3+ ions – 5D3 (393 nm) and 5D2 (464 nm). 
Fig. 7b shows four bands correspond to Pr3+ 3I2 (443 nm), 3P1 (466 nm), 2P0 (479 nm) and 1D2 

(587 nm) in the sample containing 10.0 at.% Pr3+. We found out very strong bands at 1440 
nm and at 1540 nm, which correspond to 3F4 and 4F4 bands, respectively. The bands at 1950 
nm and at 2340 nm (that would be attributed to 3F2 and 3H6 transitions) did not appear not 
even in the sample with the highest Pr3+ concentrations (20.0 at.%). 

3.3 Photoluminescence  
Semiconductor lasers (operating at λex= 980 nm, λex= 827 nm) and He-Ne laser excitation 
(λex= 632.8 nm) were used to detect sample luminescence in the range from 1450 nm to  
1650 nm. 
Fig. 8 shows Photoluminescence spectra (PL) of ENR layers doped with Dy3+ ions. Fig. 8a 
shows PL spectra pumped at 632.8 nm (6 mW) under temperature of 4 K and this Fig. 
clearly shows the band at 1340 nm caused by the Dy3+ transition 6H9/2 – 6F11/2 → 6H15/2. This 
transition appeared only in the samples containing 10 at.% of dysprosium. 
Photoluminescence of the samples with higher content (15 at.%) of dysprosium is much 
weaker. Fig. 8a also shows that maximum is around 1340 nm and Fig. 8b shows PL spectra  
 

 
Fig. 8. Photoluminescence spectra of ENR layers doped with Dy3+ a) excitation 632 nm and 
b) excitation 827 nm 
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obtained by using optical pumping at 827 nm (temperature 4 K). PL spectra caused by Dy3+ 

ions was observed only at samples containing 15 at.% and PL maximum was found out 
around 1310 nm. Measurements at two additional excitations – 827 nm and 980 nm – were 
also applied but the photoluminescence occurred only on the background level. 
Fig. 9a shows photoluminescence spectra of ENR layers doped with Tm3+ ions is spectral 
range from 1000 nm to 1200 nm. Fig.9b shows PL spectra of ENR doped with Tm3+ ions in 
spectral range from 1300 nm to 1600 nm under excitation 632.8 nm (He-Ne laser) under 
temperature 4 K. Fig. 9a shows maximum PL intensity around 1047 nm and Fig. 9b shows 
maximum PL intensity around 1420 nm but this photoluminescence is very weak. 
 

 
Fig. 9. Photoluminescence spectra of Tm3+ doped ENR 

Fig. 10 shows photoluminescence spectra of ENR layers doped with Er3+ (Fig.10a) and Er3+ 

doped ions co-doped with Yb3+ ions (Fig.10b) in spectral range from 1450 nm to 1650 nm. 
Fig. 10a shows that only the samples with higher Er3+ concentrations showed strong 
photoluminescence bands at 1530 nm attributed to the erbium transition 4I13/2 → 4I15/2. The 
highest emission intensity was found out in the sample containing 10.0 at.% erbium. Fig. 10b 
shows typical 1530 nm Er3+ emission but co-doping with ytterbium ions had no effect on the 
photoluminescence spectra at all. 
 

 
Fig. 10. Photoluminescence spectra of ENR layers doped with a) Er3+ ions and b) Er3+ ions co-
doped with Yb3+ ions 
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Fig. 11 shows photoluminescence spectra of PMMA layers doped with Er3+ (Fig.11a) and 
Er3+ doped ions co-doped with Yb3+ ions (Fig.11b) under excitation 980 nm using 
semiconductor laser under room temperature. Fig. 11a shows the typical photoluminescence 
bands around 1540 nm attributed to the erbium transition 4I13/2 → 4I15/2 and Fig. 11a also 
shows that the increasing content of Er3+ ions increases also the photoluminescence 
intensity. The highest PL intensity observed so far had the sample containing 10.0 at.% of 
erbium. Fig. 11b shows that Yb3+ co-doping have positive influence. 
 

 
Fig. 11. Photoluminescence spectra of PMMA layers doped with a) Er3+ ions and b) Er3+ (1.0 
at.%) ions co-doped with Yb3+ ions 

4. Conclusion 
We report on spectroscopic properties of the Polymethylmethacrylate and Epoxy Novolak 
Resin polymer doped with Rare Earth ions. Polymer layers were fabricated by a spin coating 
or by pouring the polymer into a bottomless mould placed on a quartz substrate. 
The fabricated polymer layers doped with RE ions were examined by infrared spectroscopy 
and IR spectroscopy of the samples revealed absorption bands corresponding to the O-H 
vibrations in the region from 3340 cm-1 to 3380 cm-1. Transmission measurements were 
performed in the spectral range from 350 nm to 1800 nm. The content of RE ions had a 
significant effect on the occurrence of the bands attributed to the RE transitions: while they 
were rather strong in the samples with higher RE concentration they almost vanished in the 
background in the case of the samples with low RE concentration. 
We observed photoluminescence bands around 1300 nm of the ENR samples doped with 
Dy3+ ions caused by the dysprosium transition. ENR and PMMA layers doped with Er3+ ions 
had typical 1 530 nm emission due to the 4I13/2 → 4I15/2 transition. It was also found out that 
the addition of ytterbium did not substantially affect at PL spectra at ENR layers. One 
possibility how to explain this result is the presence of the O-H groups. The O-H groups are 
well-known as strong quencher of the Er3+ photoluminescence and fabrication samples with 
lower content of O-H groups will be the aim of the future research. 
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1. Introduction     
Recently, higher-order nonlinear effects have attracted great attention with the development 
of ultrafast laser technology. Using high peak-power lasers, phase-matched third-harmonic 
generation (THG) (ω + ω + ω → 3ω) has been demonstrated in solids to directly obtain 
frequency-tripled output of the fundamental light in a simple way. The beginning of THG 
experiments using crystals was as early as 1960s. In this early stage of THG experiments, the 
centrosymmetric CaCO3, calcite, was investigated by using a Q-switched ruby laser 
(Terhune et al., 1962, 1963).  
Thanks to the invention of the mode-lock technique, ultrashort-pulse lasers became 
available, which made it possible to obtain stronger nonlinear interaction in crystals without 
laser-induced damage, since the damage threshold of materials increases as the laser pulse 
duration becomes short. With a mode-locked Nd-doped laser, Akhmanov et al. achieved 
phase-matched interactions for forth-harmonic generation (FHG) in LiCOOH·H2O 
(Akhmanov et al., 1974) and fifth-harmonic generation in calcite (Akhmanov et al., 1975). 
Comparing the determined nonlinear susceptibilities relative to those for the lower-order 
ones, they have shown that electric susceptibilities for the higher-order processes decrease 
more rapidly with increasing the nonlinear order. In these works, the cascade processes of 
the lower-order nonlinearities in higher-harmonics generation were discussed in detail. 
In addition, materials having large nonlinear electric susceptibilities have been developed 
for noncentrosymmetric crystals. Okada (1971) observed phase-matched THG of a Q-
switched Nd:YAG laser in LiIO3, reporting the effective third-order susceptibilities that are 
two orders of magnitude larger than those for KDP and ADP. The first observations of 
phase-matched THG (Chemla et al., 1974) and FHG (Kildal et al., 1979) in the transparent 
mid-IR region were made in CdGeAs2 by using a CO2 laser at 10.6 μm, where the effective 
third-order and fourth-order nonlinearities determined  from the harmonic signals were 
compared with the theoretical estimates of the pure χ(3) and χ(4) components, respectively. 
Efficient THG was expected to be obtained from the determined χ(3) while the large 
discrepancy encountered for the magnitudes of χ(4) indicated the significant contribution 
from the cascade processes. 
Finally, conversion efficiencies for THG in solids reached ~1% with the most widely used 
nonlinear crystals, β-BaB2O4 (BBO) and KTiOPO4 (KTP). Qiu and Penzkofer (1988) attained a 
conversion efficiency of 0.8% in BBO for THG of a Nd:glass laser with a pulse duration of 5 
ps, for which the crystal was irradiated by the intensity of 50 GW/cm2. It was found that 
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compared with calcite (Penzkofer et al., 1988), this material possesses ~40 times larger 
effective nonlinearity with smaller walk-off and larger angular acceptance, indicating the 
superior properties for this application. With a chirped pulse amplification of the Nd:glass 
laser, Banks et al. (1999) have attempted to use higher pulse intensity with shorter pulse 
duration in BBO, taking into account the increase of the damage threshold. Focusing the 
350-fs-pulse beam into the nonlinear crystal resulted in a highest conversion efficiency of 
~6% for third-order frequency conversions in crystals, where the intensity of the 
fundamental beam was as high as ~200 GW/cm2. In addition, they have succeeded to 
distinguish the cascade process from the direct process through the azimuth angle 
dependence of the output signals, and concluded that the contributions from the cascade 
processes to the phase-matched THG are significant in the overall conversion efficiencies 
(Banks et al., 2002).  
The large third-harmonic (TH) conversion efficiencies in KTP have been achieved by two 
different groups, using tunable picosecond optical parametric systems. Boulanger and co-
workers (Feve et al., 2002) produced the angularly noncritical phase-matched THG of 1.618 
μm radiation with 2.4% efficiency while under the phase-matching condition for sum-
frequency generation (SFG) (ω + 2ω → 3ω) in the similar spectral range, Takagi and Muraki 
(2000) have achieved a single-crystal TH efficiency of 5% that was five times larger than the 
phase-matched THG observed with the same fundamental source. According to the work of 
Boulanger et al (1999), the contribution from the cascade processes to phase-matched THG 
in KTP is much smaller compared to direct process. Recently, to completely eliminate the 
involved cascade process for the future quantum correlation experiment based on the three-
photon downconversion, the same group used the centrosymmetric TiO2 rutile for the 
single-crystal THG, demonstrating a significant enhancement of the cubic TH efficiency at 
the week input-power level (Gravier & Boulanger, 2006, 2007).  
In this study, phase-matched THG in noncentrosymmetric media have been further 
investigated by using BiB3O6 (BIBO) (Miyata et al., 2008, 2009). The symmetry and 
birefringence analysis has revealed the existence of the phase-matching condition for the 
direct cubic process, where the cascading quadratic processes are precluded by zero 
effective nonlinearity. To understand the proposed pure cubic process, Section 2 discusses 
the cascade process that is generally involved in THG of noncentrosymmetric crystals. The 
next section presents the third-order frequency conversions in BIBO, including the first 
realized pure χ(3) THG in such media. The discussion is separately given in Section 4 to 
generalize the present result to other materials. Finally, Section 5 concludes this chapter. 

2. Cascade third-harmonic generation 
In general, frequency tripling of a laser is carried out with two nonlinear crystals both under 
the phase-matching conditions. First crystal is used for generating the second harmonic (SH) 
of the fundamental source, and the second crystal is used for mixing the SH with the 
residual fundamental to create its TH. Since these crystals can be independently adjusted in 
the system, phase-matching conditions for the second-harmonic generation (SHG) and SFG 
processes are easily achieved by the angle or temperature tuning at the given fundamental 
wavelength. This two-step process, χ(2)(3ω, ω, 2ω):χ(2)(2ω, ω, ω), exists also for THG observed 
in a single nonlinear crystal and occurs simultaneously with the direct third-order process 
mediated by the pure cubic nonlinearity χ(3)(3ω, ω, ω, ω). Its phase-matching condition is 
identical with that for the direct THG as a whole and given by  
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 SFGSHGTHG kkk Δ+Δ=Δ  (1) 

where ΔkTHG = k1a + k1b + k1c − k3, ΔkSHG = k1a + k1b − k2, and ΔkSFG = k1c + k2 − k3. Thus, when 
the phase-matching condition for the overall process is fulfilled (i.e. ΔkTHG = 0), the 
individual SHG and SFG processes are generally not phase-matched inside the nonlinear 
crystal. Under this condition, the direct third-order and cascading second-order processes 
have the same order of magnitude and mutually interferes in a constructive or destructive 
way, provided the effective second-order nonlinearity is nonzero. Also under the phase-
matching conditions for either SHG or SFG process, the same order of magnitude of THG 
becomes feasible. However, in this case, the contribution of the pure cubic nonlinearity to 
THG is negligibly small because the phase-matching conditions for THG are not fulfilled 
inside the nonlinear crystal. 
Since our interest in the present study is the nonlinear interactions via cubic nonlinearity, 
consider the specific case, ΔkTHG → 0, and equivalently, ΔkSHG ~ −ΔkSFG, for the THG process. 
Solving the nonlinear wave equations that are coupled among the fundamental, SH, and TH 
waves, under the slowly varying amplitude and fixed-field approximations, the overall TH 
conversion efficiency is found to be proportional to the square of phase-matching factor 
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where ℓ is the crystal length and ω is the fundamental wavelength. The first term of Eq. (3) is 
the effective nonlinear constant calculated by third-order susceptibilities, and the second 
term is the sum of the cascading contributions calculated by Eq. (4), where D(2) and D(3) 
represent the degeneracy factors for SHG and THG, respectively, i.e. D(2) = 1 or 2, and D(3) = 
1 or 3 for parallel or orthogonal polarization configuration of the fundamental, respectively. 
The deff is the effective second-order nonlinear constants at the given fundamental 
propagation direction. The subscript i indicates the cascade processes listed in Table 1, 
where the two eigenmodes for refractive indices ns and nf are defined as ns > nf for the slow 
and fast waves, respectively. The typical value of ceff(2) with deff ≠ 0 and Δk ≠ 0 are calculated 
to be in the range of 10−22−10−24 m2/V2 for oxide materials, which is almost same order of 
magnitude as that of ceff(3). 

3. Third-order frequency conversions in BIBO  
3.1 Effective nonlinear constants 
Because of the lack of inversion symmetry, third-order frequency conversions in BIBO are 
also accompanied by cascading quadratic processes. To estimate the magnitude of those 
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Direct process  Cascade process 
Type THG  i SHG SFG 

1 s1 + s1+ s1→ f3  1 s1 + s1→ s2 s1 + s2→ f3

   2 s1 + s1→ f2 s1 + f2→ f3 
2 f1 + s1+ s1→ f3  1 s1 + s1→ s2 f1 + s2→ f3 
   2 s1 + s1→ f2 f1 + f2→ f3 
   3 f1 + s1→ s2 s1 + s2→ f3

   4 f1 + s1→ f2 s1 + f2→ f3 
3 f1 + f1+ s1→ f3  1 f1 + s1→ s2 f1 + s2→ f3 
   2 f1 + s1→ f2 f1 + f2→ f3 
   3 f1 + f1→ s2 s1 + s2→ f3

   4 f1 + f1→ f2 s1 + f2→ f3 

Table 1. Cascade process coupled with the direct type-1, type-2, and type-3 THG processes. 
The subscripts 1, 2, and 3 denote the fundamental, SH, and TH waves, respectively. The 
order of i is arbitrary. 

processes in this noncentrosymmetric crystal, we first derive the effective second-order 
nonlinear constants. 
The BIBO belongs to the monoclinic system with point symmetry 2, and the principal optical 
axis x (nx < ny < nz) coincides with the crystallographic two-fold rotation axis b (Hellwig et 
al., 2000). Here, the tensor elements for the second-order susceptibilities χijk(ω1 + ω2, ω1, ω2) 
are expressed with the optical coordinate system xyz for convenient use in the frequency 
conversion experiments, i.e. each subscript i, j, and k is defined to take the value, 1 = x, 2 = y, 
or 3 = z. Applying the symmetry operation of the two-fold rotation axis and using a 
contracted notation for the last two indices, i.e. l = (1, 2, 3, 4, 5, 6) = (xx, yy, zz, yz, zx, xy), the 
zero and nonzero tensor elements for second-order nonlinear constants (dijk = 1/2χijk) of 
BIBO are determined as follows: 
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When the Kleinman symmetry is applied, d12 = d26, d13 = d35, and d14 = d25 = d36 hold in the 
above expressions. The number of independent coefficients is, therefore, reduced from 8 to 
4. Note that although Kleinman symmetry is sometimes reported to be violated in crystals, 
this symmetry becomes an excellent approximation in the transparent range. 
The absolute values and relative signs of the nonzero second-order nonlinear constants for 
BIBO have been investigated by Hellwig et al. (1999, 2000) with a Maker fringe method 
using a quasi-cw Nd:YAP laser at 1.0795 μm. Since each tensor element presented in their 
work is represented by the crystallophysical system XYZ, the transformation of these 
tensors to the optical coordinate system xyz is required with the consideration of orientation 
of the principal optical axes (Hellwing et al., 2000). For instance, the corrected results for 
SHG of the 1.0795 μm radiation at 20°C in the xyz frame are listed in Table 2.    
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dil (pm/V)  dil (pm/V) 
d11 

d12 

d13 

d14

± 2.54
± 2.95
∓ 1.94
± 1.64

 

d25 

d26 

d35 

d36

± 1.70
± 3.49
∓ 1.58
± 1.73

Table 2. Second-order nonlinear constants of BIBO for SHG of the 1.0795 μm radiation in the 
optical coordinate system xyz. 
To obtain the effective nonlinear constant deff for the given propagation direction, the 
projection of light polarization vectors to the independent nonlinear constants dil has to be 
first performed. Then, multiplying dil with the determined electric-field components, the 
effective nonlinear constants are calculated for each interaction type. For biaxial crystals, 
their analytical forms for arbitrary propagation directions are always complicated without 
approximations, but simplified by restricting the propagation directions in the principal 
planes. When Klienman symmetry and no spatial walk-off approximations are applied to 
this case, deff(ω3f = ω1s +ω2s) = deff(ω3s = ω1s +ω2f) = deff(ω3s = ω1f +ω2s) and deff(ω3f = ω1s +ω2f) = 
deff(ω3f = ω1f +ω2s) = deff(ω3s = ω1f +ω2s) hold at the given propagation direction, i.e. the 
permutation of polarizations becomes possible. Finally, introducing the notations o and e for 
the interacting waves with polarizations normal and parallel to the principal plane, 
respectively, the expressions for effective nonlinear constants of BIBO are reduced as 
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in the xy plane, 
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in the yz plane (φ = ±90°), 
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in the zx plane for (φ = 0°/180°, 0° ≤ θ < Ωz or 180° − Ωz < θ ≤ 180°), and 
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in the zx plane for (φ = 0°/180°, Ωz < θ < 180° − Ωz), where θ is the polar angle referring to z 
in the range of 0° ≤ θ ≤ 180° and φ is the azimuth angle referring to x in the range of −180° ≤ 
φ ≤ 180°. The general forms for the type-1 and type-2 interactions outside the principal 
planes have been obtained by Tzankov and Petrov (2005) by neglecting the dispersion of 
optic axis angles. Note that the signs of the above equations are in an opposite relation with 
respect to those given by them, owing to the different definition of the electric polarization 
state. 
Similarly, apart from the cascading effects of the second-order processes given in the 
preceding, the effective nonlinearity for the third-order frequency conversion is directly 
determined from the third-order nonlinear susceptibilities χijkl (ω1 + ω2 + ω3; ω1, ω2, ω3), 
where each subscripts i, j, and k is defined to take the value, 1 = x, 2 = y, or 3 = z. The zero 
and nonzero tensor elements for the third-order nonlinear constants (cijkl =1/4χijkl) of BIBO, 
with a contracted notation, m = (1, 2, 3, 4, 5, 6, 7, 8, 9, 0) = (xxx, yyy, zzz, yzz, yyz, xzz, xxz, 
xyy, xxy, xyz), is given by 
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indicating the nonzero 9 and 16 elements with and without Klienman symmetry condition, 
respectively (i.e. c16 = c37, c18 = c29, c10 = c27 = c39, c23 = c34, c24 = c35, c25 = c32 under the Klienman 
symmetry condition). From the reported nonlinear refractive indices (Miller et al., 2008), 
these values are expected to be larger than those of BBO and is comparable to those of KTP 
and LiNbO3.  
Again, with Klienman symmetry and no spatial walk-off approximations, the corresponding 
effective nonlinear constants in the principal plane of BIBO are given by 
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in the xy plane, 
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in the yz plane (φ = ±90°), 
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in the zx plane (φ = 0°/180°, 0° ≤ θ < Ωz or 180° − Ωz < θ ≤ 180°), and 
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in the zx plane for (φ = 0°/180°, Ωz < θ < 180° − Ωz), where  eff eff eff eff ,sssf ssfs sfss fsssc c c c= = =  and 

eff eff eff eff eff ,ssff sfsf fssf fsfs ffssc c c c c= = = =  eff eff eff eff .sfff fsff ffsf fffsc c c c= = = The signs of the above equations are 
compatible with those of Eqs. (6). Note that while the absolute signs are not important for 
the nonlinear applications, the relative signs among interaction types play a crucial role in a 
situation where more than one nonlinear processes are optically coupled such as the 
cascading second-order and direct third-order processes for THG described in this chapter. 

3.1 Third-harmonic generation at 0.3547 μm 
The THG experiment was carried out in the three principal planes of BIBO by using a Q-
switched Nd:YAG laser operating at 1.0642 μm at 10 Hz (Miyata et al., 2008). The 5 × 5 × 5 
mm3 BIBO samples (Fujian Castech Crystal Inc.) used in the experiments were cut at θ = 90°, 
φ = 35.0° in the xy plane, θ = 59.8°, φ = +90° (θ = 30.2°, φ = −90°) in the yz plane, and θ = 55.3°, 
φ = 0° in the zx planes, respectively, where θ and φ are polar and azimuth angles referring to 
z and x, respectively. The cut angle for the yz plane was obtained at 1.0642 μm at room 
temperature. A fused silica prism was used to separate the generated TH beam from the 
other beams. 
 

PM loci (deg) (θ, φ) ΔT·ℓ (°C·cm) Type Plane Process 
Cal. Exp. 

Δθext·ℓ 
(mrad·cm) Cal. Exp. 

1 yz e1 + e1 + e1 → o3 (45.6, +/−90) - 0.44 1.1/0.8 - / - 
 zx e1 + e1 + e1 → o3 (67.5, 0) (67.9, 0) 0.48 2.3 2.1 

2 xy e1 + o1 + o1 → e3 (90, 46.7) (90, 46.7) 1.75(a) 1.3 1.3 
 yz o1 + e1 + e1 → o3 (66.4, +/−90) (66.7, +/−90) 0.83 1.1/0.9 1.2/ - 

Table 3. Phase-matching loci and the corresponding angular and temperature acceptance 
bandwidths (FWHM) for THG at 0.3547 μm in BIBO at 20ºC. (a) Δφ ext·ℓ (mrad·cm). 

Increasing the input power of the Nd:YAG laser and adjusting the polarization with a 
retardation plate, the UV signal was easily observed below the damage threshold of this 
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material. The results for the phase-matching loci and the corresponding temperature 
bandwidths (FWHM) are tabulated in Table 3 together with the theoretical values calculated 
by the revised Sellmeier and thermo-optic dispersion formulas presented by Miyata et al. 
(2009). For the present processes, type-3 interactions are not phase-matchable. Some 
experimental data in the yz plane were not taken because of no effective nonlinearity or no 
availability of suitable BIBO sample. This table also lists the calculated angular bandwidths, 
which are used for deriving the temperature bandwidths from the variations of the 
measured phase-matching angles between 20 and 110 ºC. As can be seen, the agreement 
between theory and experiment is good.  
It should be pointed out that in this experiment, unphase-matched SHG at 0.5321 μm was 
observed with the TH signal, indicating the cascade process involved in the present THG 
processes. Table 4 lists the magnitude of each cascade process. It is found that there is no 
direct third-order and cascading second-order contribution to type-1 THG in the yz plane. 
For the other processes, cascading contributions exist and therefore, the observed THG 
outputs at 0.3547 μm are considered as sum of the direct and cascade processes, as is evident 
from the observed SHG. From this table, total effective nonlinear constants for the cascade 
processes are determined to be Σceff(2) = 51.1 pm2/V2 for type-1 THG in the zx plane, and 
Σceff(2) = 12.8 and −30.9/1.4 pm2/V2 for type-2 THG in the xy and yz (φ = +90°/−90°) planes, 
respectively.  
 

Direct cubic process  Cascade process parameters 

Type Plane Process PM loci (deg) 
(θ, φ)  i ΔkSHG 

(cm-1) 
deffSHGdeffSFG 

(pm2/V2) 
ceff(2) 

(pm2/V2) 
1 yz e1 + e1 + e1 → o3 (45.6, +/−90)  1 −4840 0 0 
     2 7065 0 0 
 zx e1 + e1 + e1 → o3 (67.9*, 0)  1 −5171 −2.76 32.5 
     2 8354 2.39 18.6 

2 xy e1 + o1 + o1 → e3 (90, 46.7*)  1 −5501 0 0 
     2 13450 −7.27 −11.8 
     3 −14196 2.45 −6.9 
     4 4755 3.43 31.5 
 zx o1 + e1 + e1 → o3 (66.7*, +/−90)  1 −5271 0 0 
     2 12427 −6.84/1.10 −12.1/2.0 
     3 −13314 6.16/0.18 −18.8/−0.6 
     4 4384 0 0 

Table 4. Cascade process parameters for THG at 0.3547 μm with ΔkTHG=0 in the principal 
planes of BIBO at 20ºC. * Experimental value. 

3.2 Pure χ (3) third-harmonic generation 
Next, 90° phase-matched THG was investigated along the principal axes (Miyata et al., 
2009). It is found from Eqs. (5) to (8) that at the propagation direction along x, all the second-
order susceptibilities vanish whereas all the involved third-order ones remain to be non-
zero, indicating the existence of pure cubic processes along this direction, i.e. any cascading 
quadratic processes are effectively precluded from the nonlinear processes as in the case of 
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centrosymmetric crystals. In addition, since the large birefringence between ny and nz has 
been found to exist along x, it also indicates the possibility of phase-matching for the pure 
cubic processes in BIBO. The corresponding effective third-order nonlinear constants for the 
type-1, type-2, and type-3 processes are expressed as ceff(3) = c23, c24, and c25 respectively.  
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Fig. 1. Phase-matching curves for direct type-1 and type-2 THG in the zx plane of BIBO at 
20ºC. The circles are our experimental points. 

Using the outputs of a KTP OPO pumped by the SH of the same Nd:YAG laser, the phase-
matching conditions for the direct type-1 and type-2 THG were checked in the zx plane. Fig. 
1 shows the experimental results obtained with a 1.5-cm-long, x-cut BIBO crystal (Crystech 
Inc.) at 20ºC. The solid curve is calculated with the Sellmeier equations and correctly 
reproduces the experimental points. As can be seen, along the proposed direction x (θ = 90º), 
phase-matched THG was realized at 0.3263 and 0.3837 μm for the type-1 and type-2 
interactions, respectively, and no signal of unphase-matched SH was detected, which 
indicates the absence of possible energy transfer through the SFG (ω + 2ω → 3ω) process 
assisted by the non-phase-matched SH, and confirms the generation of the TH purely 
mediated by cubic nonlinearity. 
To investigate further the phase-matching properties for the pure cubic process, the 
temperature-tuning of phase-matched THG wavelengths was next performed by heating the 
crystal up to ~120ºC with a temperature-controlled copper oven. The experimental points 
for the type-1 and type-2 processes measured along x of the same sample are plotted in Fig. 
2 together with the theoretical curves calculated with the Sellmeier and thermo-optic 
dispersion formulas. The temperature-tuning rates derived from these experimental points 
are dλTHG/dT = 0.019 and 0.021 nm/ºC for the type-1 and type-2 processes, respectively, 
which are in excellent agreement with the calculated values of dλTHG/dT = 0.019 and 0.023 
nm/ºC. For the type-3 process, these formulas predict retracing behaviour and two phase-
matching wavelengths of λTHG = 0.5994 and 0.8186 μm with dλTHG/dT = 0.070 and −0.073 
nm/ºC, respectively. Unfortunately, the experimental verification was precluded because of 
the limited tunability of the light source. Note that unphase-matched SHG was not observed 
during the measurement. The phase-matching properties for these pure cubic processes are 
summarized in Table 5. 
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Fig. 2. Temperature-tuned phase-matching curves for direct type-1 and type-2 THG along x 
of BIBO. The circles are our experimental points.  

Type Process λTHG 

(μm) 
Δθext·ℓ1/2 

(mrad·cm)
Δφext·ℓ1/2 

(mrad·cm)
Δλ1·ℓ 

(nm·cm)
ΔT·ℓ 

(°C·cm) 
1 z1 + z1 + z1 → y3 0.3263* 1.96 3.77 0.08 1.4* 
2 y1 + z1 + z1 → y3 0.3837* 2.55 4.98 0.20 3.1* 
3 y1 + y1 + z1 → y3 0.5994 4.45 8.70 3.11 14.9 
  0.8186 5.28 10.13 6.01 27.6 

Table 5. Phase-matched pure χ(3) THG wavelengths and the corresponding angular, spectral, 
and temperature acceptance bandwidths (FWHM) along x of BIBO at 20ºC. * Experimental 
value. 

3.3 Three-photon downconversion 
From the results given in the preceding, phase-matching interactions for the other types of 
pure cubic processes are expected to be obtained along the x axis. Here, we consider the 
three-photon downconversion processes (ωa + ωb + ωc = ωp). Fig. 3 shows the corresponding 
phase-matching curves for the type-1 interaction at 20°C. As can be seen, the spectral range 
of the pump beam is somewhat limited, which is attributed to the UV transmission cutoff 
wavelength of ~ 0.270 μm (Teng et al., 2001) and the symmetrical relations of the curves 
among three down-converted waves. The longest pump wavelength is fixed at 0.9789 μm, 
corresponding to the phase-matched fundamental wavelength for type-1 THG.  
In contrast, the tuning curves for the type-2 and type-3 processes give asymmetry relations, 
resulting in the wide spectral range of the pump beam, as shown in Fig. 4. Thus, for 
example, using the Nd:YAG laser at 1.0642 μm as the fundamental source in the system, it is 
possible to pump with the SH (λp = 0.5321 μm) or TH (λp = 0.3547 μm) beams for the type-2 
process, and with the fundamental, SH, or TH beams for the type-3 process. Similarly, the 
Ti:sapphire laser can be also used as the fundamental source for these processes. 
It should be pointed out that at the given pump wavelength, the tuning curves cover the very 
broad spectral ranges of down-converted waves, except the vicinity of the three-wavelength 
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Fig. 3. 90° phase-matching curves for type-1 downconversion processes (ωa + ωb + ωc = ωp) 
along x of BIBO at 20°C. The crossing point of the dashed curves corresponds to the 
degeneracy point. 

 
Fig. 4. 90° phase-matching curves for type-2 and type-3 downconversion processes (ωa + ωb 
+ ωc = ωp) along x of BIBO at 20°C. The crossing point of the dashed curves corresponds to 
the degeneracy point. 
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degeneracy point (λa = λb = λc = 3λp) for the type-1 process. This indicates the possibility of 
unltrabroadband pulse generation with the proper selection of the wavelength of the seed 
beam. Especially, the interesting points are located at the two-wavelength degeneracy points 
that are shown with the dashed curves in the figures. It is found that in contrast to the second-
order process, two-wavelength degeneracy points are generally obtained at the given crystal 
orientation and pump wavelength for the third-order processes.  

4. Discussion 
Recently, some attempts for reducing the cascading quadratic contribution in 
noncentrosymmetric crystals have been made by Boulanger and co-workers. Their 
motivation is the quantum properties of three photons that are created by direct cubic 
downconversion process (Felbinger et al., 1998). They have stated that the cascading 
quadratic processes are detrimental factor in the quantum correlation experiments based on 
the cubic nonlinearity, because of the different quantum properties of cascade and direct 
processes. With the low cascading contribution relative to the direct cubic process, i.e. 
[χ(2):χ(2)/χ(3)]2 = 10% (Boulanger et al., 1999), they have obtained the efficient THG along the 
propagation direction x of KTP (Feve et al., 2000). Their further research has led to the nearly 
pure cubic difference-frequency generation with [χ(2):χ(2)/χ(3)]2 = 0.5% in the same material 
(Douady & Boulanger, 2004, 2005), which is attributed to the relative sign and amount of the 
phase-mismatching factor for each non-zero second-order process (see Eqs. (3) and (4)). 
However, this approach gives the pure χ(3) condition only for a specific frequency- conversion 
process either with a specific phase-matching configuration (Douady & Boulanger, 2005) or 
with the help of periodical poling to the material (Feve & Boulanger, 2002).   
In this study, pure χ(3) THG was realized along x of BIBO. The proposed condition, which 
simultaneously satisfies the two requirements, (1) nonlinear optical coupling of zero second-
order and non-zero third-order processes and (2) birefringence property, was given as a 
result of the symmetry operation of two-fold rotation axis. Provided that the corresponding 
cubic nonlinearity doesn’t vanish owing to the symmetry operations of the other symmetry 
elements, any frequency-conversion schemes are considered to be purely cubic for 
propagation along the two-fold rotation axis. It is clear that this is equivalent to using a non-
zero cubic interaction in a centrosymmetric crystal under the 90° phase-matching condition, 
as was demonstrated in TiO2 rutile by Gravier and Boulanger (2006, 2007) for the direct 
type-2 THG. 
Finally, note that third-order frequency downconversions have been also achieved in 
centrosymmetric CaF2 and BaF2 with non-collinear geometry for widely tunable, ultrashort-
pulse IR generation. (Okamoto & Tasumi, 1995; Nienhuys et al., 2001). Their phase-matching 
conditions in the transparent range can be fulfilled only by four-wave mixing, ω1 + ω2 = ω3 + 
ω4, owing to the absence of birefringence property. Regardless of the presence of inversion 
centre, the birefringence requirement of phase-matching for the present third-order processes, 
ω1 + ω2 + ω3 = ω4, does not allow the use of isotropic crystals and an optic axis direction of 
anisotropic crystals without manipulation of the material structure. Consequently, it is found 
from the symmetry requirements that with the suitable birefringence, the pure cubic process 
under the phase-matching condition, k1 + k2 + k3 − k4 =0 (k > 0), can be attained in nine and 
eight point symmetry classes of centrosymmetric and noncentrosymmetric crystals, 
respectively (see Table 6), while for the latter, the approach proposed by Douady and 
Boulanger (2005) may give additional material choices without restriction of symmetry.  
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Point symmetry 
stem Centrosymmetric Noncentrosymmetric

Triclinic 1  - 
Monoclinic m/2  2  

Orthorhombic mmm  2,222 mm  
Tetragonal mmmm /4,/4  m24,422  

Trigonal m3,3  32  
Hexagonal mmmm /6,/6  26,622 m  

Table 6. Point symmetry classes of centrosymmetric and non-centrosymmetric, non-cubic 
crystals with zero second-order and nonzero third-order nonlinearities. 

5. Conclusion 
Because of the multi-photon interactions, numerous interesting applications can be found 
for higher-order processes. While the cascade process of the lower-order nonlinearity 
interferes with the direct process in noncentrosymmetric media, its magnitudes can be 
controlled by the phase-mismatching factor and effective nonlinear constants, and it can be a 
beneficial or harmful effect, depending on the purpose. Enhancement of the cascade process 
provides high conversion efficiency in the overall process, whereas its suppression or its 
separation from the direct process becomes important whenever the quantum properties for 
higher-order processes are investigated.  
This study revealed that even under no inversion symmetry, phase-matched pure χ(3) THG 
can be obtained along the two-fold rotation axis, and other pure cubic interactions expressed 
by ω1 + ω2 + ω3 = ω4 are also possible at the same propagation direction, with the suitable 
birefirengence. This new result in nonlinear optics is important not only from the 
fundamental point of view, but also for its practical applications to the measurements on the 
nonlinear susceptibilities and quantum properties for higher-order processes in 
noncentrosymmetric media.  
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1. Introduction    
In the last 25 years entangled photon pairs have been used first to test the foundations of 
quantum mechanics and then as building blocks in quantum information protocols : from 
the demonstration of the violation of Bell inequalities (Aspect et al., 1982; Tittel et al., 1998; 
Weihs et al., 1998) to the recent experiments in the domain of quantum-key distribution 
(Gisin et al., 2002), quantum computing (Deutch & Ekert, 1998; Wahther et al., 2005), 
teleportation (Bouwmeester et al., 1997) and absolute metrology (Migdall, 1999; Sergienko & 
Jaeger, 2003). 
The first process used to produce entangled two-photon states have been atomic radiative 
cascades (Aspect et al., 1982) and parametric fluorescence in birefringent dielectric materials 
(Kwiat et al., 1985).  
In order to achieve a good source, high collection efficiency is a key element because it 
affects the number of available photon pairs per unit time, and also because the presence of 
single photons having lost their twin is a source of noise in the detection. In this context we 
can mention several demonstrations of twin-photon generation based on either parametric 
down-conversion in periodically poled dielectric waveguides (Tanzilli et al., 2001; Banaszek 
et al., 2001) or four-wave mixing in optical fibers (Wang et al., 2001; Rarity et al. 2005;  Fan & 
Migdall, 2007).  
An attractive alternative is provided by semiconductor materials, which exhibit a huge 
potential in terms of integration of novel optoelectronic devices. The first semiconductor 
source of entangled photons was based on the bi-exciton cascade of a quantum dot 
(Stevenson et al., 2006). With respect to this technique, parametric generation in 
semiconductor waveguides allows room-temperature operation and a high directionality of 
the emission, which dramatically enhances the collection efficiency. Several phase-matching 
schemes have been demonstrated in these systems (Ducci et al., 2005): form birefringence, 
modal phase matching, counterpropagating phase matching. In particular, the last one has 
attracted a deal of attention because of its unusual flexibility in the control of the quantum 
properties of the emitted photons (Walton et al., 2003; Walton et al., 2004; Perina, 2008).  
Here we present a semiconductor ridge microcavity emitting counterpropagating entangled 
photons; in Section 2 we explain the working principle of this device giving the details of the 
phase matching scheme and the effects of the microcavity. Section 3 is devoted to the 
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description of the quantum properties of the generated two-photon state, which illustrate 
the versatility of the source. The experimental results of Surface Emitted Second Harmonic 
Generation and Parametric Fluorescence are presented in Section 4. Finally, we draw our 
conclusions in Section 5. 

2. Working principle and microcavity effect 
The twin-photon source presented here is a multilayer AlGaAs waveguide designed to 
allow a counterpropagating phase matching scheme. The lateral confinement is provided by 
a wet-etched ridge. In this geometry (Figure 1), a pump field (775 nm) impinges on top of 
the waveguide generating two counterpropagating, orthogonally polarized waveguided 
twin photons (~1550 nm) through parametric down-conversion. The frequencies of the 
emitted fields are fixed by the energy (ωp = ωs + ωi) and momentum (kp sinθ = nsks - niki) 
conservation, where ωp, ωs and ωi (kp, ks and ki) are the frequencies (wavevectors) of pump, 
idler and signal; θ is the angle of incidence of the pump beam, and ns and ni are the effective 
indices of the signal and idler modes. Momentum conservation in the epitaxial direction is 
satisfied by alternating AlGaAs layers with different Al concentration (having nonlinear 
coefficients d14 as different as possible) to obtain a Quasi Phase Matching (QPM).  
 

 
Fig. 1. Counterpropagating phase-matching scheme. Phase matching is automatically 
obtained in the z direction; Quasi Phase Matching (QPM) is provided by a periodic 
modulation of the nonlinear susceptibility tensor in the epitaxial direction in the core of the 
waveguide. 

As a consequence of the different propagation directions for the signal and the idler, there 
are two simultaneously phase-matched processes: one where the signal is TE polarized and 
the idler is TM polarized, and the other where the signal is TM polarized and the idler is TE 
polarized. These two processes are expected to exhibit different characteristics because of 
the z→-z symmetry breaking exerted by the pump beam for θ≠0. In the following, subscripts 
1 and 2 will refer to these two processes. The central frequencies for the signal and the idler 
(corresponding to phase matching) are determined through the conservation of energy and 
momentum in the z direction, giving: 
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where nTE and nTM are the effective indices of the guided modes. 
Several advantages derive from such a geometry, in the aim of fabricating a source for 
quantum information: absence of the pump beam in the guided direction, automatic 
separation of the down-converted photons, and possibility of direct coupling into two 
optical fibers through standard pig-tailing process. 
A preliminary demonstration of a twin-photon source based on this principle has been 
reported by (Lanco et al., 2006); however the performances of that device were affected by 
low conversion efficiency and low signal/noise ratio due to photo-luminescence from the 
substrate. 
An interesting possibility to improve the source consists in the addition of Distributed Bragg 
Reflectors (DBRs) on top of and under the waveguide, in order to create a microcavity for 
the pump beam (Andronico et al., 2008). In this case, at resonance wavelength, a nearly 
standing wave is obtained inside the cavity, whose amplitude can be largely greater than 
outside (see Figure 2). 
In the case of the waveguide without microcavity presented above, the guided field 
amplitude of the pump beam can be roughly estimated using the Fresnel equations. 
Assuming, for the sake of simplicity, a homogeneous waveguide with refractive index nguide 
and air as incident medium, the relation between the internal and external pump field is Epint 
= tEpext, with|t| = 2/(1 + nguide). 
 

 
Fig. 2. View in the (xz) plane of the waveguide with the addition of the DBRs. In black is 
plotted the pump beam profile within the structure at cavity resonance. The field 
enhancement induces a strong improvement of the conversion efficiency. 

In the case of the ridge microcavity showed in Figure 2, we can use the transfer matrix 
method to compute the amplitude of the standing wave inside the cavity. This is found to 
be: 
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Here, F is the finesse of the cavity, and ti are the transmission coefficients associated to the 
front (i = 1) and back (i = 2) mirrors. It can be shown that the conversion efficiency 
enhancement factor due to the addition of the microcavity is: 
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This expression indicates how to optimize the conversion efficiency. 
Firstly, the ratio |t2/t1| has to be minimized, reflecting the obvious fact that the front mirror 
should be less reflective than the back one, in order to let the light enter the microcavity. 
Secondly, a maximum finesse is desired. It is interesting, for the rest of the discussion, to 
introduce the quality factor of the cavity: Q = meffF. Here, meff is the effective order of the 
cavity, given by meff = m + m0, where m is the cavity order and m0 accounts for the 
penetration of the field in the DBR. For a λ/4 DBR stack, m0 = nH/(nH-nL), where nH and nL 
are the refractive indices of the high- and low-index materials. Equation (3) shows that the 
higher the quality factor, the higher the efficiency. 
However, a practical limitation on Q stems from technical reasons. Firstly, the large amount 
of energy stored in the cavity can possibly induce thermorefractive effects, leading to 
undesirably bistable devices. Moreover, the inhomogeneity of the sample inherent to the 
growth process induces a variation of the cavity resonance wavelength λ along the direction 
of the waveguide. To obtain an efficient interaction throughout the structure, this variation 
has to be smaller than the mean cavity linewidth δλ. This, in return, sets an upper limit to 
the desired quality factor, expressed as Q = λ/δλ . 

3. Quantum properties of the two-photon state 
In this Section we derive the quantum state of the photon pair emitted by our source, 
showing how the pump beam parameters, in particular its shape and bandwidth, can be 
used to control the degree of frequency correlation.   
In a typical down-conversion experiment using a narrow-band pump beam, the twin 
photons have perfectly anti-correlated frequencies (as the sum of their energies is fixed by 
the pump photon energy). However the use of short pump pulses relaxes the strict 
frequency anti-correlation of the generated photons and open the possibility to generate 
frequency correlated or frequency uncorrelated states.   
The Hamiltonian describing the parametric down conversion process is:  

 ( )(2) ( ) ( ) ( )( ) ( ) ( , ) ( , ) ( , ) . .eff p s iH t dV r E r t E r t E r t h cχ + − −= +∫  (4) 

where (2)
effχ  is the effective electric susceptibility tensor (periodically modulated along the 

epitaxial axis (x) to provide quasi phase matching as described in the previous section), ( )
pE +  

the positive-frequency part of the pump beam electric-field operator, ( )
sE −  and ( )

iE −  the 
negative-frequency  part of the signal and idler electric-field operators. The symbol h.c. 
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stands for hermitian conjugate term. The integration is performed over the interaction 
volume which, in our case, is the illuminated portion of the waveguide.   
The suitability of a photon pair source for a given quantum optics application largely 
depends on the joint spectral intensity (JSI) of the generated photons, S(ωs, ωi), defined as the 
probability that the signal (idler) photon frequency is ωs, (ωi). In the following we make 
explicit the link between the JSI and the characteristics of the pump beam in order to clarify 
the physical parameters that can be used to tailor the two-photon state.  
A classical pump field on the air side of the air/semiconductor interface is given by: 

 ( ) sin ( )( , ) ( ) ( ) i k z t
pE z t d E A z e ω θ ω ωω ω −⎡ ⎤⎣ ⎦= ∫  (5) 

where we have neglected the pump variation along the y axis. 
In this expression: the spatial profile A(z) can be engineered through linear optics; ωE( ) is the 
spectral distribution, characterized by a center frequency ωp and a bandwidth σp; θ(ω) is the 
angle of incidence of the ω component of the field, which can be engineered through a 
dispersive element, such as a quartz wedge or a diffraction grating.  
Following the derivation of (Grice et al., 2001) and assuming incident signal and idler fields 
in the vacuum states, the first-order perturbation solution of the Schrödinger equation using 
Equation 4 gives the generated two photon state: 

 ˆ ˆ( , ) ( ) ( )s i s i s s i id d f a a vacψ ω ω ω ω ω ω+ +=∝ ∫ ∫  (6) 

 Here ˆsa+  and ˆia+  are the photon creation operators for the signal and idler beams, and the 
probability amplitude f(ωs,ωi) is given by:   

 ( , ) ( ) ( , )ω ω ω ω φ ω ω∝ +s i s i s if E  (7) 
with the phase-matching function:  

 ( , )(2)( , ) ( ) ( ) s ii k z
s i effdz z A z e ω ωφ ω ω χ Δ= ∫  (8) 

 ( , ) ( )sin ( ) ( ) ( )s i s i s i s s i ik kω ω ω ω θ ω ω β ω β ωΔ = + + − +  being the z component of the wave 
vector mismatch, and βs,i(ω) the effective propagation constant of the signal and idler photon 
respectively.  
As the JSI is related to the two-photon probability amplitude by the simple relation 

2( , ) ( , )s i s iS fω ω ω ω= , it is clear that the pump beam characteristics are a useful means to 
control the JSI.  
The possibilities to tailor the JSI offered by the counterpropagating geometry are numerous 
and a complete review is beyond the scope of this chapter; let us focus here on some simple 
examples of pump-beam shaping that are sufficient to provide a large class of JSI. In 
particular we will show that the pump spectral profile can be used as the only parameter to 
generate generalized frequency-correlated states.  Different techniques and geometries have 
been reported in the purpose of generating frequency-uncorrelated photon pairs in guided-
wave co-propagating schemes. All these techniques require to fulfil particular conditions on 
group-velocity matching and hence on material dispersion. Here we show that there is no 
need for such requirements for our source: frequency uncorrelated, as well as frequency 
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correlated and anti-correlated states, are easily obtained by properly choosing the pump 
pulse duration. 
In order to investigate a feasible experimental situation, let us consider a Gaussian spectral 
pump distribution: 

 
2

( ) exp p

p

E
ω ω

ω
σ

⎡ ⎤⎛ ⎞−⎢ ⎥∝ −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

  (9) 

Moreover, let us assume a uniform profile of the pump field along the waveguide, and a 
fixed angle of incidence θ (independent of the pump frequency components). Under these 
conditions, we obtain: 

 ( )
2

( , ) exp ,s i p
s i s i

p

f
ω ω ω

ω ω φ ω ω
σ

⎡ ⎤⎛ ⎞+ −⎢ ⎥∝ −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
  (10) 

with  

 ( ) ( ) ( ), sinc ( , ) exp ( , )
2 2s i s i s i
L Lk i kφ ω ω ω ω ω ω⎛ ⎞ ⎛ ⎞= Δ − Δ⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠
  (11) 

The probability amplitude of the two-photon state is thus the product of two functions: one 
depending on the pump spectral properties, and the other, the phase matching function ,φ  
on the spatial pump properties. In the following we will consider a perfect phase matching 
situation with 0

sω  and 0
iω  be the signal and idler frequencies. The elimination of frequency 

correlations can easily be shown if we approximate the sinc( / 2)x  function by the Gaussian 
2exp( )xγ− , with 0.0482γ =  (this value of γ is chosen to obtain the same width at half 

maximum for the two functions). By introducing the reciprocal group velocities: 

 0
,

,
,

( )
'

s i

s i
s i

d
d ω ω

β ω
β

ω =
=  and  ( ) 1'

p

kk
d cω ω

ω
ω == =  (12) 

and performing a first-order development of the phase-matching function we obtain for the 
joint spectral density: 

 

0 2 2 2
2

0 2 2 2
2

0 0 2
2

1( , ) exp 2( ) ( 'sin ' )

1                  exp 2( ) ( 'sin ' )

1     exp 4( )( ) ( 'sin ' )( 'sin ' )

s i s s s
p

i i i
p

s s i i s i
p

S L k

L k

L k k

ω ω ω ω γ θ β
σ

ω ω γ θ β
σ

ω ω ω ω γ θ β θ β
σ

⎡ ⎤⎛ ⎞
⎢ ⎥∝ − − + −⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
⎡ ⎤⎛ ⎞
⎢ ⎥× − − + +⎜ ⎟⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦
⎡ ⎛ ⎞

× − − − + − +⎜ ⎟⎜ ⎟
⎝ ⎠⎣

⎤
⎢ ⎥
⎢ ⎥⎦

 (13) 

In this expression the condition: 

 2
2

1 ( 'sin ' )( 'sin ' ) 0s iL k kγ θ β θ β
σ

+ − + =   (14) 
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allows the factorization of the JSI and thus the generation of a frequency-uncorrelated state. 
We notice that this condition can always be fulfilled in our geometry by a proper choice of 
the pump pulse duration, Figure 3 reports numerical simulations of the JSI obtained for 
three different sets of waveguide lengths and pump pulse durations. In a 2D representation 
with signal and idler frequency as coordinates, the JSI level curves of ideal frequency 
correlated and anti-correlated states are segments parallel to the ωs+ωi and ωs-ωi directions 
respectively. When the correlation is not perfect, these segments become ellipses, the higher 
the degree of correlation the higher the eccentricity. The JSI level curves of uncorrelated 
frequency states are ellipses with axes in the ωs and ωi directions; in this case the JSI can be 
factorized as a product of independent probabilities for the signal and idler photons, 

( , ) ( ) ( )s i s iS p pω ω ω ω= : the measurement of the frequency of one of the emitted photons 
does not yield any information about the frequency of the other one. 
The ellipse in Figure 3 (left) represents a state with frequency anti-correlation: the length of 
its major axis is set by the phase matching function, which depends on the waveguide 
length L. The anticorrelation can readily be maximized as the ellipse minor axis is made 
arbitrarily small by increasing the pump pulse duration ( 0σ → ). 
A frequency correlated state is depicted in Figure 3 (centre): here the length of the major axis 
is set by the pump pulse duration, whereas that of the minor axis depends on the phase-
matching function and can be reduced by increasing the waveguide length. It is worth 
noting that the counterpropagating geometry allows an easy generation of such a state 
thanks to the sharply peaked phase-matching versus ωs-ωi. We stress that alternative 
geometries require more stringent conditions, on either group velocities or other pump 
properties (extended phase matching (Giovannetti et al., 2002), achromatic phase matching 
(Torres et al., 2005)).  
Finally a frequency uncorrelated case is shown in Figure 3 (right). Here σ and L have been 
chosen to equal the major and minor axes length of the ellipse. The JSI appears as a circle 
and is a special case of frequency uncorrelated state with equal individual bandwidth of the 
generated photons. 

 
Fig. 3. Two-dimensional representation of the two-photon joint spectral intensity for three 
pumping configurations. Here L is the waveguide length (completely illuminated) and τ the 
pulse duration of the pump beam: (a) L=0,22 mm and τ=11 ps (b) L=1,1 mm and τ= 2.2 ps, 
(c) L=0.5 mm and τ= 5 ps. These configurations correspond to an anti-correlated, correlated 
and uncorrelated state, respectively. 
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In order to quantify the separability of the generated state one has to perform a Schmidt 
decomposition (Law et al., 2000) of the two-photon probability amplitude f(ωs,ωi), i.e. a basis 
transformation into a set of orthonormal Schmidt modes {ψn,ϕn}. 
The function f is then expressed as: 

 ( ) ( ) ( ),s i n n s n in
f ω ω λ ψ ω ϕ ω=∑   (15) 

where λn, ϕn, ψn are solutions of the eigenvalue problem: 

 ( ) ( ) ( ) ( )*, ,s n n n sf f d dω ω ω ω ω ψ ω ω λ ψ ω′′ ′ ′′ ′′ ′ ′ =∫∫   (16) 

 ( ) ( ) ( ) ( )*, ,i n n n if f d dω ω ω ω ω ϕ ω ω λ ϕ ω′′ ′′ ′ ′′ ′ ′ =∫∫   (17) 

with  

 1nλ =∑   (18) 

If the sum in expression (15) has a unique term, f is factorizable and the photons of the pair 
are not entangled. If the sum in expression (15) contains a large number of terms the state of 
the pair is strongly entangled. The measure of the correlation degree is provided by the 
entropy S: 

 ( )2
1

log
N

n n
n

S λ λ
=

= −∑  (19) 

where N is the number of Schmidt modes used in the decomposition. S is equal to zero for a 
non entangled state and is the more important the more the state is entangled. To give an 
example, Figure 4 reports the Schmidt decomposition of a frequency correlated and a 
frequency anti-correlated state.  
 

 
Fig. 4. Schmidt decomposition for a frequency anti-correlated and a frequency correlated 
mode. L is the length of the guide (completely illuminated) and Δλp the spectral width of the 
pump beam. 
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The relative simplicity of frequency entanglement control by a suitable choice of the pump 
bandwidth is peculiar of the counterpropagating geometry. Further theoretical 
developments have been made towards the generation of photon pairs with arbitrary joint 
spectrum (Walton et al., 2004; Perina, 2008). In particular, a more refined shaping of the 
pump beam using achromatic phase matching (i.e. allowing the angle θ to vary with ω) has 
been shown to generate uncorrelated twin photons with independent spectral bandwidth 
(Walton et al., 2004). 

4. Experimental results 
4.1 Surface emitted second harmonic generation 
A practical mean to characterize the efficiency enhancement due to the integration of a 
vertical microcavity for the pump beam is Surface Emitted Second Harmonic Generation 
(SESHG) (Caillet et al., 2009).  SESHG, which was first demonstrated in 1979 (Normandin & 
Stegeman, 1979), is the reverse of SPDC at degeneracy (ωs=ωi=ωp/2): the non-linear overlap 
of two counterpropagating modes yields a second harmonic field radiating from the upper 
surface of the waveguide. Because of its intrinsic higher produced signal, this interaction is 
well suited to provide a characterization of the effect of the added vertical microcavity and a 
quantitative estimation of the parametric gain. 
The sample resulted by our numerical simulations was grown by metal organic chemical 
vapor deposition on (100) GaAs substrate. The planar structure was then chemically etched 
to create 2.5-3.5 μm-thick ridges with 6-9 μm widths. The epitaxial structure consists in 4.5 
period Al0.25Ga0.75As/ Al0.80Ga0.20As QPM waveguide core, 41-period asymmetrical 
Al0.25Ga0.75As/ Al0.80Ga0.20As DBR (serving as lower cladding + back mirror) and 18-period 
asymmetrical Al0.25Ga0.75As/ Al0.80Ga0.20As DBR (serving as upper cladding + top mirror). 
Figure 5 reports the tuning curves calculated on the nominal structure.  
 

 
 

Fig. 5. Calculated tuning curves as a function of the pump incident angle for a pump 
wavelength of 775 nm.  

The SESHG measurements were performed employing one end-fire coupled fundamental 
frequency (FF) beam relying on Fresnel reflection at the opposite facet to obtain back 
propagating modes (see Fig. 6).  
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Fig. 6. Scheme of SESHG set up. TE and TM modes are end-fire excited through the same 
input facet, relying on their Fresnel reflection at the opposite facet. By doing so, two 
nonlinear processes occur: the interaction of the TE mode with the reflected part of the TM 
one, and the interaction of the TM mode with the reflected part of the TE one. This 
symmetric configuration results in the generation of two second harmonic waves of 
comparable amplitudes, which radiate with angles θ and –θ, respectively: an interference 
pattern can thus be observed at the waveguide surface. 

The fundamental frequency was linearly polarized at 45° relative to the substrate so that the 
input power was equally divided between TE and TM eigenfields. The input beam was 
supplied by an external-cavity cw tunable laser beam, amplified with an Er3+-doped fiber. 
The SH field was acquired with an optical system mounted over the waveguide, 
perpendicularly to its plane. This consists of a CCD camera Bosch LTC 0335/50 1/3 inch 
format 512×582 pixels and an Edmund video lens trinocular VZM microscope for near field 
acquisition. In order to study the dependence of SESHG power vs the FF power, the 
generated signal was measured with a large area Si photodiode plus a lock-in synchronous 
detection.  
The near-field image of the SH field obtained for a FF injected at 1.565 μm is shown in 
Figure 7 ; we note that the difference between the resonance wavelength calculated for the 
nominal structure and the measured one is only 7,5 nm (which is totally compatible with the 
technological tolerances). The period Λ of the pattern provides a straightforward measure of 
θ through the relation sin 2pθ λ= Λ . In this case θ = 0.4° which is in excellent agreement 
with the value obtained by numerical predictions. 

 
Fig. 7. Complete view of SESHG near field for a FF injected at 1.56 μm. 

In Figure 8 the detected SESHG power is plotted versus the guided FF power: SESHG 
power data are in good agreement with the parabolic fit curve, as expected for a quadratic 
nonlinear process. 
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Fig. 8. SESHG power vs. FF power at 1.56 μm (photodiode acquisition). 

As we have pointed out, the net frequency dependence of the enhancement factor is 
dominated by the cavity; the spectrum of the second harmonic field allows thus the 
characterization of the effect of the integrated vertical cavity.  
Figure 9 reports the experimental spectrum obtained with our sample; the experimental 
points are fitted with a Lorentzian, which is the expected theoretical shape close to the 
resonance wavelength. The calculated full width at half maximum of the Lorentzian, in the 
limit of perfect reflectivity of the bottom mirror, is:  

      
2

2
T

nd
λγ

π
=   (16) 

with T the transmission coefficient of the upper mirror. The calculated value for our structure 
is γ = 0.55 nm, which is in excellent agreement with the experimental data (γ = 0.54 nm).  
 

 
Fig. 9. Experimental spectrum of the SESHG signal (dots) and fit with a Lorentzian (solid 
line). 

4.2 Parametric fluorescence and coincidence histogram  
Since the sample described in the previous section presented elevated optical losses that 
have been imputed to the growth technique, a second sample was grown using the 
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technique of molecular beam epitaxy. The epitaxial structure consists in 4.5 period 
Al0.25Ga0.75As/ Al0.80Ga0.20As QPM waveguide core, 41-period asymmetrical Al0.25Ga0.75As/ 
Al0.80Ga0.20As DBR (serving as lower cladding + back mirror) and 18-period asymmetrical 
Al0.25Ga0.75As/ Al0.80Ga0.20As DBR (serving as upper cladding + top mirror). 
Figure 10 shows our first parametric fluorescence spectrum; the pump beam is provided by 
a TE polarized, pulsed Ti: Sa laser with λp=759,5 nm and a 3 kHz repetition rate. The pulse 
peak power is Pp=10 W and its duration is 150 ns. The pump beam is focused on top of the 
waveguide ridge using a cylindrical lens with an angle θ in the xz plane. The generated 
photons are collected from one of the facets of the sample with a microscope objective, 
spectrally analyzed with a monochromator, and then coupled into a fibered InGaAs single-
photon avalanche photodiode (IdQuantique).  
The spectra obtained for θ=3°, show the existence of the two expected processes (see Figure 
5) and demonstrate the possibility of direct generation of polarization-entangled states. The 
amplitude difference in the observed signal is due to the fact that the long wavelength 
photons are collected after their reflection on the facet opposite to the detection. An anti-
reflection coating to both facets of the sample would allow an automatic separation of the 
photons of each pair and their direct coupling into two optical fibers, through standard 
pigtailing process. The amount of detected photons allows deducing the brightness of our 
twin photon source, which we estimate around 10-11 W-1, which represents an improvement 
of at least two orders of magnitude with respect to (Lanco et al., 2006). 
 

 
Fig. 10. Experimental spectrum of the parametric fluorescence for the two parametric 
interactions. The background noise here is due to the dark counts of the detectors. 

To further assess the twin character of the emitted photons, the time correlations between 
the detected counts have been analyzed.  The scheme of the setup is shown in Figure 11 and 
the histogram of the time delays is shown in Fig. 12, for the case of interaction 1 with °= 3θ . 
With a sampling interval of 40 ps, the histogram results from an acquisition time of 25 
minutes. The peak observed for ts = ti demonstrates unambiguously the twin character of the 
generated photons; the 500 ps full width at half maximum of the histogram corresponds to 
the timing jitter of both detectors. The flat background is produced by the accidental 
coincidences essentially dues to dark counts: indeed, switching the pump polarization from 
TE to TM leads to the suppression of the ts = ti peak, without modifying this background. 
Finally, no time-correlation is found between photons that are generated with different 
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interactions: this agrees with the expectations, since these photons are not generated within 
the same nonlinear process. 

 
Fig. 11. Experimental set-up for the coincidence measurement. IF: interferential filter. FF: 
fibered filter. APD: single photon avalanche photodiode. The signal collected by the 
detectors is sent to a time-interval analyzer to built the time-correlation histogram.   

 
Fig. 12. Time-correlation histogram between counterpropagating photons. 

5. Conclusion and perspectives 
These results open the way to the demonstration of several interesting features associated to 
the counterpropagating geometry, as the direct generation of polarization entangled Bell 
state or the control of the generated two-photon state via an appropriate choice of the spatial 
and spectral pump beam profile. Indeed recent developments in quantum information 
theory have arisen a growing interest on ‘generalized’ states of frequency correlation (like 
frequency-correlated or frequency-uncorrelated photons).  For example: i) quantum 
teleportation and entanglement swapping require the synchronized creation of multiple 
photon pairs, which is achieved by using a short pump pulse (thus relaxing the strict 
frequency anti-correlation of the generated photons mentioned above); ii) linear optical 
quantum computation requires uncorrelated photons in order to guarantee their 
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indistinguishability; iii) improvements on clock synchronization need  frequency correlation  
to overcome media dispersion. 
The efficiency of this room temperature working device, along with the high-quality 
quantum properties of the generated photons and their telecom wavelength, makes this 
source a serious candidate for integrated quantum photonics. 
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1. Introduction      
Two-wave mixing (TWM) is an interesting area in nonlinear optics and has been intensively 
investigated in the past three decades. TWM can take place in many different nonlinear 
media, such as second-order nonlinear media like photorefractive materials (Marrakchi et 
al., 1981; Huignard & Marrakchi, 1981; Yeh, 1983; 1989; Garrett et al., 1992), third-order 
nonlinear materials like Kerr media (Silberberg &Bar-Joseph, 1982; 1984; Yeh, 1986; 1989; 
Grandclément et al., 1987; McGraw, 1992), and in gain media like YAG (Brignon & 
Huignard, 1993). The microcosmic physical process for TWM in different nonlinear media is 
different. But in general the TWM process can be explained as: two coherent beams are 
incident on a nonlinear medium and a interference pattern is formed in the medium, such a 
pattern is characterized by a periodic spatial variation of the intensity; thus a refractive 
index and/or a gain (absorption) periodic variations will be induced because of the 
nonlinear response of the medium, and these refractive index and gain variations are 
usually called  volume refractive index (or phase) grating and gain (or absorption) grating; 
the two beams propagate through the volume gratings formed by them and they undergo 
Bragg scattering (the Bragg condition is satisfied automatically); one beam scatters into the 
other and vice versa, so the energy and phase exchanges may occur between these two 
beams, i.e., the TWM takes place. 
Nonlinear four-wave mixing in narrow-stripe and broad-area semiconductor lasers and 
amplifiers is of interest as a method to obtain high phase conjugate reflectivity (Nakajima & 
Frey, 1985; 1986; Frey, 1986; Agrawal, 1987; Kürz et al., 1996). The nonlinear four-wave 
mixing can also be used to measure carrier dynamics and gain behaviour directly in the 
devices, as well as for understanding device physics and application (Lucente et al., 1988a; 
1988b; Zhu, 1997a; 1997b; 1997c). The gain and refractive index gratings created in broad-
area semiconductor lasers by coherent four-wave mixing are very interesting nonlinear 
interactions which may be applied to realize high brightness semiconductor lasers as well as 
to study the carrier dynamics and the physics of the devices (Petersen et al., 2005). But no 
work on TWM was done in broad-area semiconductor amplifiers previously.  
In this chapter, we present both the theoretical and experimental results of TWM in broad-
area semiconductor amplifier. For the generality, we assume that the frequencies of the 
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pump beam and the signal beam are different, i.e., a moving gain grating and a moving 
refractive index grating are induced in the broad-area semiconductor amplifier. The 
coupled-wave equations of TWM are derived based on Maxwell’s wave equation and rate 
equation of the carrier density. The analytical solutions of the coupled-wave equations are 
obtained in the condition of small signal when the total light intensity is far below the 
saturation intensity of the amplifier. The results show that the optical gain of the amplifier is 
affected by both the moving phase grating and the moving gain grating. The different 
contributions from both the refractive index grating and the gain grating to the TWM gain 
are analyzed. Depending on the moving direction of the gratings and the anti-guiding 
parameter, the optical gain of the amplifier may increase or decrease due to the TWM. 
As a special case, the degenerate TWM (the frequencies of the pump beam and the signal 
beam are the same, i.e., a static gain grating and a static refractive index grating are induced 
in the semiconductor amplifier) in an 810 nm, 2 mm long and 200 μm wide GaAlAs broad-
area amplifier is investigated experimentally. In this case, the theoretical results show that 
when the amplifier is operated below transparency the optical gain of both beams is 
increased due to the induced gain grating, and when the amplifier is operated above 
transparency the optical gain of both beams is decreased due to the gain grating. The 
refractive index grating does not affect the optical gain of both beams; and there is no 
energy exchange between the pump and the signal beams. The dependence of the TWM 
gain on the output power of the pump and angle between the two beams is measured. The 
experimental results show good agreement with the theory. A diffusion length of 2.0 μm for 
the carrier is determined from the experiment. 

2. Theory of TWM in broad-area semiconductor amplifier 
 

Z=0

Z=Z0

A1

Z Semiconductor 
amplifier

Moving gratings

Electrode

A2

x

K

 
Fig. 1. Configuration of the TWM in a broad-area semiconductor amplifier with moving 
gratings, K shows the direction of the grating vector. 

The TWM geometry is shown in Fig. 1, the pump beam of amplitude A1 and the signal beam 
of amplitude A2 are coupled into the broad-area amplifier. Both beams are linearly polarized 
along the Y direction, and the frequencies are ω1 and ω2 respectively. The two beams 
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interfere in the medium to form a moving interference pattern, and a moving modulation of 
the carrier density in the active medium is caused, thus both a moving gain and a moving 
phase gratings are created. The nonlinear interaction in the gain medium is governed by 
Maxwell’s wave equation: 

                    
2 2 2

2
2 2 2 2

0

1n E PE
c t c tε

∂ ∂∇ − =
∂ ∂

,  (1) 

where n is the refractive index of the semiconductor material at transparency, c is the 
velocity of light in vacuum, and ε0 is the vacuum permittivity. The total electric field is given 
by (Agrawal, 1987; Chi et al., 2006; 2008): 

            1 1 2 2( ) ( )
1 2

i t i tE A e A eω ω⋅ − ⋅ −= +K r K r ,  (2) 

where K1 and K2 are the wave vectors of the pump and the signal in the amplifier. P is the 
induced polarization in the semiconductor amplifier. It is given by (Agrawal, 1987; Chi et 
al., 2006; 2008): 

 0 ( )P N Eε χ= ,  (3) 

where the susceptibility χ is given by (Agrawal, 1987; Chi et al., 2006; 2008): 

 ( ) ( ) ( )ncN i g Nχ β
ω

= − + ,  (4) 

the quantity β is the anti-guiding parameter accounting for the carrier-induced refractive 
index change in semiconductor amplifier, and g(N) is the gain for the light intensity that is 
assumed to vary linearly with the carrier density N, i.e., 0( ) ( )g N a N N= −Γ  where a is the 
gain cross-section, Γ is the confinement factor, and N0 is the carrier density at transparency.  
The carrier density N is governed by the following rate Eq. (Petersen et al., 2005; Chi et al., 
2006; 2008): 

       
2

2 ( )
EdN I N D N g N

dt qV τ ω
= − + ∇ − ,  (5) 

where I is the injected current, q is the electron charge, V is the active volume, τ is the 
spontaneous recombination lifetime and D is the ambipolar diffusion constant. In the TWM 
process the origin of the gain and the refractive index gratings is the modulation of the 
carrier density due to the interference between A1 and A2. Thus the carrier density that leads 
to the formation of the moving gratings may be written as: 

 [ ] [ ]*exp ( ) exp ( )BN N N i Kx t N i Kx tδ δ= + Δ − + + Δ − ,  (6) 

where NB is the average carrier density, ΔN is the induced carrier modulation. 
[ ]2 1 1 2 14 sin ( ) 2K π θ θ λ= − = −K K  is the grating vector; θ1 is the angle between the pump 

beam and the Z axis, and θ2 is the angle between the signal beam and the Z axis; we assume 
1 2θ θ= − , thus the direction of the grating vector is in the X direction; λ1 is the wavelength of 

the pump beam in the amplifier (where we assume that 1 2λ λ≅ , since usually the frequency 
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difference of the signal and the pump beams is less than a few gigahertz). 2 1δ ω ω= −  is the 
frequency difference between the signal and pump beams. In the following perturbation 
analysis it is assumed that ΔN << NB. Inserting Eqs. (2) and (6) into Eq. (5), we find after 
some simple calculations that the average carrier density NB and the carrier modulation ΔN 
are given by: 
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where 2 2 2
0 1 2E A A= +  is the average intensity, and ( ) ( )sP aω τ= Γ  is the saturation 

intensity of the amplifier.  
Inserting Eqs. (2) and (3) into Eq. (1), and using the obtained results of the average carrier 
density NB and the carrier modulation ΔN, after some calculations, the coupled-wave 
equations for TWM with moving gratings in a broad-area semiconductor amplifier are 
obtained: 
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where 0( ) 2a I qV Nα τ= Γ −  is the small-signal gain coefficient of the amplifier. Since the 
refractive index of the semiconductor material is high, normally the angles θ1 and θ2 are less 
than 2º in experiment (Chi et al., 2006); so the cosine factor in Eqs. (9) and (10) is neglected 
below.  
In the small signal approximation, and if we assume that the total intensity of the two beams 
is much less than the saturation intensity, i.e., 2 2

2 1 sA A P<< << , the terms accounting for 
saturation in the denominator and the term accounting for the coupling in Eq. (9) may be 
neglected. Thus the coupled-wave equations can be solved analytically. The solutions are: 

 [ ]1 10 exp (1 )A A i zβ α= − ,  (11) 

 { }2
2 20 1exp (1 ) ( 1) / 2zA A i z e αβ α γ⎡ ⎤= − − −⎣ ⎦ ,  (12) 

where A10 and A20 are the amplitudes of the pump and the signal beams at the front facet of 
the amplifier. γ1 is a parameter defined as: 
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The first term in Eq. (13) is for the saturation effect, the second term is for the beam 
coupling. 
Define the TWM gain of the signal beam gTWM as the natural logarithm of the ratio of the 
output intensity of signal with the coherent pump to that with the non-coherent pump: 
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2 2 22 0 coherent pump 1 0 10

TWM 2 2 2 2

2 0 non-coherent pump
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⎝ ⎠

, (14) 

where z0 is the length of the semiconductor amplifier. The non-coherent pump means the 
pump beam is not coherent with the signal beam, but the intensity is the same as the 
coherent pump, thus the term accounting for saturation in Eq. (14) vanishes. In experiment, 
the coherent pump and the non-coherent pump can be achieved by changing the 
polarization direction of the pump beam (Chi et al., 2006). Eq. (14) shows that gTWM changes 
linearly with the output intensity (power) of the pump, and it decreases quickly when the 
angle between the two beams increases because the diffusion of carriers washes out the 
gratings as the angle between the two beams increases. Eq. (14) also shows that depending 
on the detuning frequency δ, the TWM gain can be positive or negative no matter the 
amplifier is operated above or below the transparency (i.e., 2 2

1 0 10( )A z A= ). These 
phenomena will be discussed below. 

3. Experiment of the degenerate TWM in a broad-area amplifier  
In order to verify the theory described in Section 2, a special case of TWM, i.e., degenerate 
TWM, in a broad-area semiconductor amplifier is investigated experimentally. For this case, 
the frequencies of the pump and the signal are the same, i.e., δ = 0; thus a static refractive 
index grating and a static gain grating are induced in the amplifier. The coupled-wave 
equations (9) and (10) in this case are changed to: 
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The equations show that the coupling term between the two beams decreases the optical 
gain (above transparency) or absorption (below transparency) for both beams 
simultaneously. This is different to the situation in photorefractive materials, where one 
beam is amplified and the other is decreased at the same time (Marrakchi et al., 1981; 
Huignard & Marrakchi, 1981; Yeh, 1983; 1989). This is also different to the situation in Kerr 
media, where the intensity of one beam is not affected by the other beam in the degenerate 
TWM case (Yeh, 1986; 1989; Chi et al., 2009). 
To clarify this phenomenon, the relative position of the intensity pattern, the carrier density 
grating, the refractive index grating and the gain grating is shown in Fig. 2 when the 
amplifier is operated above the transparency. Because of the spatial hole-burning effect, the 



 Advances in Lasers and Electro Optics 

 

104 

carrier density grating is π out of phase with the intensity pattern. Since the gain varies 
linearly with the carrier density, the gain grating is also π out of phase with the intensity 
pattern. The refractive index grating is in phase with the interference intensity pattern due 
to the anti-guiding effect. The refractive index grating has no contribution to the energy 
coupling between the two beams, when it is in phase or π out of phase with the interference 
pattern (Yeh, 1989). The gain grating will decrease the optical gain of both beams 
simultaneously because it is π out of phase with the interference pattern. Reversely, the gain 
grating will decrease the absorption of both beams when the amplifier is operating below 
the transparency since the gain grating is in phase with the interference pattern in that case 
(Chi et al., 2009). 
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Fig. 2. The relative position of the interference pattern, the carrier density grating, the 
refractive index and the gain gratings formed in the broad-area amplifier. 
Since δ = 0, the TWM gain for the degenerate TWM is changed to: 
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Eq. (17) shows that the gTWM is negative when the amplifier is operated above the 
transparency, is positive when it is operated below the transparency, and is zero when it is 
operated at transparency. It agrees with the analyse above. Eq. (17) also shows that the gTWM 
decreases linearly with the output intensity (power) of the pump, and it decreases quickly 
when the angle between the two beams increases because the diffusion of carriers washes 
out the gratings as the angle between the two beams increases.  These analyses will be 
verified by experiments of TWM in a semiconductor amplifier below. 
The experimental set-up is shown in Fig. 3. The set-up is arranged like a Mach-Zehnder 
interferometer. The pump beam A1 and the signal beam A2 are derived from a tunable diode 
laser system based on a tapered amplifier (Chi et al., 2005). The wavelength used in the 
experiment is 813.5 nm. We use the same method as Goldberg (Goldberg et al., 1993) to 
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couple the two beams into the broad-area amplifier. In each arm, a combination of a 
cylindrical lens of 150 mm focal length and an aspherical lens of 8.0 mm focal length with a 
N.A. of 0.5 (this lens is shared by the two arms) is used as an afocal telescope to inject the 
two beams into the amplifier. The input coupling efficiency of this setup is around 50%. The 
two cylindrical lenses can be translated in the arrow direction to vary the injection angle in 
the junction plane. After the amplifier, a cylindrical lens of 5.0 mm focal length is used to 
collimate the output beam in the fast axis. A half-wave plate is inserted in the pump arm to 
change the polarization direction of the pump. All the components are antireflection coated 
for the near infrared wavelength.  
 

 
Fig. 3. Experimental set-up for the TWM in a broad-area amplifier. M: mirror, BSs: beam 
splitter, HWP: half-wave plate, BAA: broad-area amplifier (the units are in mm). 

The broad-area amplifier is an 810 nm, 2 mm long and 200 μm wide GaAlAs amplifier. It 
was grown by the Metallorganic Chemical Vapor Phase Deposition (MOCVD) technique on 
a GaAs substrate by Alcatel Thales III-V Lab. The structure contains a Large Optical Cavity 
(LOC), which has a thickness of approximately 1 µm, and which consists of a tensile-
strained GaInP quantum well, two GaInP barriers and two AlGaInP claddings. Both facets 
of the amplifier are antireflection coated; the reflectivity is less than 0.1%.  
First, the dependence of the gTWM on the output power of the pump is measured. The input 
powers of the pump and the signal measured before the aspherical lens are 21.0 and 4.1 
mW. The angle between the two beams is around 4°. The output power of the signal was 
measured at different injected current of the amplifier with a co-polarized pump (the 
polarization direction of both beams is perpendicular to the chip of the amplifier) and an 
orthogonally-polarized pump. The output power of the pump was measured when it is 
coherent with the signal. The experimental results are shown in Fig. 4. It is clearly seen that 
the gTWM decreases linearly with the output pump power. Fitting the experimental data with 
Eq. (17), the two parameters: the input power of the pump 2

10A  and the ( )21 1 sD K Pτ+  are 
obtained. The 2

10A  is round 9.1 mW, corresponding to a coupling efficiency of 43%; and 
using the result of Dτ obtained later, the saturation power Ps is found to be around 220 mW, 
which is much larger than the output power of the pump in this experiment. Using the 
value of 2

10A  and Eq. (11), the optical gain of 1.7 is obtained for the highest output power 
of the pump. The gTWM is about 5% of the optical gain. 
The dependence of the gTWM on the grating vector is also measured by changing the angle 
between the two beams. The direction of the pump beam is fixed during the experiment; the 
angle is changed by changing the direction of the signal beam. The injected powers of the 
pump and the signal measured before the aspherical lens are 21.0 and 4.1 mW; the output  
 



 Advances in Lasers and Electro Optics 

 

106 

0 10 20 30 40 50 60
-0,12

-0,10

-0,08

-0,06

-0,04

-0,02

0,00
 

 

g TW
M

Output power of pump (mW)

 
Fig. 4. The gTWM versus the output power of the pump. The squares are the measured data; 
the line is the fitted result with Eq. (17). 
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Fig. 5. The gTWM versus the grating vector in the BAA. The squares are the measured data: 
the curve is the fitted result with Eq. (17). 
power of the pump is around 35 mW. The experimental results are shown in Fig. 5. Fitting 
the experimental data with Eq. (17), Dτ is obtained to be 4.1 μm2, leading to a diffusion 
length L Dτ=  of 2.0 μm. Assuming that τ is 5 ns (Marciante & Agrawal, 1996), D is 
calculated to be 8.2 cm2/s. This is in good agreement with the direct measured value of 9.5 
cm2/s (Lucente et al., 1988b). We should mention that the output power of the pump beam 
is decreased a little when the polarization direction of it is changed from perpendicular to 
the chip to parallel to the chip. We do not know the reason of this decrease but the effect of 
this decrease on the measured gTWM is small. 
To obtain the coupled-wave equations of TWM, three assumptions are made. Here we 
should discuss the validity of these assumptions in our experiment. The first is the plane-
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wave assumption. In the experiment, since the two beams are coupled into the amplifier 
from an external laser, the mode of the two beams in the slow axis is determined by the 
external laser and the focusing optics. The two beams are nearly Gaussian beams in the slow 
axis, they are collimated by the aspherical lens and the width of the beams is around 140 
μm. We believe the plane-wave assumption is a good approximation for these two beams in 
this direction. The wave guiding mode of the field distribution in the fast axis does not affect 
the derivation of the equations (Marciante & Agrawal, 1996). The second is the linear 
variation of the material gain g(N) on the carrier density. The transparent current of the 
amplifier used here is around 1.1 A, and the highest current used in our experiment is 1.8 A, 
according to Eq. (7), the carrier density NB is calculated to be around 1.5 N0, not much higher 
than the transparent carrier density. The third assumption is the small population 
modulation in Eq. (6). With the injected current of 1.8 A, according to Eq. (8), NΔ  is 
calculated to be around 2% of N0 (≈1.3% of NB), it is much less than the average carrier 
density NB. Therefore, we believe the assumptions made in the theory are valid in our 
experiment.  
In conclusion, the degenerate TWM in broad-area semiconductor amplifier is investigated 
experimentally. The experimental results show good agreement with the theory. The 
validity of the theory is discussed. 

4. Calculations and discussion  
Unlike the condition of degenerate TWM, where only static gratings are generated; the 
coupling term between the two beams has different contribution to the optical gain of these 
two beams for the nondegenerate TWM (Chi et al., 2008). The nondegenerate TWM may 
increase the power of one beam and decrease the power of another beam in this case, i.e., 
energy exchange occurs.     
According to Eq. (14), the dependence of gTWM on the frequency difference δ with different 
anti-guiding parameter β is calculated; here we assume that the amplifier is operated above 
the transparent current. The calculated results are shown in Fig. 6. In the calculation, we use 
the same parameters used in and obtained from the TWM experiment in a GaAlAs broad-
area semiconductor amplifier with static gratings described in Section 3 (Chi et al., 2006);  
i.e., 2

1 0( )A z  = 48.8 mW, 2
10A  = 9.1 mW, Ps = 220 mW, Dτ = 4.1 μm2, K = 0.51 μm-1 (the K 

value corresponds to a 4.0º angle between the two beams). Assuming that τ is 5 ns 
(Marciante & Agrawal, 1996). From Fig. 6 we can find that when δ = 0, the gTWM is negative 
and independent of β; if β = 0, the gTWM is always negative and the curve of the TWM gain 
versus δ is symmetric around the axis of δ = 0. If β ≠ 0, however, the gTWM is negative when δ 
> 0, and the gTWM can be negative or positive when δ < 0. These properties can be explained 
by analyzing the different contributions from the refractive index grating and the gain 
grating formed in the broad-area semiconductor amplifier to the TWM gain.  
Since the frequencies of the pump and the signal are different, a moving interference pattern 
is generated in the amplifier: 2 2 ( )*

0 1 2 . .i Kx tE E A A e c cδ− +⎡ ⎤= + +⎣ ⎦ . Inserting Eq. (8) into Eq. (6), 
the carrier density is obtained:  
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Fig. 6. The calculated TWM gain gTWM versus δ with different anti-guiding parameter β 
according to Eq. (14). 
The modulation part Nm of the carrier density for the generating of the gain and the phase 
gratings is: 
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Eq. (19) shows, because of the hole-burning effect and the finite response time of the broad-
area amplifier, there is a phase difference π-θ between the interference pattern and the 
carrier density grating. Since the gain varies linearly with the carrier density, the gain 
grating Δg is also π-θ out of phase with the intensity pattern, i.e., 
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The refractive index grating is π out of phase with the gain grating because of the anti-
guiding effect, so the refractive index grating Δn is –θ out of phase with the intensity pattern 
and proportional to the anti-guiding parameter β, i.e., 

    ( )

( ) ( )
[ ]

*
1 0 1 2

22 22
0

exp ( ) . .
4 1

B

s
s

a N N A An i Kx t c c
P D K E P

λ β δ θ
π τ δτ

Γ −
Δ = − + − +

+ + +
. (22) 
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The relative position of the interference pattern, the carrier density grating, the refractive 
index grating and the gain grating formed in the broad-area amplifier is shown in Fig. 7. 
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Fig. 7. The relative position of the interference pattern, the carrier density grating, the 
refractive index grating and the gain grating formed in the BAA, assuming 

22
01 sD K E Pτ δτ+ + = , i.e., θ = π/4. 

The TWM gain caused by the gain grating ggain is (Chi et al., 2009): 

 
( ) ( )

22 22
0

cos( )

1
gain

s

g
D K E P

π θ

τ δτ

−∝
+ + +

. (23) 

Here we should notice that the effect of the gain grating is the same for both beams, i.e., to 
increase (below transparent current) or decrease (above transparent current) the intensity of 
the pump and the signal beams simultaneously, thus it will not cause the energy exchange 
between the two beams. The TWM gain caused by the phase grating gphase is (Yeh, 1989; Chi 
et al., 2009): 

 
( ) ( )

22 22
0

sin( )

1
phase

s

g
D K E P

β θ

τ δτ

−∝
+ + +

.  (24) 

When δ ≠ 0, the refractive index grating will cause energy exchange between the two beams, 
since there is a phase difference -θ (θ ≠ 0) between the intensity pattern and the refractive 
index grating (Yeh, 1989). The TWM gain gTWM is the sum of ggain and gphase. 
When δ = 0, (i.e., static gratings are induced in the amplifier), θ is equal to zero; thus the gain 
grating is π out of phase with the interference pattern, and the phase grating is in phase with 
the interference pattern. According to Eqs (23) and (24), the gain of the phase grating gphase is 
zero; and the gTWM equal to ggain, is negative and independent of β (Chi et al., 2006). If β = 0, 
only the gain grating is generated; according to Eqs. (20) and (23), the TWM gain gTWM is 
always negative and is symmetric around the axis of δ = 0. If β ≠ 0, both a gain grating and a 
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phase grating are generated. When δ > 0 (θ > 0), according to Eqs. (23) and (24), both the ggain 
and the gphase are negative, so the gTWM is negative; when δ < 0 (θ < 0), the ggain is negative 
and the gphase is positive, so the gTWM can be positive or negative. 
The parameters β and τ can be obtained by fitting the measured results of gTWM versus δ. The 
optimal δ to achieve the maximum TWM gain depends on the device parameters τ, D, β and 
the grating vector K. From Eq. (14), the optimal δ is 2 2(1 )(1 1 )opt D Kδ τ β βτ= − + ± + .  

5. Conclusion 
In conclusion, the TWM in broad-area semiconductor amplifier in nondegenerate condition 
is investigated theoretically. The coupled-wave equations are derived and analytical 
solutions are obtained when the intensity of the pump is much larger than that of the signal, 
but much less than the saturation intensity of the amplifier. A special case of TWM, 
degenerate TWM, is investigated experimentally in a GaAlAs broad-area semiconductor 
amplifier. The experimental results show good agreement with the theory, and the validity 
of the theory for this experiment is discussed. A diffusion length of 2.0 μm is determined 
from the experiment. The TWM gain in broad-area semiconductor amplifier is calculated as 
a function of the frequency difference between the pump and the signal based on the data 
obtained from the degenerate TWM experiment; and the calculated results are discussed 
based on the different contributions from the refractive index grating and the gain grating to 
the TWM gain. Depending on δ and β, the TWM gain in semiconductor broad-area amplifier 
can be positive or negative. The energy exchange between the pump and signal beams 
occurs when δ ≠ 0. 
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1. Introduction 
Parametric three-wave mixing in quadratic nonlinear crystals provides a versatile means of 
achieving widely tunable frequency conversion of laser light, thus permitting a substantial 
extension of the wavelength coverage of laser sources across broad wavelength regions. For 
mode-locked lasers, the effective parametric interaction length among short pulses at 
different wavelengths is limited by crystal dispersion, which leads to group velocity walk-
off. Nevertheless, as well known since the 1970s, the frequency conversion of short pulses 
may be significantly enhanced by means of the optical soliton concept (Zakharov & 
Manakov, 1973). Indeed, the collision of two soliton input pulses at different frequencies, 
with proper durations and peak powers, leads to a time compressed pulse at the sum-
frequency (Ibragimov & Struthers, 1996). However such pulse is unstable, since it rapidly 
decays into two, time-shifted replicas of the input pulses. On the other hand, two resonant 
bright pulses and a kink (or phase jump across a CW background) pulse may propagate 
locked together as an optical simulton, in spite of their different linear group velocities, 
owing to their nonlinear mutual trapping (Nozaki & Taniuti, 1973; Degasperis et al., 2006). 
In this chapter we present at first a self-contained derivation of the three-wave equations in 
dispersive and quadratic nonlinear crystals. We outline the generality as well as the 
limitations to the application of the basic three-wave parametric interaction equations, in 
which intra-pulse chromatic dispersion is neglected. Next we review a recently discovered 
class of exact simulton solutions of the parametric three-wave interaction (Degasperis et al., 
2006; Conforti et al., 2006; Degasperis et al., 2007), which have as potential applications the 
stable sum and frequency difference generation of short optical pulses and pulse trains. 
These nonlinear waves are characterised by the property that the group velocity of the two 
bright pulses and the kink may be controlled by varying the input energy of the wave-
packets, or the relative energy distribution among the three waves (Degasperis et al., 2006). 
It is particularly significant that the common velocity and the relative energy distribution of 
these mutually trapped pulses may gradually evolve upon propagation through the crystal 
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(Conforti et al., 2007). Such unique feature may enable one to achieve a stable frequency 
conversion of short optical pulses, as well as a continuous control of their frequency 
conversion efficiency by adjusting the input intensity of a continuous wave background 
wave (Conforti et al., 2007). In addition, the control of the CW power level also permits the 
highly efficient generation of a frequency converted train of short optical pulses, which 
represent a time-periodic copy at a different optical frequency of the input short signal pulse 
(Baronio et al., 2008). We provide simple analytical relations between the time duration, 
amplitude and repetition rate of the generated pulse sequence, and the parameters of the 
input short pulse and CW. Finally, we describe the practical conditions for the experimental 
observation of the above described pulse shaping, generation and speed control effects via 
parametric three wave mixing in commonly available quadratic nonlinear crystals. In 
particular, a simple and easily achievable condition must be respected for the linear group 
velocities of the three interacting waves, namely that the group velocity of the sum-frequency 
wave must be intermediate between the group velocities of the two fundamental waves. 

2. Equations 

The resonant interaction of three waves (TWI) is an important process which appears in 
various contexts of physics, such as fluid dynamics and optics. It describes the mixing of 
three quasi–monochromatic waves whose wave numbers 1 2 3k ,k ,k  and frequencies ω1, ω2, ω3 

satisfy the resonant conditions 

 1 2 3 1 2 3= , =k k k ω ω ω+ +  (1) 

in weakly nonlinear and dispersive media. In optics this resonant interaction may occur in 
any nonlinear medium where nonlinear effects are small and can be considered as a 
perturbation of the linear wave propagation, the lowest-order nonlinearity is quadratic in 
the field amplitudes and the dispersion relation ω( k ) allows for the special choice of the 
wave numbers kα , α = 1, 2, 3, such that the phase matching (or resonance) condition (1) is 
satisfied, where ωα = ω( kα ). The proper description of the resonant interaction is provided 
by a relatively simple model which can be derived from Maxwell equations in a dielectric 
with quadratic nonlinear susceptibility χ(2). Here below we first sketch the way to obtain the 
system of three coupled equations which model the resonant interaction, and then we 
discuss some of its properties together with special solutions of applicative interest. 
If ( , )P r t  is the dielectric polarization vector field induced by the electromagnetic wave, the 
charge and current densities in the medium are (hereafter a subscripted variable stands for 
partial differentiation with respect to that variable, and a dot between two vectors indicates 
their scalar product) 

 = , = ,r tP J Pρ −∇ ⋅  (2) 

so that Maxwell’s equations reduce in a standard way to the single vector equation for the 
electric vector field ( , )E r t  

 2

0

1[ ( )] = .tt r r r ttE c E E P− Δ − ∇ ∇ ⋅ −
ε

 (3) 
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Here we assume that the medium is homogeneous but not isotropic, and that only its linear 
response, namely (1)

jnχ , is frequency dependent; moreover losses are assumed to be 
negligibly small. Thus the dielectric polarization field components Pj are related to the 
electric field by the standard formula (summation over repeated indexes is understood) 

 (1) (2)
0 1 1 1 0( , ) = ( ) ( , ) ( , ) ( , ) .

t

j jn n jnm n mP r t dt t t E r t E r t E r tχ χ
−∞

− +∫ε ε  (4) 

The way to proceed further is via the widely used multiscale (or slowly varying amplitude 
approximation) method (see for instance (Degasperis, 2009) and references quoted there). 
The starting point is the following approximate expression of the solution (here c. c. means 
complex conjugate) 

 
( ) ( )(1) (1) (2) (2)1 1 2 2

( )(3) (3) 23 3

( , ) = [ ( , ) ( , )

( , ) ] . . ( ) ,

i k r t i k r t
j j j

i k r t
j

E r t A B e A B e

A B e c c O

ω ω

ω

η ξ τ ξ τ

ξ τ η

⋅ − ⋅ −

⋅ −

+

+ + +
 (5) 

 

where η is a small parameter which enters also in the scaled spatial co-ordinates = rξ η and 
in the slow time variable τ = ηt. This expression shows that the electric field is the 
superposition of three quasi–monochromatic waves, namely of three carrier waves which 
are modulated by the slowly varying amplitudes A(α), α =1, 2, 3. Moreover, we have 
additionally assumed that only the wave amplitudes are affected by the nonlinear dynamics 
but not their state of polarization, so that the three vectors ( )B α , α = 1, 2, 3 are taken co-
ordinate and time independent while the three dynamical variables A(α)( ξ ,τ) , α = 1, 2, 3 are 
just scalars. The wave–number vectors k1j , k2j , k3j, their corresponding frequencies ω1 , ω2 , ω3, 
together with the polarization state vectors (1) (2) (3), ,j j jB B B  satisfy the dispersion relation 

 2 2 2 2 (1)ˆ( ) ( ) = 0 ,j j jn nc k k B c k Bk Bω ω χ ω− ⋅ + ⋅ +  (6) 

where the function (1)ˆ jnχ (ω) is the Fourier transform 

 (1) (1)

0
ˆ ( ) = ( ) .i t

jn jndte tωχ ω χ
+∞

∫  (7) 

 

It now remains to insert the expression (5) into the Maxwell’s equation (3) and to expand the 
resulting formula in powers of the small perturbative parameter η. We omit detailing this 
computation and we limit ourselves to the following remarks. At first order, O(η), one 
merely finds that wave numbers, frequencies and polarization state vectors of the three 
fundamental harmonics (see Eq. (5)) satisfy the dispersion relation (6). The resonance 
conditions (1) play a crucial role at the next order, O(η2), as they imply the coupling between 
the three wave amplitudes. Moreover, since the quadratic nonlinearity implies that all 
harmonics of the form 1 1 1 2 2 2exp{ [ ( ) ( )}i k r t k r tα ω α ω⋅ − + ⋅ −  come into play, with any integer 
α1 and α2, one has to assume also that the dispersion relations of the medium are satisfied 
only for the three cases (α1 = ±1, α2 = 0), (α1 = 0, α2 = ±1) and (α1 = α2 = ±1). This condition 
guarantees that all higher harmonics are in the O(η2) term in the expression (5) and can 
therefore be omitted. The resulting O(η2) equations which are derived this way are then 
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1
1 1 1 2 3v =A A i A Aξ γ

τ
∗∂ + ⋅∇

∂
 

 2
2 2 2 1 3v =A A i A Aξ γ

τ
∗∂ + ⋅∇

∂
 (8) 

3
3 3 3 1 2v = .A A i A Aξ γ

τ
∂ + ⋅ ∇
∂

 

Here the vectors 1 2 3v ,v ,v  are the group velocities corresponding to the three carrier waves 
while the coefficients γ1 , γ2 , γ3 are expressions in terms of the three fundamental harmonics 
wave numbers and polarization state vectors, and, of course, also of the linear and quadratic 
susceptibility coefficients (1)

jnχ  and (2)
jnmχ . This fully tridimensional three wave resonant 

interaction model has been investigated by Kaup (Kaup, 1981). Here we consider the 
reduced case in which the three amplitudes A1 , A2 , A3 depend upon only two independent 
variables. Since the partial differential equations of the system (8) are of the first order, the 
four variables ξ1 , ξ2 , ξ3 , τ play a similar role. Hence the choice of two independent variables 
out of the four may be dictated by the specific physical context under consideration. Thus 
one may describe temporal dynamics by choosing for instance the space and time 
coordinates ξ1 = ξ and τ, or spatial dynamics by choosing instead the variables ξ1 and ξ2. In 
this section we adopt the first notation by giving the variable τ the meaning of time. Finally, 
we prefer to transform amplitudes and co-ordinates so as to display the characteristic 
coefficients δ1 , δ2 , δ3 which are proportional to the inverse of the group velocities, and to set 
the coupling constants equal to unit, γα = 1, in (8) so as to write the TWI model equations in 
the dimensionless form 

1 1
1 2 3=A A iA Aδ

ξ τ
∗∂ ∂+

∂ ∂
 

 2 2
2 1 3=A A iA Aδ

ξ τ
∗∂ ∂+

∂ ∂
 (9) 

3 3
3 1 2= .A A iA Aδ

ξ τ
∂ ∂+
∂ ∂

 

With no loss of generality, we shall write Eqs. (9) in a coordinate system such that δ1 = 0. 
Moreover, we consider the case 0 < δ3 < δ2. This system of equations is not only of great 
interest because of its broad applicability, but it exhibits quite special mathematical 
properties. In fact it has been discovered (Zakharov & Manakov, 1973) that it is an integrable 
Hamiltonian system with the implication that it can be investigated by the spectral methods 
of soliton theory both in the class of solutions which are well localised (as for bright solitons) 
and in the class of solutions with nonvanishing values at infinity (as for dark solitons). In 
particular, this model has explicitly known solutions and infinitely many conservation laws 
(after early studies (Armstrong et al., 1970; Bers, 1975), for a review paper see (Kaup, 1979) 
and, more recently (Calogero & Degasperis, 2004; Degasperis & Lombardo, 2006; 2009)). 
Conservation laws are related to symmetries, namely to transformations of the two 
independent variables ξ and τ, and the dependent variables A1 , A2 , A3, which leave the TWI 
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equations (9) invariant. As these transformations depend upon one or more arbitrary 
parameters, one may insert additional parameters into the expression of an explicit solution by 
just transforming this solution. Because of this practical use of symmetries, we report here a 
few of them. Moreover, we also report below, for some of these symmetries, their associated 
conservation laws which are derived by standard technique from the Lagrangian density 

 
3

* *
1 2 3

=1

1 1= ( ) . ..
4 2j j j j

j
A A A A A A c c

i ξ τδ+ − +∑L  (10) 

To each of these symmetries it corresponds the local conservation law 

 = 0τ ξρ β+  (11) 

which implies that, if the evolution variable is τ, the integral 

 = ( , )R dξρ ξ τ
+∞

−∞∫  (12) 

is the conserved quantity since it is τ − independent. On the other hand, if instead the 
variable ξ is the evolution variable (as in the case this is the spatial transverse co-ordinate), 
then the integral 

 = ( , )B dτβ ξ τ
+∞

−∞∫  (13) 

is the conserved quantity since it is ξ − independent. The conserved quantity among R and B 
which should be used depends of course on the physical process under investigation. The 
simplest symmetries are: 
1. translation of the variable ξ, Aj(ξ,τ) → jA′ (ξ,τ) = Aj(ξ + a,τ) whose associated conserved 

quantity is 

 
3

*

=1

1= . .,
4 j j j

j
P A A d c c

i ξδ ξ
∞

−∞
+∑∫  (14) 

if the evolution variable is τ, or, if the evolution variable is instead ξ, the appropriate 
conserved quantity is 

 
3

* *
1 2 3

=1

1 1= ( ) . ..
4 2j j j

j
J A A A A A d c c

i τδ τ
∞

−∞
− +∑∫  (15) 

2. translation of the variable τ, Aj(ξ,τ) → jA′  (ξ,τ) = Aj(ξ,τ + b) whose associated conserved 
quantity is 

 
3

* *
1 2 3

=1

1 1= ( ) . . ,
4 2j j

j
E A A A A A d c c

i ξ ξ
∞

−∞
− +∑∫  (16) 

if the evolution variable is τ, or, if the evolution variable is instead ξ, the appropriate 
conserved quantity is 

 
3

*

=1

1= . . .
4 j j j

j
H A A d c c

i τδ τ
∞

−∞
+∑∫  (17) 
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3. phase translations, A1(ξ,τ) → 1A′ (ξ,τ) = exp(iθ1)A1(ξ,τ) , A2(ξ,τ) → 2A′ (ξ,τ) = exp(iθ2)A2(ξ,τ), 
A3(ξ,τ) → 3A′ (ξ,τ) = exp(iθ1 + iθ2)A3(ξ,τ) whose two associated conserved quantities are 
the well known Manley-Rowe invariants 

( )2 2
13 1 3 1 1 3 3

1= = | | | | ,
2

M M M A A dδ δ ξ
∞

−∞
+ +∫  

 ( )2 2
23 2 3 2 2 3 3

1= = | | | | ,
2

M M M A A dδ δ ξ
∞

−∞
+ +∫  (18) 

if the evolution variable is τ, or, if the evolution variable is instead ξ, the appropriate 
Manley-Rowe invariants read 

( )2 2
13 1 3 1 3

1= = | | | | ,
2

I I I A A dτ
∞

−∞
+ +∫  

 ( )2 2
23 2 3 2 3

1= = | | | | .
2

I I I A A dτ
∞

−∞
+ +∫  (19) 

Two more symmetries which may turn out to be useful are the scale transformation Aj(ξ,τ)→ 
jA′ (ξ,τ) = pAj(pξ, pτ), where p is a real arbitrary parameter, and the characteristic phase 

transformation A1(ξ,τ)→ 1A′ (ξ,τ) = exp[iq(δ2 −δ3)ξ1]A1(ξ,τ) , A2(ξ,τ)→ 2A′ (ξ,τ) = exp[iq(δ3 − 
δ1)ξ2]A2(ξ,τ) , A3(ξ,τ) → 3A′ (ξ,τ) = exp[−iq(δ1 − δ2)ξ3]A3(ξ,τ), where q is an arbitrary real 
parameter and ξj = τ − δjξ are the characteristic co-ordinates. 
Several explicit soliton solutions, of both bright and dark type, of the TWI equations (9) have 
been computed by algebraic construction methods, see (Degasperis & Lombardo, 2009) and 
references quoted there, and some of them are detailed in the following sections with the 
purpose of displaying their relevance to special optical processes. 
On the applicative side, the three-wave resonant interaction has been extensively studied in 
the context of nonlinear optics, since it applies to parametric amplification, second harmonic 
generation and frequency conversion, stimulated Raman and Brillouin scattering and light 
speed control (Taranenko & Kazovsky, 1992; Ibragimov & Struthers, 1996; Ibragimov et al., 
1998; Picozzi & Haelterman, 1998). 

3. Frequency conversion 
Optical parametric amplification in quadratic nonlinear crystals has been studied since the 
invention of the laser, as it provides a versatile means of achieving widely tunable frequency 
conversion (Cerullo & De Silvestri, 2003). In parametric processes, the effective interaction 
length of short optical pulses is limited by temporal walk-off owing to chromatic dispersion, 
or group velocity mismatch (GVM) (Armstrong et al., 1970; Akhmanov et al., 1992). 
Compression and amplification of ultra-short laser pulses in second harmonic and sum-
frequency (SF) generation in the presence of GVM was theoretically predicted (Wang & 
Dragila, 1990; Stabinis et al., 1991) and observed in several experiments (Wang & Luther-
Davies, 1992; Chien et al., 1995). The conversion efficiency of generated SF pulses may be 
optimised (Ibragimov & Struthers, 1996; 1997; Ibragimov et al., 1998; 1999; Fournier et al., 
1998) by operating in the soliton regime (Zakharov & Manakov, 1973; Kaup, 1976). In fact, 
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the temporal collision of two short soliton pulses in a quadratic nonlinear crystal may 
efficiently generate a short, time-compressed SF pulse (Ibragimov & Struthers, 1996). 
However this SF pulse is unstable: its energy decays back into the two incident pulses after a 
relatively short distance. 
 

    
 

 
Fig. 1. Sum-frequency generation at ω3 from the parametric interaction of two short optical 
signals at ω1 and ω2. The characteristic delays are δ1 = 0, δ2 = 2, δ3 = 1. 

Figure 1 illustrates a typical example of the efficient SF parametric interaction of two short 
optical pulses in the soliton regime (Ibragimov & Struthers, 1996). At the crystal input, two 
isolated soliton pulses A1 and A2 with frequencies ω1 and ω2 propagate with speeds v1 and v2. 
Whenever the faster pulse overtakes the slower one, an idler pulse A3 at the SF ω1 + ω2 is 
generated and propagates with the linear speed v3. Depending on the time widths and 
intensities of the input pulses, the temporal duration of the SF pulse is reduced with respect 
to the input pulse widths. Correspondingly, the SF pulse peak intensity grows larger than 
the input pulse intensities. Figure 1 shows that, eventually, the SF idler pulse decays back 
into the two original isolated pulses at frequencies ω1 and ω2. Note that the shapes, 
intensities and widths of the input pulses are left unchanged in spite of their interaction. As 
shown in Ref. (Ibragimov & Struthers, 1996), the above discussed SF pulse generation 
process may be analytically described in terms of soliton solutions of Eqs. (9) (Zakharov & 
Manakov, 1973; Kaup, 1976). In the notation of Eqs. (9), the complete three–wave dynamics 
reads as: 
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1 2= ( ), = 1,2,3 (3),n n nq q n modδ δ+ +−  

 = .n nτ τ δ ξ− +  (22) 

For a given choice of the characteristic linear group velocities, we are left with the three 
parameters p, k, q. The parameter p is associated with the re-scaling of the wave amplitudes, 
and of the coordinates τ and ξ. Here the value of k and q adds a phase shift which is linear in 
both τ and ξ. 
The decay of the SF pulse which is shown in Fig. 1 may be a significant drawback in 
practical applications, since it implies that a given nonlinear crystal length yields efficient 
conversion for a limited range of input pulse intensities and time widths only. The 
parametric sum frequency conversion of an ultra-short signal and a quasi-CW background 
pump-control may be exploited as a means to reduce or even eliminate the decay of the 
generated idler wave (Conforti et al., 2007). In the presence of GVM, the parametric SF 
conversion of an ultra-short optical signal and a quasi-CW pump generally leads to the 
generation of a low-intensity and relatively long idler pulse, whose duration is associated 
with the interaction distance in the crystal. 
This scenario changes dramatically in the soliton regime. Figure 2 illustrates the efficient 
generation of a stable, ultra-short SF idler pulse from the parametric SF conversion of a 
properly prepared ultra-short signal and a CW background control with an arbitrary 
intensity level. In Fig. 2 we injected in the quadratic nonlinear crystal the short signal at 
frequency ω2, along with a delayed and relatively long pump-control pulse at frequency ω1. 
Initially, the two pulses propagate uncoupled; as soon as the faster pulse starts to overlap in 
time with the slower quasi-CW control, their nonlinear mixing generates a short SF idler 
pulse. The sum frequency process displayed in Fig. 2 can be analytically explained and 
explored in terms of stable TWIS (Three Wave Interaction Soliton) solutions (Degasperis et 
al., 2006). 
In the notation of Eqs. (9), the properly prepared ultra–short pulse is a ZM single–wave 
soliton pulse (Zakharov & Manakov, 1973) at frequency ω2; it reads as 

 
2

1 2 2 3 3
2

= 0, = 2 , = 0,
cosh(2 )

ieA A P A
P

ρφτ

ρδ δ
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where 

 3 2 3 2 2= / ( ), = .ρ δ δ δ τ τ δ ξ− − +  (24) 



Frequency Conversion based on Three-Wave Parametric Solitons  

 

121 

 
 

 
Fig. 2. Sum-frequency generation at ω3 from the parametric interaction of a short pulse at ω2 

and a quasi-CW control at ω1. The characteristic delays are δ1 = 0, δ2 = 2, δ3 = 1. 

For a given choice of the three linear group velocities, or characteristic delays δj , the above 
ZM soliton is determined in terms of the two real parameters P > 0, φ. The parameter P fixes 
both the soliton peak amplitude and its temporal width. Whereas the parameter φ 
corresponds to a phase shift which is linear in both τ and ξ. On the other hand, the generic 
input quasi CW signal at frequency ω1 may be described as 

 1 2 3= [tanh( ) tanh( )], = 0, = 0,
2

i
fi

r r

CeA A A
γτ τ ττ τ

τ τ

− −− −  (25) 

where C is the complex amplitude and γ is the frequency shift with respect to ω1 of the 
quasi-CW signal; τi (τf ) and τr are the switch–on (switch–off) time and the rise/fall time of 
the quasi–CW signal, respectively. We consider the case in which |C|2 < P2δ2δ3. 
When the faster short pulse, pre-delayed with respect to the slower quasi-CW pump at 
frequency ω1, overtakes the background (at τ = 0, in Fig. 2), their collision leads to the 
generation of a short idler pulse at the SF ω3. Additionally, a dip appears in the quasi CW 
control; whereas the intensity, duration and propagation speed of the input wave at 
frequency ω2 are modified. Indeed, the signal-pump interaction generates a stable TWIS 
simulton (Degasperis et al., 2006). In the notation of Eqs. (9), the TWIS simulton solution 
reads as 
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For a given choice of the characteristic linear group velocities, we are left with the four 
parameters p, a, k, q. The parameter p is associated with the re-scaling of the wave 
amplitudes, and of the coordinates τ and ξ. Whereas a measures the amplitude of the CW 
background in wave A1 (namely 2 3a δ δ ). The value of k is related to the soliton 
wavenumber. The parameter q simply adds a phase shift which is linear in both τ and ξ (see 
(Degasperis et al., 2006) for parameter details). 
It is remarkable that we may analytically predict the parameters p, k, q, a of the generated 
TWIS from the corresponding parameters of the input single wave TWIS and the complex 
amplitude of the pump control. This can be achieved by supposing that the input TWIS 
adiabatically (i.e., without emission of radiation) reshapes into a new TWI simulton after its 
collision with the quasi-CW pump at a given point in time (say, at τ = 0). Under this basic 
hypothesis, the conservative nature of the three-wave interaction permits us to suppose that: 
i) the energy I23 (19) of the input TWI soliton is conserved in the generated TWI simulton; ii) 
the phase of the ω2 frequency components of the input TWI soliton and of the generated TWI 
simulton is continuous across their time interface (i.e., at τ = 0); iii) the amplitude and phase 
of the control pump C coincide with the corresponding values of the asymptotic plateau of 
the generated TWI simulton component at frequency ω1. By imposing the above three 
conditions, after some straightforward calculations we obtain the following relations that 
relate the parameters of the incident and of the transmitted TWIS 
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 2 3 2 3 2 3= , =| |, ( ) = , ( ) 2 = ,p P a C q q kδ δ δ δ γ δ δ φ− − −  (28) 

with the restriction 2 3| |<C P δ δ . 
As an example, in Fig. 2 the input TWI soliton at frequency ω2 is described by Eqs. (23) with 
P = 1.3, φ = 0, and the background control amplitude is C = 1.7. After the collision with the 
CW background, the above equations predict that the generated TWIS is described by Eqs. 
(26), with p = 1.3, q = 0, k = 0, and a = 1.2. The accuracy of this prediction is well confirmed 
by its comparison with the numerical solutions of the TWI Eqs. (9). Indeed, Fig. 3 compares 
the numerical and the analytical evolutions (along the crystal length ξ) of the energy, the 
pulse duration and the velocity of the idler and signal pulses which correspond to the case 
shown in Fig. 2. We performed further extensive numerical simulations, which confirmed 
the general validity of the above described adiabatic transition model for TWIS generation 
upon collision with a CW background. 
 

   
Fig. 3. Numerical evolution (lines) and theoretical predictions (circles) of energy, pulse 
duration and velocity of idler and signal waves reported in Fig.2. 

Indeed, by increasing or decreasing the CW background amplitude |C| in the range [0, 
p 2 3δ δ ], we observed that stable TWISs with different velocity, duration and energy 
distributions may be adiabatically shaped. The important consequence of this result is that, 
by means of Eqs. (26)–(28), we may analytically predict and control the characteristics of the 
generated idler pulse (namely, its velocity, time duration and energy) simply as a function 
of the intensity level of the CW pump. Moreover, we would like to emphasize that the 
stability of the whole SF idler conversion process is ensured by the underlying stability of 
the generated TWIS (Conforti et al., 2006). 

4. Ultrafast pulse train generation 
Efficient mechanisms for the generation of high–contrast, ultra–short pulse trains are of 
interest in a broad range of domains, such as time–resolved spectroscopy and microscopy, 
selective femtosecond chemistry, quantum coherent control in high–field physics, and 
optical communications. Relevant application examples include quantum–path control of 
high–harmonic generation (Zhang et al., 2007); multi–pulse excitation of atoms, molecules, 
and solids (Weiner et al., 1990); multiple–laser–pulse excitation of high–gradient plasma 
accelerators (Umstadter et al., 1994); high–fluence THz wave–train generation for radar, 
microwave (Liu et al., 1996) and optical communication systems. Several techniques for 
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generating trains of ultra–short pulses at repetition rates beyond those achievable by active 
laser mode locking or by means of electrically–controlled modulation have been explored in 
recent years. For example, linear pulse train generation techniques include the repetition–
rate multiplication of a lower rate source by applying amplitude (Petropoulos et al., 2000; 
Yiannopoulos et al., 2003) or phase–spectral filtering (Longhi et al., 2000; Azana & Muriel, 
2001; Caraquitena et al., 2007). Moreover, different all–optical techniques that may result in 
up to THz pulse train rates have also been proposed by using both quadratic and cubic 
nonlinear media. Consider for example induced modulation instability (Hasegawa, 1984; 
Coen & Haelterman, 2001), multiple four-wave-mixing (Pitois et al., 2002; Inoue et al., 2007), 
and backward quasi-phase-matched second harmonic generation (Conti et al., 1999; Conforti 
et al., 2005). 
Here, we present a TWI nonlinear technique for the flexible generation of a train of ultra–
short optical pulses with light-controlled time width, amplitude and repetition rate. This 
technique originates from the interaction of three waves at resonance (Baronio et al., 2008). 
Let us first present numerical evidence of the train generation process. Figure 4 illustrates 
the possibility of obtaining an efficient modulation of the input CW signal into a train of 
ultra–short pulses, as a result of its parametric mixing with an ultra-short ZM soliton pulse 
at a different carrier wavelength. In particular, in Fig. 4 we numerically solved Eqs. (9), 
where the initial excitation conditions at ξ = 0 were provided by a quasi–CW signal at 
frequency ω1 (a standing signal in a coordinate system where δ1 =0) and a short ZM soliton 
pulse at frequency ω2 (with delay parameter δ2 > 0). The two input pulses were pre-delayed, 
so that they could collide at some distance inside the crystal. Figure 4 shows that, as soon as 
the faster ZM soliton pulse starts to overlap in time with the slower quasi–CW signal, their 
parametric mixing leads to the generation of an idler short pulse at frequency ω3. 
Additionally, Fig. 4 also shows that the TWI leads to a periodic oscillation with distance ξ of 
the intensity of the two short pulses at carrier frequencies ω2 and ω3. As a result, it turns out 
that the centre of mass of these two pulses periodically oscillates in time around an average 
value, which grows larger with distance according to a common average group velocity; this 
velocity is clearly (see Fig. 4) different from the group velocity of the incoming short pulse. 
As for the incoming CW signal, Fig. 4 also shows that a train of short pulses is carved on the 
CW background at frequency ω1. Finally, Fig. 4 also illustrates that at the end of the three–
wave interaction process the quasi–CW background at ω1 is modulated into a sequence of 
ultra–short pulses, the soliton pulse at ω2 returns back to its original shape, and the 
generated sum-frequency pulse at ω3 vanishes. 
Quite remarkably, we shall demonstrate that the entire three–wave interaction process 
which is displayed in Fig. 4 may be analytically represented in terms of particular analytical 
TWI solutions. As in the previous section, in the notation of Eqs. (9), the arbitrary input 
quasi CW signal at frequency ω1 is given by expression (25) and the input ZM single–wave 
soliton pulse at frequency ω2 by expression (23). We consider the case in which |C|2 > P2δ2δ3 

and γ = φ. 
After the collision of the ZM pulse with the CW background, we surmise that their 
parametric interaction generates a three-wave trapponic soliton, which consists of a group-
velocity locked bright-bright-dark triplet. Similar triplet solutions have been already 
considered in nonlinear optics in the form of simultons (Degasperis et al., 2006; Conforti et 
al., 2007) or boomerons (Conforti et al., 2006). Trappon soliton solutions of the TWI Eqs. (9) 
may be found as discussed in the recent analysis of Ref. (Calogero & Degasperis, 2005; 
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Fig. 4. Sum–frequency generation at ω3 from the parametric interaction of a quasi–CW 
control at ω1 and a short pulse at ω2. The characteristic delays are δ1 = 0, δ2 = 2, δ3 = 1. 

Degasperis et al., 2006). TWI trappons are characterized by a periodic (or trapped) spatio–
temporal evolution of the energy distribution of the three waves, as well as of their locked 
propagation speed. As a result, the center of mass of a trappon also periodically oscillates 
within a limited time interval. As far as the potential applications are concerned, the most 
significant property of the trappon dynamics consists in the carving of a train of short pulses 
into the CW–background at frequency ω1. Indeed the entire three–wave interaction 
dynamics after the collision of the short pulse with the CW background as shown by Fig. 4 
may be analytically described in terms of the trappon solution 
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For a given choice of the characteristic linear velocities in Eqs. (9), the trappon solution of 
Eqs. (29) is completely determined by just three independent real parameters, namely p, q, a 
(with the restrictions that p > 0, a > 0 and a2 > p2). The parameter p is associated with the 
rescaling of the wave amplitudes, and of coordinates τ and ξ. Whereas a measures the 
amplitude of the CW background in wave A1. The parameter q adds a phase shift which is 
linear in both τ and ξ. 
The trappon solution (29) extends in time from τ = −∞ to τ =+∞ and at large distances (i.e., 
for ξ → +∞) it exhibits a time–periodic behavior. Nevertheless, as we shall see, Eqs. (29) 
exactly describe the mixing of the ZM soliton (23) with the quasi–CW (25) background 
signal over the finite interval [τi,τf ] (which correspond to the times of turning on and off the 
CW wave at frequency ω1, respectively). 
Indeed, one may analytically predict the characteristic parameters p, q, a of the generated 
TWI trappon from the corresponding P, φ parameters of the isolated input ZM soliton, and 
the complex amplitude C and the frequency shift γ of the CW signal. As we discussed in the 
previous section, it is sufficient to suppose that the input ZM soliton adiabatically (i.e., 
without emission of radiation) reshapes into a trappon soliton after its collision with the 
quasi–CW background at a given point in time (say, at τ = τi). In the spectral domain 
(Zakharov & Manakov, 1973) this hypothesis is equivalent to imposing that the input ZM 
soliton, after the collision with the CW background, transfers its discrete eigenvalue to the 
trappon soliton. In the frame of this basic hypothesis, the conservative nature of the three–
wave interaction permits us to suppose that: i) the energy I23 (19) of the input TWI soliton is 
conserved in the generated trappon soliton; ii) the phase of the ω2 frequency components of 
the input TWI soliton and of the generated TWI soliton varies in a continuous manner across 
their time interface (i.e., at τ = τi); iii) the amplitude and the phase of the CW background 
coincide with the corresponding values of the asymptotic plateau of the component at 
frequency ω1 of the generated TWI trappon. The above three conditions, after some 
straightforward calculations, permit us to obtain the following equations that relate the 
parameters of the incident and the transmitted solitons (i.e., before and after the collision, 
respectively) 
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 2 3 2 3= , =| |, ( ) = ,p P a C qδ δ δ δ φ−  (31) 

with the restrictions that |C|2 > P2δ2δ3 and γ = φ. The above conditions define the matching 
relations among the amplitudes and the phases of both the input ZM soliton and of the CW 
signal which should be satisfied in order to excite the trapponic soliton. As an example, 
consider the case of Fig. 4, where the CW background control is described by Eqs. (25) with 
C = 3, γ = 1, and the input ZM soliton is obtained from Eqs. (23) with P = 1.5, φ = 1. After the 
collision with the CW background, Eqs. (31) predict that the generated trappon is obtained 
from Eqs. (29) with p = 1.5, q = 1, and a = 3/ 2 . We confirmed the accuracy of this 
prediction by means of extensive comparisons of the analytical expression (29) with 
numerical solutions of the TWI Eqs. (9). For example, Fig. 5 displays both numerically 
computed and analytical evolutions for the energy I2 (along the crystal length ξ) and for the 
output transverse profile of wave A1 (along τ) (these correspond to the same interaction 
process previously shown in Fig. 4). 
 

       
 

Fig. 5. Numerical evolution (continuous lines) and theoretical prediction from Eqs. (29) 
(dotted lines) of the energy at ω2 and of the output pulse profile at ω1 for the case of Fig. 4. 

The amplitude profile of the generated train of ultra–short pulses at frequency ω1 may be 
exactly described by performing the limit for ξ →+∞ of the first of Eqs. (29), which yields 

 1
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where 2 3| |=C a δ δ  (see (28)), 2 2tan( ) = /a p pβ −  (see (30)) and period 2 2= /T a pπ − . 
Two different examples of the generated pulse trains as described by Eqs. (32) are shown in 
Fig. 6 a)–b). 
Equation (32) provides relatively simple expressions that relate the parameters of the 
injected soliton pulse and CW background to the main features of the generated output 
pulse train. Indeed, |A1∞| is a time periodic signal (with period T) with average value 
approximatively equal to |C|. Moreover, from Eqs. (32) one obtains that the peak 
amplitude of the generated pulses is M = |C| + 2 2 3δ δ P; whereas the minimum amplitude 
is m = |C| − 2 2 3δ δ P. Hence the maximum intensity contrast for the generated train is 
obtained for |C| = 2P 2 3δ δ : in this case, the field amplitude at the minima vanishes and 
the peak amplitude reads as M = 4 2 3δ δ P. 
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Fig. 6. Output pulse train (32) amplitude (blue line) and its time–average value (red line) for: 
a) C = 2.5 2 ,P = 1 and b) C = 2.5 2 ,P = 2; Pulse train frequency f = 1/T c) vs. P (C = 10); 
and d) vs. C (p = 2). 
In Figure 6 c)–d) we illustrate the analytically predicted dependence of the repetition rate of 
the ultra–short pulse train 2 2

2 3= 1 / = | | /( ) /R T C pδ δ π− , as a function of the amplitudes of 
the input short pulse and of the CW signal, respectively. As it can be seen in Fig. 6 c), the 
repetition rate is the largest whenever the amplitude of the input soliton vanishes. Whereas 
there is a critical input soliton amplitude, above which the period of the generated pulse 
train diverges to infinity. On the other hand, Fig. 6 d) shows that when varying the CW 
background amplitude, a finite repetition rate is only obtained for amplitudes |C| above a 
certain threshold level, and this rate grows larger with |C| in a linear fashion. In fact, these 
thresholds define the borderlines of existence of TWI simulton triplets or TWI trappons 
excitations. 
The above results show that the peak amplitude, the time width and the repetition rate of 
the pulse train which is generated at ω1 may be controlled in a stable manner by simply 
adjusting the intensity level of the input CW signal |C| and/or the amplitude level (hence 
the time width) P of the input short soliton pulse. 
It is worth noting that the proposed method for generating pulse trains has a very high 
efficiency: in principle, the entire energy of the pump pulse A1 may be converted into the 
pulse train. Indeed from (i) the energy conservation relation (19) and (ii) the fact that at the 
end of interaction A3 = 0, it follows that the energy of the quasi-CW pulse is conserved 
before and after the collision with the control pulse A2. 
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It should be pointed out that the generation process that we have described so far may be 
thought of as a way of ”writing” a pulse train on a quasi CW signal. The opposite process of 
”erasing” such wave train to go back to a flat, quasi CW, signal is also possible. Indeed, it is 
easy to realize that this reverse process is well described in a similar way by the formation of 
the trappon soliton solution of the TWI Eqs. (9) which is obtained from the expression (29) 
via the invariance transformation ξ →−ξ , τ→−τ , A1 → A1 , A2 → A2 , A3→−A3. 

5. Experimental observability 
In this section, we discuss the experimental conditions for the practical observation of three 
wave solitons, with particular reference to their applications to frequency conversion and 
pulse train generation as discussed in the previous sections. It is interesting to notice that the 
three-wave soliton concept may be applied to describe the interaction between either three 
optical pulses in the time domain, or three beams in the spatial domain. 

5.1 Temporal solitons 
To be specific, let us consider the nonlinear eee interaction of two pulses, at λ1 = 1550 nm and 
at λ2 = 3400 nm, which mix in a 2 cm long periodically poled bulk Lithium Niobate crystal 
with about 28μm periodicity, to generate the sum-frequency pulse at λ3 = 1064 nm. For 
perfect phase-matching with collinear geometry, one obtains the refraction indexes: n1 = 
2.117, n2 = 2.05 and n3 = 2.134, respectively. The corresponding group velocities satisfy the 
inequality v1 > v3 > v2, namely v1 = 1.386 × 108 m/s, v3 = 1.374 × 108 m/s and v2 = 1.3615 × 108 

m/s. In other words, the sum–frequency pulse group velocity is intermediate between the 
group velocities of the two input signals. This condition is crucial for the existence and 
stability of TWI soliton, simulton and trapponinc solutions. The effective nonlinear 
coefficient is d33 = 25 pm/V. 
Whenever the input pulses are ZM single wave solitons, for instance pulses of about 200 fs 
temporal duration with peak intensity of a few hundreds of MW/cm2, 100% energy 
conversion into a time compressed sum-frequency pulse is achievable at a certain point of 
the nonlinear crystal, for a proper ratio among the intensities of the two input fundamental 
pulses (Ibragimov & Struthers, 1996; 1997). The drawback is that, after a relatively short 
propagation distance, the generated pulse decays again in the two original fundamental 
solitons. 
Whenever an input pulse is a ZM single wave soliton, i.e. a pulse of about 200 fs temporal 
duration with peak intensity of a few hundreds of MW/cm2, and the other input signal is a 
quasi–continuous wave (say, with a 3ps time duration), their interaction leads to the 
generation of an ultra–short stable sum–frequency pulse of approximately the same time 
width (200 fs) of the incident short pulse. It is particularly significant that the peak intensity 
(and the group velocity) of the generated pulse may continuously evolve upon propagation 
through the crystal, from zero to a few hundreds of MW/cm2 (v from v3 to v2), simply by 
varying the intensity of the quasi-CW background (Conforti et al., 2007). Such unique 
feature may enable to achieve the stable frequency conversion of short signal optical pulses, 
as well as the continuous control of the frequency conversion efficiency by adjusting the 
input intensity of the quasi-CW background pump wave. 
In addition, the control of the CW pump power level also permits the highly efficient 
generation of a sum-frequency converted train of idler pulses which represent a time-
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periodic copy of the input short signal pulse (Baronio et al., 2008). Whenever the peak 
intensity of the quasi–CW signal is higher than the peak intensity of the short ZM soliton 
pulse, the parametric mixing leads to the generation of a train of 250 fs pulses with a 
repetition rate of about 2THz and peak power levels of the order of a few hundreds of 
MW/cm2. Again the peak amplitude, the time width and the repetition rate of the pulse train 
which is generated may be controlled in a stable manner by simply adjusting the intensity 
level of the input qusi-CW signal. 
In practical terms, the upper limit to the frequency conversion and train generation 
processes offered by the present technique will be set by the limit of validity of Eqs. (9), 
which hold true in all three–wave physical systems whenever the presence of group velocity 
dispersion within each wave can be neglected. 

5.2 Spatial solitons 
As discussed in section 2, one could write the same TWI model Eqs. (9) where the 
independent coordinates are, instead of ξ1 = ξ and τ, the two spatial variables ξ1 and ξ2. In 
order to clearly distinguish this situation, involving the interaction between three spatial 
beams, from the previous cases involving short temporal pulses, and to maintain the same 
notation used in (Baronio et al., 2009), we name the longitudinal spatial coordinate ξ1 = z and 
the transverse spatial coordinate ξ2 = x. Moreover, we also set in this case A1,2,3 = φ1,2,3. Note 
that the spatial beams under consideration are supposed to be wide enough so that 
diffraction (in analogy with group-velocity dispersion in the temporal case) may be 
neglected in the propagation of each individual beam, at least over their interaction 
distance. The interest in studying the spatial case is twofold: from one side it appears to be 
the simplest situation for providing experimental evidence of three wave soliton dynamics; 
from the practical viewpoint, spatial solitons in this framework might reveal interesting 
properties for beam shaping and switching. 
Here we describe the set-up which led to the first experimental demonstration of laser beam 
reshaping by means of the three-wave ZM soliton effect in optics (Baronio et al., 2009). 
To be precise, Fig. 7 illustrates the numerical optical scenario exploited to demonstrate the 
existence of ZM solitons. Here we show numerical simulations, with δ1 = −δ2 and δ3 = 0, 
illustrating the typical wave dynamics in the spatial x − z plane in the presence of two 
electromagnetic beams φ1 at λ1, φ2 at λ2 and no beam φ3 at λ3 in z = 0 interacting in a quadratic 
nonlinear medium; that is, φ1(x,0) ≠ 0, φ2(x,0) ≠ 0, φ3(x,0) = 0. 
Fig. 7.a shows the dynamics of the low–intensity linear regime: the beams at the two 
fundamental wavelengths λ1 and λ2 do not interact and propagate with their own 
characteristic directions associated with the respective spatial velocities v1 and v2. 
Next, Fig. 7.b shows that, at intermediate input intensities, the beams at wavelengths λ1 and 
λ2 interact and generate a beam at λ3. As the two fundamental waves overlap in space, the 
sum frequency wave φ3 is generated. After the collision, the energy remaining in each input 
beam keeps propagating along the original direction corresponding to their linear 
wavevectors. Note that the collision between the input waves does not lead to any spatial 
shift in their propagation directions. In fact, in this situation it can be shown that no three-
wave soliton is generated by the interaction process. According to the definition of a soliton 
as a discrete component of the spectrum that is obtained by means of the spectral transform 
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method (Zakharov et al., 1980; Zakharov, 1991), in Fig. 7.b the initial data φ1(x, z = 0),  
φ2(x, z = 0) , φ3(x, z = 0) is only composed of a continuum spectrum component (radiation) 
without any discrete spectrum component (solitons). 

 
 

 
 

 

Fig. 7. Numerical x − z TWI dynamics of waves at wavelengths λ1 and λ2 which mix to 
generate a field at the wavelength λ3. (a) Linear, (b) frequency conversion, and (c) solitonic 
regime. 

Finally, Fig. 7.c shows that, at relatively high input intensities, the interaction between the 
two input beams and the generated beam is qualitatively different from the previous cases. 
In fact, in this case the input fields contain a discrete soliton component along with a 
residual radiation spectrum. The solitonic behavior of the three wave interaction is not 
visible in the first part (i.e., the signal generation) of the interaction picture of Fig. 7.c, which 
is similar to what happens in Fig. 7.b: as in this case the residual input beams which keep 
propagating after generating the sum-frequency wave are composed by pure radiation. In 
fact, the presence of a soliton in the generated beam is revealed in its subsequent complete 
decay into the two waves, which is the spatial analog of the temporal soliton decay. From 
the point of view of the spectral transform of the optical field, we may say that in this case 
the initial data φ1(x, z = 0), φ2(x, z = 0), φ3(x, z = 0) is composed of both a continuum spectrum 
component, or radiation, and a discrete spectrum component or soliton. 
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Another signature of the soliton presence in Fig. 7.c is the characteristic spatial shift that is 
observed between the two input soliton fundamental beams, and the output soliton 
fundamental beams that are generated from the decay of the soliton pump beam, with no 
change of the propagation direction before and after the three-wave interaction process. 
From another perspective, we may point out that if the generated beam was not a three-
wave soliton, then its evolution could be predicted from a simple CW analysis. In this case 
one would not observe a sharp wave decay at a well-defined point along the crystal, but 
rather its continuous back-conversion into the two fundamental waves which would emerge 
from the process substantially wider with respect to the original input beams. 
As a matter of fact, as in the case of temporal solitons, in the spatial case we may identify 
three separate interaction regimes. Namely, the linear, the frequency conversion, and the 
solitonic regime. In order to provide the experimental demonstration of the above discussed 
nonlinear dynamics, Ref. (Baronio et al., 2009) considered the optical spatial non–collinear 
scheme with type II second harmonic generation (SHG) in a birefringent KTP crystal. Two 
orthogonally polarized beams at frequency λ1 =λ2 =λ=1064nm, eEλ  and oEλ  , were injected 
into the nonlinear birefringent medium to cross and overlap at the input face of the crystal. 
Each field was linearly polarized and aligned with a polarization eigenstate of the crystal. In 
the present scheme the two input waves required for the parametric processes to occur, and 
for the subsequent observation of solitonic decay, had tilted wave–fronts. In the overlapping 
area the harmonic / 2

eEλ  at 532nm was generated along a direction which maximized the 
conversion efficiency as it was fixed by the noncollinear phase–matching conditions. The 
sum–frequency harmonic propagation direction was found to be in between the directions 
of the two input waves. As the intensities of the input fields were varied in a suitable range 
(1MW/cm2 − 2.5GW/cm2), the TWI linear, frequency conversion, and solitonic regimes in the 
ordinary KTP plane were experimentally observed as reported in ref.(Baronio et al., 2009). 

6. Conclusions 
Introduced by a self-contained derivation in section 2 of the 1+1 dimensional equations 
ruling three-wave parametric interactions in dispersive and quadratic nonlinear optical 
crystals, in this chapter we presented an extensive review of their exact simulton solutions. 
Exploiting the properties of such solutions may have important practical applications to the 
parametric frequency conversion (e.g., sum and frequency difference generation) of short 
optical pulses. As discussed in section 3, a key property of simulton solutions consisting of 
two bright and one dark wave packet is that their common group velocity may be controlled 
in all-optical manner by adjusting the input energy distribution of its three wave 
components. We pointed out in section 3 that the simulton speed as well as the energy of its 
component waves may evolve in an adiabatic manner whenever one of their parameters 
(such as the input power of one of the waves) is varied at the crystal input. The above 
property permits to obtain a stable (i.e., independent of the precise crystal length or optical 
peak power) frequency conversion of relatively short isolated optical pulses when mixing 
them with quasi–CW pulses. In section 4, we have discussed how, by properly adjusting the 
power of the quasi–CW pulses, one may achieve a full modulation of this CW in a time-
periodic replica of the input short pulse at a different frequency. We could provide simple 
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analytical expressions that permit to relate the time duration, the amplitude and the 
repetition rate of the generated pulse sequence with the input short pulse and CW. Finally, 
in section 5 we have outlined under which practical conditions it should be possible to 
achieve an experimental confirmation in commonly available quadratic nonlinear crystals of 
the theoretically predicted frequency conversion and pulse train generation effects. A first 
demonstration of nonlinear beam reshaping associated with three–wave interaction soliton 
properties was recently carried out in the spatial domain, and its peculiar properties have 
been discussed at the end of section 5. 
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1. Introduction 
In 1974 Stephen Hawking predicted that gravitational black holes would emit thermal 
radiation and decay (Hawking, 1974). This radiation, emitted from an area called the event 
horizon, is since known as Hawking radiation. To date it is still one of the most intriguing 
physical effects and bears great importance for the development of a quantum theory of 
gravity, cosmology and high energy physics. 
The Hawking effect is one of a rich class of quantum properties of the vacuum (Birrell & 
Davies, 1984; Brout et. al., a; Milonni, 1994). For example, in the Unruh effect (Moore, 1970; 
Fulling, 1973; Davies, 1975; DeWitt, 1975; Unruh, 1976), an accelerated observer perceives 
the Minkowski vacuum as a thermal field. The physics of Hawking radiation leaves us with 
fascinating questions about the laws of nature at transplanckian scales, the conservation of 
information and physics beyond the standard model. Because of the thermal nature of the 
radiation, it is characterized by a temperature, the Hawking temperature. For stable 
astronomical black holes this lies far below the temperature of the cosmic microwave 
background, such that an observation of Hawking radiation in astrophysics seems unlikely. 
Laboratory analogues of black holes have the potential to make the effect observable 
(Unruh, 1981; Schleich & Scully, 1984). The space-time geometry of the gravitational field 
can be represented in coordinates that act as an effective flow (Novello et al., 2002; Volovik, 
2003; Unruh, 1981; Jacobson, 1991; Rousseaux et al., 2008). The event horizon lies where the 
flow velocity appears to exceed the speed of light in vacuum. Analogue systems are thus 
inspired by the following intuitive idea (Unruh, 1981): the black hole resembles a river 
(Jacobson, 1991; Rousseaux et al., 2008), a moving medium flowing towards a waterfall, the 
singularity. Imagine that the river carries waves propagating against the current with speed 
c’. The waves play the role of light where c’ represents c, the speed of light in vacuum. 
Suppose that the closer the river gets to the waterfall the faster it flows and that at some 
point the speed of the river exceeds c’. Clearly, beyond this point no wave can propagate 
upstream anymore. The point of no return is the horizon. 
In this chapter we are explaining a recent approach to the realization of an event horizon in 
optics (Philbin et. al, 2008). We start by describing the propagation of light in optical fibers 
and show the analogy to a curved space-time geometry. In Sec. 4 we quantize the field 
equation and give a Hamiltonian. Then we can use the geometrical optics approximation in 
Sec. 5 to find the behavior of light at a horizon, before we describe the scattering process that 
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is the analogue to Hawking radiation (Sec. 6). In Sec. 7 we describe the experimental 
findings of frequency shifts at the optical horizon and compare them to our predictions 
before we conclude. 

2. Background 
Nothing, not even light, can escape from a gravitational black hole. Yet according to quantum 
physics, the black hole is not entirely black, but emits waves in thermal equilibrium (Hawking, 
1974; 1975; Birrell & Davies, 1984; Brout et. al. , a). The waves consist of correlated pairs of 
quanta, one originates from the inside and the other from the outside of the horizon. Seen from 
one side of the horizon, the gravitational black hole acts as a thermal black-body radiator 
sending out Hawking radiation (Hawking, 1974; 1975; Birrell & Davies, 1984; Brout et. al. , a). 
The effective temperature depends on the surface gravity (Hawking, 1974; 1975; Birrell & 
Davies, 1984; Brout et. al. , a) that, in our analogue model, corresponds to the flow-velocity 
gradient at the horizon (Novello et al., 2002; Volovik, 2003; Unruh, 1981; Jacobson, 1991). 
Many systems have been proposed for laboratory demonstrations of analogues of Hawking 
radiation. One type of recent proposal (Garay et al., 2000; Giovanazzi et al., 2004; 
Giovanazzi, 2005) suggests the use of ultracold quantum gases such as alkali Bose-Einstein 
condensates or ultracold alkali Fermions (Giovanazzi, 2005). When a condensate in a 
waveguide is pushed over a potential barrier it may exceed the speed of sound (typically a 
few mm/s) and is calculated to generate a Hawking temperature of about 10nK (Giovanazzi 
et al., 2004). Helium-3 offers a multitude of analogues between quantum fluids and the 
standard model, including Einsteinian gravity (Volovik, 2003). For example, the analogy 
between gravity and surface waves in fluids (Schützhold & Unruh, 2002) has inspired ideas 
for artificial event horizons at the interface between two sliding superfluid phases (Volovik, 
2002), but, so far, none of the quantum features of horizons has been measured in Helium-3. 
Proposals for optical black holes (Leonhardt & Piwnicki, 2000; Leonhardt, 2002) have relied 
on slowing down light (Milonni, 2004) such that it matches the speed of the medium 
(Leonhardt & Piwnicki, 2000) or on bringing light to a complete standstill (Leonhardt, 2002), 
but in these cases absorption may pose a severe problem near the horizon where the spectral 
transparency window (Milonni, 2004) vanishes. 
But do we have to physically move the medium for establishing a horizon? Waves in the river 
may also see a horizon if the river depth changes due to some barrier, as the flow speed is 
increased above the barrier. There is again a black hole horizon just before the barrier. The 
situation is indistinguishable if the water of the river is at rest and the barrier is dragged along 
the river bed. Thus the medium can be locally disturbed and the wave speed can be reduced 
locally, leading to a situation of moving horizons in a medium at rest. Any Hawking radiation 
emitted this way will be immensely Doppler shifted to higher frequencies. Such ideas were 
discussed for moving solitons and domain walls (Jacobson & Volovik, 1998) in superfluid 
Helium-3 (Volovik, 2003) and more recently for microwave transmission lines with variable 
capacity (Schützhold & Unruh, 2005), but they have remained impractical so far. 
Ultrashort optical pulses seem suited for this scenario as optical frequencies and velocities are 
very high. Moving a medium at a fraction of the speed of light seems illusive. The novel idea 
described in this chapter (Philbin et. al, 2008), illustrated in Fig. 1, is based on the nonlinear 
optics of ultrashort light pulses in optical fibers (Agrawal, 2001) where we exploit the 
remarkable control of the nonlinearity, birefringence and dispersion in microstructured fibers 
(Russell, 2003; Reeves et al., 2003). More recently, ultrashort laser pulse filamentation has been 
shown to exhibit asymptotic horizons based on similar principles (Faccio et al., 2009). 
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Fig. 1. Fiber-optical horizons. Left: a light pulse in a fiber slows down infrared probe light 
attempting to overtake it. Right: the diagrams are in the co-moving frame of the pulse. (a) 
Classical horizons. The probe is slowed down by the pulse until its group velocity matches 
the pulse speed at the points indicated in the figure, establishing a white hole at the back 
and a black hole at the front of the pulse. The probe light is blue-shifted at the white hole 
until the optical dispersion releases it from the horizon. (b) Quantum pairs. Even if no probe 
light is incident, the horizon emits photon pairs corresponding to waves of positive 
frequencies from the outside of the horizon paired with waves at negative frequencies from 
beyond the horizon. An optical shock has steepened the pulse edge, increasing the 
luminosity of the white hole (Philbin et. al, 2008). 

3. Effective moving medium and metric 
The fundamental idea behind the fiber-optical event horizon is the nonlinear and local 
modification of the refractive index of the fiber by a propagating pulse. As we will see later, 
this refractive index modification has to be ultrafast, i.e. the contributing nonlinearity is the 
optical Kerr effect (Agrawal, 2001): the (linear) effective refractive index of the fiber, n0, 
gains an additional contribution δn that is proportional to the instantaneous pulse intensity I 
at position z and time t, 

 (1) 

This contribution to the effective refractive index n moves with the pulse. It acts as a local 
modification of the wave speed and thus as an effective moving medium, although nothing 
material is moving. 
In what follows we will review how this nonlinearity arises in a fiber-waveguide, how it 
forms an effective moving medium, and that the fields follow a metric in analogy to a space-
time manifold in the dispersionless case. 

3.1 Waveguides 
The waveguide confines light in the x and y direction and light propagates along the z 
direction. We assume a fiber homogeneous in z and with the Fourier-transformed susceptibility 

 (2) 

We represent the Fourier-transformed electric field strengths as 

 (3) 

where we assume linearly polarized light. Also we require that the fiber modes U are 
eigenfunctions of the transversal part of the wave equation for monochromatic light with 
eigenvalues β 2(ω), 
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(4) 

For single-mode fibers, only one eigenvalue β 2(ω) exists. 
The eigenvalues β 2(ω) of the transversal modes set the effective refractive indices n(ω) of the 
fiber for light pulses E(t, z) defined by the relation 

 
(5) 

In the absence of losses within the frequency range we are considering, the Fourier-
transformed gχ� (ω) in the longitudinal mode equation (4) is real for real ω and the 
longitudinal mode equation (4) is Hermitian and positive. Since the linear susceptibility χg(t) 
is real, gχ� (ω) is an even function, which implies that n2(ω) and β 2(ω) are even. 

3.2 Effective moving medium 
In our case, an intense ultrashort optical pulse interacts with a weak probe field, an incident 
wave of light or the vacuum fluctuations of the electromagnetic field itself (Milonni, 1994). 
The vacuum fluctuations are carried by modes that behave as weak classical light fields as 
well. The pulse is polarized along one of the eigen-polarizations of the fiber; the probe field 
may be co- or cross polarized. We assume that the intensity profile I(z, t) of the pulse 
uniformly moves with constant velocity u during the interaction with the probe, neglecting 
the small deceleration due to the Raman effect and pulse distortions. Since the probe field is 
weak we can safely neglect its nonlinear interaction with the pulse or itself. As the intensity 
profile of the pulse is assumed to be fixed, we focus attention on the probe field. We 
describe the probe by the corresponding component A of the vector potential that generates 
the electric field E and the magnetic field B, with 

 (6) 

The probe field obeys the wave equation 

 (7) 

where χ denotes the susceptibility due to the Kerr effect of the pulse on the probe. β is given 
by Eq. (5) and we denote the effective refractive index by n0. Equation (7) shows that the 
pulse indeed establishes an effective moving medium (Leonhardt, 2003). It is advantageous 
to use the retarded time τ and the propagation time ζ as coordinates, defined as 

 
(8) 

because in this case the properties of the effective medium depend only on τ. τ and ζ play 
the roles of space and of time, respectively. The z and t derivatives are replaced by 

 
(9) 
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and the wave equation (7) becomes 

 
(10)

where the total refractive index n consists of the effective linear index n0 and the Kerr 
contribution of the pulse, 

 (11)

Since χ  n0 we approximate 

 
(12)

where we can ignore the frequency dependance of n0 in χ/(2n0). Note that Eq. (8) does not 
describe a Lorentz transformation to an inertial system, but the τ and ζ are still valid 
coordinates. 

3.3 Dispersionless case and metric 
For simplicity, we consider the dispersionless case where the refractive index n0 of the probe 
does not depend on the frequency. Note that a horizon inevitably violates this condition, 
because here light comes to a standstill, oscillating at increasingly shorter wavelengths, 
leaving any dispersionless frequency window. However, many of the essentials of horizons 
are still captured within the dispersionless model. 
First, we can cast the wave equation (10) in a relativistic form, introducing a relativistic 
notation (Landau & Lifshitz, 1975) for the coordinates and their derivatives 

 (13)

and the matrix 

 
(14)

that resembles the inverse metric tensor of waves in moving fluids (Unruh, 1981; Visser, 
1998). Adopting these definitions and Einstein’s summation convention over repeated 
indices the wave equation (10) appears as 

 (15)

which is almost the free wave equation in a curved space-time geometry (Landau & Lifshitz, 
1975) (In the case of a constant refractive index the analogy between the moving medium 
and a space-time manifold is perfect1.). The effective metric tensor gμν is the inverse of 
gμν

 (Landau & Lifshitz, 1975). We obtain 

                                                 
1 The exact wave equation in a curved space time geometry is  where g is 
the determinant of the metric tensor (Landau & Lifshitz, 1975). In the case (14) g depends 
only on the refractive index n and hence g is constant for constant n. 
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(16)

In subluminal regions where the velocity c/n of the probe light exceeds the speed of the 
effective medium, i.e. the velocity u of the pulse, the measure of time u2n2/c2 – 1 in the metric 
(16) is negative. Here both ∂τ and ∂ζ are timelike vectors (Landau & Lifshitz, 1975). In 
superluminal regions, however, c/n is reduced such that u2n2/c2 – 1 is positive. A horizon, 
where time stands still, is established where the velocity of light matches the speed of the 
pulse. 

4. Lagrangian formulation and Hamiltonian 
We have now seen that the probe is interacting within an effective moving medium in a way 
similar to waves in moving fluids, mimicking space-time in general relativity. To find the 
classical as well as quantum mechanical evolution of the field, we will next find a suitable 
Lagrangian density and the canonical Hamiltonian. Then we expand the quantized vector 
potential in terms of creation and annihilation operators. 

4.1 Action 
The theory of quantum fields at horizons (Hawking, 1974; 1975; Birrell & Davies, 1984; Brout 
et. al. , a) predicts the spontaneous generation of particles. The quantum theory of light in 
dielectric media at rest has reached a significant level of sophistication (See e.g. Knöll et. al., 
2001), because it forms the foundation of quantum optics (Leonhardt, 2003; See e.g. U. 
Leonhardt, 1993), but quantum light in moving media is much less studied (Leonhardt, 
2003). In optical fibers, light is subject to dispersion, which represents experimental 
opportunities and theoretical challenges: we should quantize a field described by a classical 
wave equation of high order in the retarded time. Moreover, strictly speaking, dispersion is 
always accompanied by dissipation, which results in additional quantum fluctuations (See 
e.g. Knöll et. al., 2001). Here, however, we assume to operate in frequency windows where 
the absorption is negligible. To deduce the starting point of the theory, we begin with the 
dispersionless case in classical optics and then proceed to consider optical dispersion for 
light quanta. 
The classical wave equation of one-dimensional light propagation in dispersionless media 
follows from the Principle of Least Action (Landau & Lifshitz, 1975) with the action of the 
electromagnetic field in SI units 

 

(17)

and hence the Lagrangian density 

 
(18)

In order to include the optical dispersion in the fiber and the effect of the moving pulse, we 
express the refractive index in terms of β(ω) and the effective susceptibility χ(τ) caused by 
the pulse, using Eqs. (5) and (11) with ω = i∂τ. We thus propose the Lagrangian density 
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(19)

In the absence of losses, β 2(ω) is an even function (Sec. 3.1). We write down the Euler-
Lagrange equation (Landau & Lifshitz, 1975) for this case 

 
(20)

and obtain the wave equation (10). Thus the Lagrangian density (19) is correct. 

4.2 Quantum field theory 
According to the quantum theory of fields (Weinberg, 1999) the component A of the vector 
potential is described by an operator ˆ .A  Since the classical field A is real, the operator Â  
must be Hermitian. For finding the dynamics of the quantum field we quantize the classical 
relationship between the field, the canonical momentum density and the Hamiltonian: we 
replace the Poisson bracket between the field A and the momentum density ∂L /∂(∂ζ A) by 
the fundamental commutator between the quantum field Â  and the quantized momentum 
density (Weinberg, 1999). We obtain from the Lagrangian (19) the canonical momentum 
density 

 
(21)

and postulate the equivalent of the standard equal-time commutation relation (Weinberg, 
1999; Mandel &Wolf, 1995) 

 
(22)

We obtain the Hamiltonian 

 

(23)

One verifies that the Heisenberg equation of the quantum field Â  is the classical wave 
equation (10), as we would expect for fields that obey linear field equations. 

4.3 Mode expansion 
Since the field equation is linear and classical, we represent Â  as a superposition of a 
complete set of classical modes multiplied by quantum amplitudes ˆ .ka  The mode expansion 
is Hermitian for a real field such as the electromagnetic field, 

 
(24)
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The modes Ak obey the classical wave equation (15) and are subject to the orthonormality 
relations (Birrell & Davies, 1984; Brout et. al., a; Leonhardt, 2003) 

 (25)

with respect to the scalar product 

 
(26)

The scalar product is chosen such that it is a conserved quantity for any two solutions A1 

and A2 of the classical wave equation (10), 

 (27)

with a prefactor to make the commutation relations between the mode operators 
particularly simple and transparent. The scalar product serves to identify the quantum 
amplitudes ˆ

ka  and †ˆ
ka : the amplitude ˆ

ka  belongs to modes Ak with positive norm, whereas 
the Hermitian conjugate †ˆ

ka  is the quantum amplitude to modes *
kA  with negative norm, 

because 

 (28)

Using the orthonormality relations (25) we can express the mode operators ˆ
ka  and †ˆ

ka  as 
projections of the quantum field Â  onto the modes Ak and *

kA  with respect to the scalar 
product (26), 

 (29)

We obtain from the fundamental commutator (22) and the orthonormality relations (25) of 
the modes the Bose commutation relations 

 (30)

Therefore light consists of bosons and the quantum amplitudes ˆ
ka  and †ˆ

ka  serve as 
annihilation and creation operators. 
The expansion (24) is valid for any orthonormal and complete set of modes. Consider 
stationary modes with frequencies  ,

kω  such that 

 (31)

We substitute the mode expansion (24) in the Hamiltonian (23) and use the wave equation 
(10) and the orthonormality relations (25) to obtain 

 
(32)

Each stationary mode contributes ,
kω  to the total energy that also includes the vacuum 

energy. The modes with positive norm select the annihilation operators of a quantum field, 
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whereas the negative norm modes pick out the creation operators. In other words, the norm 
of the modes determines the particle aspects of the quantum field. In the Unruh effect 
(Moore, 1970; Fulling, 1973; Unruh, 1976; Davies, 1975; DeWitt, 1975), modes with positive 
norm consist of superpositions of positive and negative norm modes in the frame of an 
accelerated observer (Birrell & Davies, 1984; Brout et. al. , a). Consequently, this observer 
perceives the Minkowski vacuum as thermal radiation (Moore, 1970; Fulling, 1973; Unruh, 
1976; Davies, 1975; DeWitt, 1975). In the Hawking effect (Hawking, 1974; 1975), the 
scattering of light at the event horizon turns out to mix positive and negative norm modes, 
giving rise to Hawking radiation. 

5. Field evolution in the geometrical optics approximation 
Here we will derive Hamilton’s equations in the geometrical optics approximation to 
understand the frequency shifts of light near a horizon. 
To quantitatively describe this effect, we will derive the frequency ω’ in a co-moving frame 
that is connected to the laboratory-frame frequency ω by the Doppler formula 

 
(33)

For a stable pulse, ω’ is a conserved quantity, whereas ω follows the contours of fixed ω’ 
when δn varies with the intensity profile of the pulse, see Fig. 4. If δn becomes sufficiently 
large, the frequency ω completes an arch from the initial ω1 to the final ω2; it is blue-shifted 
by the white-hole horizon. At a black-hole horizon, the arch is traced the other way round 
from ω2 to ω1. For the frequency at the center of the arches an infinitesimal δn is sufficient to 
cause a frequency shift; at this frequency the group velocity of the probe matches the group-
velocity of the pulse. 

5.1 Geometrical optics 
A moving dielectric medium with constant refractive index but nonuniform velocity 
appears to light exactly as an effective space-time geometry (Leonhardt, 2003)2. Since a 
stationary 1 + 1 dimensional geometry is conformally flat (Nakahara, 2003) a coordinate 
transformation can reduce the wave equation to describing wave propagation in a uniform 
medium, leading to plane-wave solutions (Leonhardt & Philbin, 2006). The plane waves 
appear as phase-modulated waves in the original frame. Consequently, in this case, 
geometrical optics is exact. In our case, geometrical optics provides an excellent 
approximation, because the variations of the refractive index are very small. 
Consider a stationary mode A. We assume that the mode carries a slowly varying amplitude 
A and oscillates with a rapidly changing phase ϕ, 

 (34)

We represent the phase as 

 
(35)

                                                 
2 see footnote 1 in Sec. 3.3 
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and obtain from the wave equation (10) the dispersion relation 

 
(36)

by neglecting all derivatives of the amplitude A. Here n includes the additional 
susceptibility χ due to the Kerr effect of the pulse according to Eq. (11). The dispersion 
relation has two sets of solutions describing waves that are co- or counter-propagating with 
the pulse in the laboratory frame. Counter-propagating waves will experience the pulse as a 
tiny transient change of the refractive index, whereas co-propagating modes may be 
profoundly affected. 
Consider the solution given by Eq. (33). In this case, we obtain outside of the pulse in the 
laboratory frame ϕ = n(ω/c)z–ωt, which describes light propagating in the positive z 
direction. Consequently, the branch (33) of the dispersion relation corresponds to co-
propagating light waves. We also see that ω is the frequency of light in the laboratory frame, 
whereas ω’ is the frequency in the frame co-moving with the pulse. Equation (33) describes 
how the laboratory-frame and the co-moving frequencies are connected due to the Doppler 
effect. 
In order to find the evolution of the amplitude A, we substitute in the exact scalar product 
(26) the approximation (34) with the phase (35) and the dispersion relation (33). In the limit 
ω′1  → ω′2  we obtain 

 
(37)

which should give δ( ω′1  − ω′2 ) according to the normalization (25). The dominant, diverging 
contribution to this integral, generating the peak of the delta function, stems from τ →±∞ 
(Landau & Lifshitz, 1977). Hence, for ω′1  → ω′2 , we replace ϕ in the integral by ϕ at τ →±∞ 
where ω does not depend on τ anymore, 

 
(38)

which gives δ( ω′1  − ω′2 ) for 

 
(39)

and positive frequencies ω in the laboratory frame. Note that positive frequencies ω’ in the 
co-moving frame correspond to negative ω in superluminal regions where the pulse moves 
faster than the phase-velocity of the probe light. 
Hamilton’s equations (Landau & Lifshitz, 1976) determine the trajectories of light rays in the 
co-moving frame, parameterized by the pulse-propagation time ζ. Here τ plays the role of 
the ray’s position. Comparing the phase (35) with the standard structure of the eikonal in 
geometrical optics (Born & Wolf, 1999) or the semiclassical wave function in quantum 
mechanics (Landau & Lifshitz, 1977) we notice that –ω plays the role of the conjugate 
momentum here. Therefore, we obtain Hamilton’s equations with a different sign than usual 
(Landau & Lifshitz, 1976), 
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(40)

Now we express τ�  in terms of the group index in the laboratory frame. The group velocity vg 

is the derivative of the frequency ω with respect to the wave number nω/c (Agrawal, 2001) 

 
(41)

We obtain from the first of Hamilton’s equations (40) and the Doppler formula (33) 

 
(42)

where ′gv  denotes the difference between the group velocity of the probe vg and the pulse 
speed u. We see that the velocity τ�  in the co-moving frame (8) vanishes when the Kerr 
susceptibility χ reduces the group velocity c/ng such that it matches the speed of the pulse u. 
Since ω�  does not vanish here in general, the ray does not remain there, but changes 
direction in the co-moving frame. 
At such a turning point we expect a violation of the validity of geometrical optics (Landau & 
Lifshitz, 1977). For example, the amplitude (39) would diverge here. Geometrical optics is an 
exponentially accurate approximation when 

 
(43)

as we see from the analogy to the semiclassical approximation in quantum mechanics 
(Landau & Lifshitz, 1977). Here the cycle T plays the role of the wavelength. We get 

 
(44)

Consequently, geometrical optics indeed is no longer valid near a turning point where 

 
(45)

This turning point defines a group velocity horizon where the pulse has slowed down the 
probe such that it matches the speed of the pulse. At this horizon the incident mode is 
converted into a mode that represents another solution of the dispersion relation; a red-or 
blue-shifted wave, depending on the dispersion and the sign of the first derivative of χ with 
respect to τ at the group velocity horizon. White holes correspond to increasing χ and black 
holes to decreasing χ. White holes blue-shift, because incident waves freeze in front of the 
horizon, oscillating with increasing frequency. Black holes red-shift, because they stretch 
any emerging waves (also because black holes are time-reversed white holes). Due to the 
dispersion of the fiber, the refractive index changes with frequency. In turn, the dispersion 
limits the frequency shifting by tuning the light out of the grip of the horizon. In particular, 
the dispersion limits the blue-shifting at white-hole horizons to respectable but finite 
frequencies, considering the tiny magnitude of χ, as we discuss in Sec. 7.1. 
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At the event horizons of astrophysical black holes, similar effects are expected (t’Hooft, 1985; 
Jacobson, 1991) when, due to the wave-number divergence, the wavelength of light is 
reduced below the Planck length scale  where G is the gravitational constant. The 
physics beyond the Planck scale is unknown. This trans-Planckian physics should regularize 
the logarithmic phase singularities (Birrell & Davies, 1984; Brout et. al. , a) of modes at the 
event horizon. Studies of trans-Planckian physics indicate, that the Hawking effect of the 
black hole is not affected (Unruh, 1995; Brout et al. , b). On the other hand, the quantum 
radiation of white holes is dominated by trans-Planckian physics, because of the extreme 
blue shift at white-hole horizons. It has been predicted (Corley & Jacobson, 1999; Leonhardt 
& Philbin, 2007) that black-hole white-hole pairs could act as black hole lasers in a regime of 
anomalous group velocity dispersion. From a theoretical point of view, trans-Planckian 
physics regularizes some of the arcane features of quantum black holes and gives a more 
natural picture of the physics behind the Hawking effect (Brout et al. , b). In our case, the 
optical analogue of trans-Planckian physics, optical dispersion, is known in principle and 
turns out to be to the advantage of the experiment. 

6. Hawking effect 
Imagine instead of a single probe mode a set of probe modes. The modes should be 
sufficiently weakly excited such that they do not interact with each other, but they 
experience the cross Kerr effect of the pulse, the presence of the medium (1) moving with 
the velocity u. Themodes constitute a quantum field of light in a moving medium 
(Leonhardt, 2003). 
A phase-velocity horizon is formed if the pulse has slowed down the probe such that its phase 
velocity is lower than the speed of the pulse. The condition for this horizon is: 

 
(46)

Here an additional effect occurs: the spontaneous creation of photon pairs, Hawking radiation. 
In the near ultraviolet around λ = 300nm, the dispersion of fibers is dominated by the bare 
dispersion of glass where n0(ω) rapidly grows with frequency (Agrawal, 2001), exceeding 
the group index c/u of the pulse. For such ultraviolet modes, the pulse moves at 
superluminal speed. According to the Doppler formula (33) these superluminal modes 
oscillate with negative frequencies ω’ in the co-moving frame for positive frequencies ω in 
the laboratory frame, and vice versa. Moreover, each subluminal mode with positive ω has a 
superluminal partner oscillating at the same co-moving frequency ω’, but with negative 
laboratory frequency, see Fig. 2. The Kerr susceptibility of the pulse may slow down the 
subluminal modes such that the pulse moves at superluminal speed. As we will show in this 
section, in this case suband superluminal modes are partially converted into each other and 
photon pairs are created, even if the modes were initially in their vacuum states (Birrell & 
Davies, 1984; Brout et. al., a). This process is the optical analogue of Hawking radiation 
(Hawking, 1974; 1975). Photons with positive ω’ correspond to the particles created at the 
outside of the black hole (Birrell & Davies, 1984; Brout et. al., a), while the negative-
frequency photons represent their partners beyond the horizon. 
In the fiber-optical case, the photon pairs are distinguishable from the intense pulse, because 
their frequencies differ by an octave. Furthermore, one can discriminate the Hawking effect 
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Fig. 2. Doppler-shifted frequency versus wavelength (Philbin et. al, 2008). The figure shows 
the co-moving frequency (33) (in 1015Hz) for the micro-structured fiber versus the 
wavelength λ (in nm). We used the fiber dispersion data in Eq. (72), apart from two 
constants that we fitted to the Sellmeier formula for fused silica at short wavelengths 
(Agrawal, 2001). 

from other nonlinear optical processes, such as Four-Wave Mixing, because it is not subject 
to their phase-matching conditions (Agrawal, 2001). Moreover, in addition to observing 
Hawking radiation per se, one could detect the correlations of the Hawking partners — a feat 
that is utterly impossible in astrophysics, because there the partner particles are lost beyond 
the horizon of the black hole. 
Thus in this section we investigate the scattering mechanism which leads to Hawking 
radiation for our analogue system in a classical as well as quantized treatment. 

6.1 Classical Hawking effect 
For simplicity, we consider a single white-hole horizon, not the combination of black- and 
white-hole horizons generated by a moving pulse. We will argue later that in practice the 
white-hole will dominate the Hawking effect, which a-posteriori justifies this simplification. 
Suppose, without loss of generality, that at τ =0 the Kerr-reduced phase-velocity of the 
probe, c/n, matches the group velocity of the pulse u. We assume that the mode conversion 
occurs near this point and expand the Kerr susceptibility χ as a linear function in τ, 

 
(47)

The group velocity of the incident probe is much lower than the pulse speed u and so both 
the sub- and the superluminal probe travels from the front of the pulse to the back, from 
negative to positive retarded time τ. For a white-hole horizon χ increases for decreasing 
retarded time, and so χ� (0) < 0. 
We proceed similar to (Brout et al. , b) and focus on the conversion region where we 
Fourier-transform with respect to τ the wave equation (10) with the refractive index (11) for 
stationary waves in the co-moving frame and using the linear expansion (47). The frequency 
conjugate to τ is the laboratory-frame frequency ω. We replace τ by –i∂ω, ∂ζ by –iω’ and ∂τ  by 
–iω, denote the Fourier-transformed vector potential by A� , and obtain 

 
(48)
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This first-order equation has the exact solution 

 
(49)

with constant 0
�A . We introduce 

 
(50)

Note that the phase φ contains a logarithmic contribution, 

 
(51)

This logarithmic asymptotics of the phase will lead to the characteristic mode conversion at 
the phase velocity horizon. In order to see this, we Fourier-transform A�  back to the domain 
of the retarded time, 

 
(52)

and use the saddle-point approximation, i.e. we quadratically expand the phase φ + ωτ 
around the stationary points where ∂ω(φ +ωτ) vanishes and perform the integration as 
Gaussian integrals along the direction of steepest descent. One easily verifies that the 
stationary points are the solutions of the dispersion relation (36). We denote the two 
solutions by ω± indicating their sign. We obtain for the second derivative in the quadratic 
expansion 

 
(53)

The Gaussian integrals at ω± are proportional to the inverse square root of ∂ 2
ω (φ + ωτ). We 

see from Eqs. (40) and (42) that they are consistent with the amplitudes (39) of geometrical 
optics. Consequently, we obtain a superposition of the two waves (34) that correspond to the 
two physically-relevant branches of the dispersion relation (36). We denote the positive-
frequency wave by A+ and the negative-frequency component by *A− . The star indicates that 
this component resembles the complex conjugate of a mode, because a mode predominantly 
contains positive laboratory-frame frequencies, according to the normalization (39). The 
coefficient of *A−  is given by the exponential of the phase integral from the positive branch 
ω+ to the negative frequency ω_ on the complex plane. The amplitude of the coefficient is the 
exponent of the imaginary part of the phase integral, while the phase of the coefficient is 
given by the real part. We can incorporate the phase of the superposition coefficient in the 
prefactor (39), but not the amplitude. The imaginary part of the phase integral comes from 
the logarithmic term (51), giving πω’/α ’. Therefore, the relative weight of the negative-
frequency component in the converted mode is exp(–πω’/α ’). We thus obtain for τ < 0 
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 (54)

where Z denotes a constant for given ω’. We determine the physical meaning of Z in Sec. 6.2, 
but here we can already work out its value by the following procedure: consider a 
wavepacket with co-moving frequencies around ω’ that crosses the horizon. Suppose that 
this wavepacket is normalized to unity. After having crossed the horizon, the norm of the 
positive-frequency component is Z, while the negative-frequency component has the 
negative norm –Zexp(–2πω’/α ’). The sum of the two components must give unity, and so 

 
(55)

We represent Z1/2 as coshξ and obtain from Eq. (55) 

 (56)

Consequently, the incident wave A± is converted into the superposition A± coshξ + *A∓  sinh ξ 
when it crosses the horizon from positive to negative τ. Hence we obtain for this process the 
mode 

 
(57)

Equation (57) describes the fate of a classical wave that crosses the horizon. A negative-
frequency component is generated with weight sinh2 ξ relative to the initial wave, but, since 
coshξ > 1, the positive-frequency wave has been amplified. The mode conversion at the 
horizon is thus an unusual scattering process where the concerted modes are amplified, at 
the expense of the energy of the driving mechanism, the pulse in our case. (It is also 
mathematically unusual — the Hawking effect corresponds to scattering without turning 
points in the complex plane.) Wherever there is amplification of classical waves, i.e. 
stimulated emission of waves, there also is spontaneous emission of quanta (Caves, 1982) — 
in the case of horizons, Hawking radiation. 

6.2 Hawking radiation 
Suppose that no classical probe light is incident; the modes A±in are in the vacuum state. The 
incident modes are characterized by the asymptotics A± for τ > 0 while outgoing modes are 
required to approach A± for τ < 0. We perform the superposition 

 (58)

and see that A±out obeys the asymptotics 

 
(59)

as required for outgoing modes. The modes (57) and (58) describe two sets of mode 
expansions (24) of one and the same quantum field; for a given ω’ the sum of A±in â ±in and 



 Advances in Lasers and Electro Optics 

 

152 

†
in in

* ˆA a± ±  over the two signs ± of ω must give the corresponding sum of A±out â ±out and 
†

out out
* ˆA a± ± . Consequently, 

 (60)

and by inversion 

 (61)

The vacuum state |vac〉 of the incident field is the eigenstate of the annihilation operators 
â ±in with zero eigenvalue (the state that the â ±in annihilate), 

 (62)

To find out whether and how many quanta are spontaneously emitted by the horizon, we 
express the in-coming vacuum in terms of the out-going modes. We denote the out-going 
photon-number eigenstates, the out-going Fock states (Leonhardt, 2003), by |n+,n–〉 with the 
integers n±. Using the standard relations for the annihilation and creation operators 

 (63)

one verifies that â ±in vanishes for the state 

 
(64)

This is the remarkable result obtained by Hawking (Hawking, 1974; 1975) for the horizon of 
the black hole. First, it shows that the event horizon spontaneously generates radiation from 
the incident quantum vacuum. Second, the emitted radiation consists of correlated photon 
pairs, each photon on one side is correlated to a partner photon on the other side, because 
they are always produced in pairs. The total quantum state turns out to be an Einstein-
Podolski-Rosen state (Leonhardt, 2003), the strongest entangled state for a given energy 
(Barnett & Phoenix, 1989; 1991). Third, light on either side of the horizon consists of an 
ensemble of photon-number eigenstates with probability 1 2 '/ 'nZ e πω α− − . This is a Boltzmann 
distribution of n photons with energies n ω’. Consequently, the horizon emits a Planck 
spectrum of blackbody radiation with the Hawking temperature of (Philbin et. al, 2008): 

 
(65)

where kB denotes Boltzmann’s constant. Fourth, this Planck spectrum is consistent with 
Bekenstein’s black-hole thermodynamics (Bekenstein, 1973): black holes seem to have an 
entropy and a temperature. 
In our case, the spectrum of the emitted quanta is a Planck spectrum for the frequencies ω’ 
in the co-moving frame, as long as a phase-velocity horizon exists. We performed our 
analysis for the white-hole horizon, but, since black holes are time-reversed white holes, we 
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arrive at the same result for the black hole, except that the roles of the incident and outgoing 
modes are reversed. In the laboratory frame, the spectrum is given by the dependance of ω’ 
on the laboratory frequency ω outside of the pulse, i.e. by the dispersion relation (33) for χ = 
0. In our case, ω(ω’) is single-valued for the spectral region where phase-velocity horizons 
are established, see Fig. 2, and so the spectra of black- and white-hole horizons are identical 
for identical α ’. For evaluating α ’ we consider δn at τ = 0, where 

 
(66)

Note that T’ denotes the Hawking temperature in the co-moving frame, defined with respect 
to the Doppler-shifted frequencies ω’, a temperature that is characterized by the Doppler-
shifted Hawking frequency α ’ in regions away from the pulse. We use the Doppler formula 
(33) with the refractive index (1) and the linearization (47) taken at τ = 0, and obtain 

 
(67)

Consequently, the Hawking temperature T in the laboratory frame is 

 
(68)

T does not depend on the magnitude of δn, as long as a phase velocity horizon is 
established. Even the small refractive index variations of nonlinear-fiber optics (Agrawal, 
2001) may lead to a substantial Hawking temperature when δn varies on the scale of an 
optical wavelength. Thus the particle-production rate depends primarily on the sharpness of 
the pulse. This important feature makes the experimental observation of Hawking radiation 
in optical fibers feasible, as modern few-cycle pulses are only a couple of wavelengths long 
(F. X. Kärtner, 2004; Brabez & Krausz, 2000). In addition, an optical shock can form and lead 
to significant further steepening of the trailing (white hole) edge of the pulse at the expense 
of the luminosity of the black hole (Agrawal, 2001; Philbin et. al, 2008). Assuming that the 
steepness of this shock front is comparable to twice the frequency of the pulse carrier, 8 × 
1014Hz, the Hawking temperature (68) reaches 103K, many orders of magnitude higher than 
condensed-matter analogues of the event horizon (Garay et al., 2000; Giovanazzi et al., 2004; 
Giovanazzi, 2005; Jacobson & Volovik, 1998). 

7. Experiment 
We will now describe the experimental observation of frequency shifting of light at the 
group velocity horizon. Based on the theory of Secs. 3 - 6, we also derive mathematical 
expressions for the amount of blue shifting, for the spectral shape, and for estimating the 
efficiency of this process. We discuss the experimental proceedings and findings and 
compare them with the theory. 
Soliton interactions in fibers are well studied. The connection to event horizons, however, 
had not been made and thus experiments merely focussed on related nonlinear effects such 
as optical pulse trapping in fibers (Efimov et al., 2005; Nishizawa & Goto, 2002; Gorbach & 
Skryabin, 2007; Hill et al., 2009) and pulse compression in fiber gratings (optical push 
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broom) (de Sterke, 1992; Steel et al., 1994; Broderick et al., 1997). The measurements 
described here for the first time focussed on the frequency shifts connected to analogues of 
the event horizon.  
In order to observe the frequency shifts at the horizon we launch a pulse into the fiber to 
establish a group velocity horizon as explained in Sec. 5. We also launch a continuous wave 
of light, a probe, that follows the pulse with slightly higher group velocity, attempting to 
overtake it. The probe wavelength λ is chosen much longer than the pulse wavelength λ0 in 
order to separate the two. While approaching the pulse, the Kerr contribution δn slows down 
the probe until the probe’s group velocity reaches the speed of the pulse. The trailing end of 
the pulse establishes a white-hole horizon, an object that light cannot enter, unless it tunnels 
through the pulse. Conversely, the front end creates a black-hole horizon for probe light that 
is slower than the pulse. Since δn is small, the initial group velocity of the probe should be 
sufficiently close to the speed of the pulse. 
In microstructured fibers (Russell, 2003) the group velocity dispersion can be engineered 
such that the group velocity of pulses of 800nm carrier wavelength matches the group 
velocities of probe light in the infrared around 1500nm. At the horizon of an astrophysical 
black hole light freezes, reaching wavelengths shorter than the Planck scale where the 
physics is unknown (The Planck length is given by  where G is the gravitational 
constant.) (t’Hooft, 1985; Jacobson, 1991). In our case, the fiber-optical analogue of Trans-
Planckian physics is known and simple — it is contained in the frequency-dependance of 
the refractive index n, the dispersion of the fiber. At the trailing end of the pulse the 
incoming probe modes are compressed, oscillating with increasing frequency; they are blue-
shifted. In turn, the dispersion limits the frequency shifting by tuning the probe out of the 
horizon. In the case of normal group-velocity dispersion the blue-shifted light falls behind. 

7.1 Dispersion 
The creation of artificial event horizons in optical fibers critically depends on the properties 
of these fibers. Microstructured fibers (Knight et. al., 1996; Russell, 2003) have an 
arrangement of holes close to the fiber core along the fiber. In the simplest picture, the holes 
lower the local refractive index in the transverse plane of the fiber, leading to substantially 
larger index variations compared to conventional fibers. In particular, the anomalous group 
velocity dispersion required for solitons can be generated at wavelengths reaching the 
visible. To create an artificial event horizon, an intense optical pulse has to be formed inside 
the fiber. Optical solitons (Hasegawa & Tappert, 1973; Mollenauer et al, 1980; Agrawal, 
2001) offer a unique possibility for nondispersive stable pulses in fibers. These can be 
ultrashort, allowing for very high peak powers to drive the nonlinearity of the fiber. 
The dispersion parameter D of optical fibers is defined as the change of group delay per 
wavelength change and fiber length. Its units are usually ps/(nmkm). Since the group delay 
per length is given by ng/c and ng/c=∂β/∂ω, we have (Agrawal, 2001) 

 
(69)

The group velocity dispersion is often also characterized by β2, 

 
(70)
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The group velocity dispersion is normal for positive β2 and negative D, and anomalous for 
negative β2 and positive D. 
 

 
Fig. 3. Two measurements of the dispersion parameter D for the fiber used in the 
experiments (Philbin et. al, 2008). Red: technical specification; dotted: result of Alexander 
Podlipensky & Philip Russell, Max Planck Research Group in Optics, Information and 
Photonics, Erlangen, Germany. As the total shaded area vanishes, the two wavelengths at 
either end are group velocity matched. 

For the creation of a horizon we chose a commercial microstructured fiber, model NL-PM-
750B by Crystal Fiber A/S. Figure 3 shows the dispersion of the single mode fiber. The red 
curve is the manufacturer technical specification; the dotted line was measured for our 
particular fiber sample by Alexander Podlipensky and Philip Russell at the Max Planck 
Research Group in Optics, Information and Photonics in Erlangen, Germany. The fiber 
dispersion is anomalous between ≈ 740nm and ≈ 1235nm wavelength and normal otherwise. 
Further fiber properties are summarized in Table 1. Solitons can be created in this fiber 
using ultrashort pulses from Ti:Sapphire lasers. Light that would probe the horizon and 
experience blue shifting as a result, will have to be slowed down by the Kerr effect of the 
pulse such that its group velocity matches the speed u of the pulse. The Kerr nonlinearity is 
small, and so the initial group velocity of the probe should be only slightly higher than u. 
Integrating Eq. (69) we obtain 

 
(71)

Here λ0 and λ denote the center wavelengths of the pulse and the probe light, respectively. 
Therefore, the probe light travels at the speed of the pulse if the integral of D vanishes, as 
illustrated by the shaded areas in Fig. 3. This probe wavelength is called the group velocity-
matched wavelength λm (and ωm the group velocity-matched frequency). For a pulse carrier-
wavelength of 800nm and this fiber we obtain λm ≈ 1500nm. This value of λm is useful and 
justifies the choice of fiber, because it is a standard wavelength for optical communication 
equipment and it is clearly separated from our spectrally broad pulses. Integrating Eq. (69) 
twice we obtain the propagation constant 

 
(72)
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where n is the linear effective refractive index of the fiber and ω0 and ω denote the carrier 
frequency of pulse and probe, respectively.  
In general, the two eigenmodes of polarization of the fiber have slightly different 
propagation constants β. This birefringence creates a refractive index difference Δn between 
the polarization modes. Our fiber exhibits strong birefringence Δn of a few times 10–4. This 
leads to non-negligible changes in the group velocity as we will see later. 
 

 
 

Table 1. Properties of fiber NL-PM-750B (Philbin et. al, 2008). Dispersion data according to 
Crystal Fiber \ Alexander Podlipensky & Philip Russell, Max Planck Research Group in 
Optics, Information and Photonics, Erlangen. Nonlinearity according to Crystal Fiber. The 
fiber birefringence Δn and length L were measured by the authors. The symbols are defined 
in the text. 

7.2 Frequency shifts 
Let us now consider the frequency shifts at a group velocity horizon. During the pulse-
probe interaction, the co-moving frequency ω’ is a conserved quantity and so the probe 
frequency ω follows a contour line of ω’ as a function of the nonlinear susceptibility 
χ induced by the pulse, see Fig. 4. The maximal χ experienced by the probe is proportional 
to the peak susceptibility χ0 experienced by the pulse: assuming perfect mode overlap of 
pulse and probe, χmax reaches 2χ0 when the probe and the pulse are co-polarized and 2χ0/3 
when they are cross-polarized (Agrawal, 2001). If the pulse is a soliton, the peak 
susceptibility and dispersion are connected as (Agrawal, 2001) 

 
(73)

where D0 denotes the dispersion parameter at the carrier wavelength λ0. For example, for a 
soliton at λ0=800nm whose full width at half maximum (FWHM) is 70fs (corresponding to 
T0=40fs), for n0=1.5, Dm=30ps/(nmkm) the peak susceptibility χ0 is 2 × 10–6. Nevertheless, we 
show that this small variation in the optical properties is sufficient to generate a significant 
wavelength shift at the horizon. 
We obtain the contours of ω’ from the Doppler formula (33). We use relations (12) and (72), 
but integrate from the group velocity-matching point, 
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Fig. 4. Doppler contours. The pulse shifts the laboratory frequency ω (or the wavelength λ) 
of a probe along the contour line of constant ω’ as a function (74) of the refractive-index 
change δn = χ/(2n0). For a sufficiently intense pulse δn reaches the top of a contour. In this 
case the probe light completes an arch on the diagram while leaving the pulse; it is red- or 
blue-shifted, depending on its initial frequency (Philbin et. al, 2008). 

 

(74)

   
(75)

The contours of ω’ do not depend on ω′m nor on the scaling factor πu/λm. Because Dm = D(λm) 
< 0, they form inverted parabolas with a maximum at λm for the corresponding χmax. They 
intersect the axis of zero χ at the incident and the emerging wavelengths. Here |Dm|c(λ – 
λm)2/λm equals χmax/n0, and so we get 

 
(76)

Using again that the pulse is a soliton, we obtain 

 
(77)

with r=2 for co-polarized and r=2/3 for cross-polarized pulse and probe light. According to 
Fig. 4 the probe light can maximally be wavelength-shifted from +δλ to –δλ over the range 
2δλ. For the soliton mentioned above the group velocity dispersion D0 is about 
30ps/(nmkm). Using λm ≈ 1500nm and Dm ≈ –160ps/(nmkm), the wavelength shift 2δλ is 
20nm in the co-polarized case and 2δλ=12nm in the cross-polarized case. 
We also derive a simple estimate of the efficiency of the frequency shifting. The probe 
undergoes frequency conversion at the horizon. However, because the group velocities of 
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the probe vg and of the pulse u are similar, only a small fraction of the total probe light can 
be converted within the finite length of the fiber. The pulse and the slightly faster probe 
light travel through the fiber in t=L/u and tp=L/vg with t > tp. The time difference multiplied 
with the probe power Pprobe is the energy Ecoll converted by pulse collision: Ecoll=Pprobe L(1/u 
– 1/vg). Therefore, the fraction η of probe power that is frequency converted is 

 (78)

where νrep is the repetition rate of the pulses and 1/vg=∂β/∂ω ≈1/u + Dmδλ was used. For 
L=1.5m and νrep=80MHz the maximal conversion efficiency η is on the order of 10–4. Note 
that this model assumes that all of the probe light that interacts with the pulse is frequency 
shifted. However, in reality this rate can be lower due to the effect of tunnelling of probe 
light through the pulse. 

7.3 Experimental results 
The experiment is arranged as displayed in Fig. 5. A modelocked Ti:Sapphire laser (Mai Tai, 
Spectra Physics) delivers 70-fs pulses (FWHM) in the near infrared (NIR) at 80MHz 
repetition rate. These linearly polarized pulses are coupled to either one of the principal axes 
of the microstructured fiber of length L=1.5m. The polarization is rotated by a half-wave 
plate. Note that the polarizing beam splitter (PBS) only acts on the probe light. At the fiber 
output temporal autocorrelation traces and spectra are taken to determine the pulse energy 
necessary to create a fundamental soliton. For the center wavelength of 803nm, a dispersion 
D0=30ps/(nmkm) and a nonlinearity γ of 0.1W–1m–1, 70-fs solitons are generated at 5pJ pulse 
energy corresponding to 400μW average power for the repetition rate νrep = 80MHz. 
 

 
Fig. 5. Light from a continuous infrared (IR) laser is filtered by a diffraction grating (G) and 
is steered into a microstructured fiber (MF) by a polarizing beam splitter (PBS), a half wave 
plate (HWP), and a coupling lens (L). Near-infrared (NIR) pulses are launched as well. After 
the fiber the pulses are removed by a dichroic filter (DF) and the probe spectrum is taken 
through a standard single mode fiber (SMF) (Philbin et. al, 2008). 

The output pulse length equalled the 70-fs input pulse length at an input power of 
approximately 320μW. This indicates that a soliton has formed. The observed power in 
comparison with the predicted power of 400μW illustrates the uncertainty in the actual fiber 
dispersion and nonlinearity. The observed Raman-induced soliton self-frequency shift 
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(Agrawal, 2001; Mitschke & Mollenauer, 1986; Gordon, 1986) was  4nm. Note that this shift 
decelerates the pulse and hence is changing the group velocity-matched wavelength λm in 
the infrared (IR). To calculate how much λm is shifted, we use Eq. (71), replacing λ0 and 
λ with λ0 + δλ0 and λm + δλr and linearize. In this way we get 

 
(79)

For the dispersion data shown in Fig. 3, a wavelength change of 4nm of the pulse changes λm 
by δλr = –0.75nm. Since the probe light is wavelength-shifted symmetrically around λm, there 
is a change of the wavelength shift of up to –1.5nm. 
The probe light is derived from a tunable external grating diode laser (Lynx Series, Sacher 
Lasertechnik). It delivers up to 20mW of continuous-wave light, tunable from 1460 to 1540nm. 
The probe light is reflected off a diffraction grating to reduce fluorescence emitted near lasing 
bandwidth. With another half-wave plate the probe light is coupled into the fiber onto one of 
the principal axes. Depending on wavelength, 100 to 600μW of probe power were coupled 
through the fiber. After the fiber we use a dichroic optic to filter out all of the pulse light and 
couple the IR light into a single-mode fiber connected to an optical spectrum analyzer. 
 

 
Fig. 6. Measurement of blue-shifting at a white-hole horizon (Philbin et. al, 2008). Spectrum 
of the blue-shifted light for a copolarized input probe of λ = 1506nm. Traces with (green) 
and without (black) pulses are shown on the logarithmic scale. Their difference is the 
normalized signal on the linear scale (red). The peak at ω2 is the blue-shifted wave. 

Figure 6 shows a typical output spectrum. This spectrum was taken with pulse and probe 
aligned to the slow axis of the fiber. At λ=1506nm the diode-laser input line is visible as a 
strong signal. From λ=1502nm to λ=1510nm we detect residual weak spontaneous emission 
from the laser that was not completely eliminated by the diffraction grating. Traces with and 
without pulses present in the fiber are taken and subtracted, leading to the signal displayed 
on a linear scale (red color). The signal is normalized by the amount of probe power and by 
the resolution bandwidth of 0.5nm. With the pulses present, a clear peak appears on the 
blue side of the input probe light near 1493nm. Since the blue-shifted light is generated from 
the part of the probe light that overlapped with the pulse during fiber propagation, it 
constitutes itself a pulse of finite length. Hence, this length is determined by the relative 



 Advances in Lasers and Electro Optics 

 

160 

group velocity of probe light and the pulse, see for example Eq. (78). In turn, the unshifted 
probe light is partially depleted, forming a gap in intensity. These features lead to a spectral 
broadening of both the shifted and unshifted probe light by a few nanometers. The spectra 
display clearly the blueshifting of waves as predicted by the theory of optical event 
horizons. In what follows we look at the influence of probe detuning as well as polarization 
changes, before we perform a direct fit of the spectrum in Fig.6 to the theory. 
From the measurements shown in Fig. 6, the efficiency of the blue-shifting is 1.1 × 10–5, less 
than the estimated 10–4. This indicates that a significant part of the probe light tunnels 
through the pulse; the pulse is too short /weak to establish a nearly perfect barrier. In the 
tunneling region of the pulse the laboratory frequency ω – ωm is imaginary. In order to 
estimate the maximal imaginary part of ω we consider the extreme case where the initial 
frequency of the probe reaches the group velocity-matched frequency ωm characterized by  
ω’ = ω′m . We solve Eq. (74) for ω and obtain 

 
(80)

Assuming χ ≈ 2 × 10–6 at the soliton peak, n0 ≈ 1.5, λm = 1500nm and Dm = –160ps/(nmkm) the 
imaginary part of ω reaches about 5THz. This is insufficient to significantly suppress 
tunnelling through a 70-fs pulse, because the product of Imω and T0 is much smaller than 
unity. For longer or more intense pulses we expect perfectly efficient frequency conversion 
at the horizon. 
Increasing the probe wavelength further away from λm is shifting light further to the blue 
side of the spectrum, because the wavelength shifts symmetrically around the group 
velocity-matched wavelength, according to Eq. (76) and Fig. 4. Figure 7 displays the spectra 
of shifted light for three detunings of the probe light from the group velocity-matched 
wavelength λm. As expected, the spectra move towards shorter wavelengths by the same 
amount as the probe laser was tuned towards longer wavelengths. 
We also measured how the signal strength, the spectrum integrated over the signal peak, 
evolves with increasing probe power (Philbin et. al, 2008). A clear linear dependence was 
found in agreement with our theoretical model. This measurement proves that the probe 
indeed is a probe, not influencing the pulses via nonlinear effects. 
Changing the input polarizations changes the group velocities of pulse and probe and 
therefore the group velocity-matched wavelength λm shifts by an amount δλm. If we change 
for example the pump polarization from the fast to the slow axis, the inverse group velocity 
β1(λ0) increases as ng0/c is replaced by (ng0 +Δn0)/c. To maintain group velocity matching, 
β1(λm) has to change accordingly by Δn0/c. We use Eq. (71), linearizing around λm, and get 

 (81)

For Dm=–160ps/(nmkm) and Δn0=7.5 × 10–4 we obtain δλm ≈ –16nm ≈ 2δλ. This means that 
the polarization change induces a velocity change that is too large to maintain the optical 
horizon. Therefore, when changing polarizations, the probe laser has to be retuned to a 
wavelength were frequency shifting can be observed. 
Figure 8 shows spectra for all four different polarization combinations. As expected, the 
group velocity-matched wavelength changes. Note that there also is a difference in λm for 
the two co-polarized cases, indicating small changes in the dispersion profile for the two 
polarization axes, a dispersion of the birefringence. 
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Fig. 7. Spectra for different input probe wavelengths. Since the probe mode is mirrored 
around the group velocity-matched wavelength λm, increasing probe wavelengths 
experience increasing blue shifting, as is also illustrated by the contours of Fig. 4 (Philbin et. 
al, 2008). 

 
Fig. 8. Blue-shifted spectra for all four polarization combinations. Co-polarized spectra on 
the slow and fast axis in (a) and (b) and cross-polarized spectra with pulses slow (c) and fast 
(d). Group velocity-matched wavelengths are (a) 1499.5nm (b) 1503.2nm (c) 1486.4nm and 
(d) 1513.3nm (Philbin et. al, 2008). 
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7.4 Theoretical curve fitting of spectra 
With the theory at hand, a functional expression for the spectra of the frequency-shifted 
probe light can be found. For brevity we are giving the results, the full calculation can be 
found in (Philbin et. al, 2008). The Fourier component of the shifted probe field is given by: 

 

(82)

Here A0 is the overall amplitude, ωs is the shifted probe frequency, ηr is a phenomenological 
inclusion of the soliton self-frequency shift (Mitschke & Mollenauer, 1986; Gordon, 1986) in 
terms of a reduced blue-shifted part of the spectrum. The parameter q = πc|Dm|L/ω 2

m  

combines the experimental parameters fiber length L, dispersion Dm, and group velocity-
matched frequency ωm. Finally, G(x) = +∞

−∞∫  e–ξ 2/π(x – ξ)dξ. The power spectrum measured 
corresponds to | A� |2. 
Figure 6 also shows the fit of the observed spectrum with the theoretical curve (82). As 
fitting parameters we used the overall amplitude A0, the shifted probe frequency ωs and 
group velocity-matched frequency ωm, the dispersion Dm and ηr. We obtain a very good fit 
for A0 = 4.1 × 1012 W s , λs = 1505.31nm, λm = 1499.38nm, Dm = –187ps/(nmkm) and ηr = 0.80. 
The shift in λp to λs is consistent with the effect (79) of the soliton self-frequency shift. The 
fitted values for Dm and λm agree with the independently measured dispersion and the 
group velocity-matched frequency calculated from the dispersion curve of Fig. 3. 

8. Conclusion 
In conclusion, we have developed a theory for artificial event horizons in fibers. 
Experimentally, light was blue-shifted by a near group velocity-matched pulse. The 
measured data was explained by the presence of an optical group velocity horizon inside 
the fiber. A very good agreement between theory and experiment was observed. The blue 
shifting corresponds to the optical analogue of trans-Planckian frequency shifts in 
astrophysics (t’Hooft, 1985; Jacobson, 1991). The temperature of analogue Hawking 
radiation was calculated to show that the system gives a realistic chance for experimental 
observation. In this way, we have demonstrated classical optical effects of the event horizon 
in our analogue system, a first step towards tabletop astrophysics (Ball, 2001). 
Aside from the prospect of analogue Hawking radiation, the group velocity horizons could 
be used for ultrafast delay lines, dispersion management, frequency conjugation, or 
quantum frequency conversion. 
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1. Introduction     
Since the “photon” was introduced by Albert Einstein in 1905, a large number of quantum 
optical experiments has been successfully performed with these quanta of light (Zeilinger et 
al., 2005). Also the interaction of single photons with atomic or molecular systems has been 
studied in great detail (Weiner & Ho, 2003). However, from an applications point of view, 
devices operating under high vacuum conditions are difficult to handle. Therefore, highly 
integrated quantum optical systems based on the solid-state are worthwhile studying. In 
this review we are focusing on semiconductor quantum dots. 

2. Semiconductor quantum dots 
Semiconductor quantum dots are sometimes also called “artificial atoms” due to their 
discrete energy states (Weisbuch & Vinter, 1991; Bányai & Koch, 1993; Bimberg et al., 1999; 
Bratschitsch & Leitenstorfer, 2006). If nanocrystals made of semiconductors become so small 
that the de Broglie wavelength of an electron is comparable to the crystal dimensions, a 
“quantum dot” is created. The electron is confined in the narrow potential well and 
resembles a particle in a box with discrete energy levels. The electronic energy states of the 
quantum dot may be populated with electrons and holes. If the energetically lowest lying 
electron and hole form a bound complex – similar to an electron and proton in a hydrogen 
atom -  a so called “exciton” is formed. If electron and hole recombine, energy in form of a 
photon is released, i.e. a semiconductor quantum dot constitutes a nanoscopic light emitter. 
At the beginning of the 21st century it has been shown that a quantum dot is a single photon 
source (Michler et al., 2000; Santori et al., 2002). Recently, it has been demonstrated that 
photons emitted by a single quantum dot may be entangled (Akopian et al., 2006; Stevenson 
et al., 2006). These two experimental findings are basic building blocks for quantum optical 
experiments with semiconductor quantum dots. Up to now, most quantum optical 
experiments have been performed in the steady state with narrowband lasers (Atature et al., 
2006; Xu et al., 2007; Kroner et al., 2008). 

2.1 Ultrafast quantum optics with a single semiconductor quantum dot 
Semiconductor quantum dots are also promising systems for robust and scalable quantum 
information processing (Li et al., 2003; Petta et al., 2005). Ultrafast sequences of coherent 
quantum operations may be envisioned with femtosecond light pulses, if the involved 
quantum states are separated by at least tens of meV. Therefore, small quantum dots with 
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high confinement potentials are favorable. Due to their large Coulomb correlation energies, 
CdSe quantum dots are ideal candidates. 
We have performed two-color femtosecond pump-probe spectroscopy on a single self-
assembled CdSe/ZnSe quantum dot (Sotier et al., 2009). The transient quantum dynamics 
was probed with resonant excitation and detection (Fig. 1).  
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Fig. 1. Photoluminescence (PL) and photoluminescence excitation spectrum (PLE) of a single 
CdSe/ZnSe quantum dot, Inset: Schematic energy level structure of the quantum dot with 
indicated pump and probe center wavelength.  

We were able to resonantly excite, manipulate and read out a single semiconductor 
quantum dot with femtosecond time resolution. A two-color Er:fiber laser  with excellent 
noise performance (Tauser et al., 2003; Moutzouris et al., 2006; Moutzouris et al., 2007) is key 
to these first resonant pump-probe measurements on a single-electron system. The quantum 
dot was resonantly pumped into the p-shell with laser pulses of a duration of 750 fs. The 
transient transmission at the charged exciton (“trion”) transition was probed by a time-
delayed 190 fs pulse (Fig. 2). At a negative delay of -2 ps small oscillatory signatures around 
the fundamental exciton resonance are discernible, which are related to the perturbed free 
induction decay (Fig. 2). At +2 ps a bleaching of the exciton transition is observed due to 
Coulomb renormalization (Fig. 3). In the following 20 ps, the positive transmission signal 
increases by a factor of 1.5 and reaches a constant plateau that slowly decays with the 
radiative lifetime of the trion of 480 ps. As the hot exciton relaxes to its ground state (Fig. 3), 
the original transition is restored, but now under inversion conditions. A time delayed 
probe pulse causes stimulated emission, corresponding to an increase in differential 
transmission. The thermalization rate is governed by the electron spin (Fig. 3): the 20-ps 
onset of stimulated emission corresponds to the relaxation of a singlet electron which is 
generated by 50% of the pump pulses.  
Operating the single semiconductor quantum dot in the nonlinear regime, the ability to 
change the number of quanta in a femtosecond light pulse by exactly ±1 is demonstrated 
(Sotier et al., 2009). 
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Fig. 2. Spectrally resolved transmission change through a single CdSe/ZnSe quantum dot 
for different pump-probe time delays tD. The experimental data are represented by the 
hollow circles, while fits based on the optical Bloch equations for a two-level system are 
given by the blue lines. At negative time delays the perturbed free induction decay is visible. 
At positive time delay ultrafast Coulomb renormalization and spin-dependent electron 
relaxation is observed. 
 

 
Fig. 3. Schematic drawing of the electronic configurations relevant for the differential 
transmission signals at positive time delays.  

3. Nanophotonic elements for increased light-matter coupling 
The experiments presented so far have been performed with at least thousands of photons. 
To reach the limit of only a single photon manipulating a single electron, the coupling of 
light with a wavelength of a few hundred nanometers into the object of nanometer 
dimensions, such as a semiconductor quantum dot, a color center in diamond, or a molecule 
has to be optimized. We follow two main routes to reach this goal: optical microcavities and 
metallic nanoantennas. 

3.1 Dielectric optical pillar microcavities 
We succeeded in embedding colloidal CdSe/ZnSe quantum dots in a planar and pillar 
microresonator operating in the visible regime (Kahl et al., 2007). A planar dielectric cavity 
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is formed by two Bragg mirrors, each consisting of sputtered pairs of alternating TiO2 and 
SiO2 layers. The semiconductor nanocrystals are embedded in the central cavity layer in 
SiO2 surroundings via a spin-on glass technique (Fig. 4).  
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Fig. 4. Schematic drawing of a planar cavity with embedded colloidal semiconductor 
quantum dots. 

Subsequently, micropillars with diameters in the range of 5 µm down to 600 nm are milled 
out of the planar resonator via a focused ion beam (Fig. 5).  
 

 
Fig. 5. Scanning electron microscopy (SEM) image of a dielectric micropillar with embedded 
colloidal CdSe/ZnS quantum dots. 
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Fig. 6. Photoluminescence emission from a pillar resonator of 3 µm diameter with embedded 
colloidal CdSe/ZnS quantum dots, showing distinct microcavity modes. 
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A broadband light transmission measurement through a single micropost cavity shows the 
lowest cavity mode blueshifting with decreased pillar diameter. This effect directly 
demonstrates three-dimensional light confinement. Higher cavity modes are identified in 
the photoluminescence emission from an ensemble of quantum dots (Fig. 6). 
The spectral position of these resonances may be calculated by modelling the pillar cavity as 
a waveguide with an effective refractive index. The theoretical results are in excellent 
agreement with the experimentally observed pillar mode positions and patterns. 
We have also extended our studies to the ultraviolet regime of the electromagnetic 
spectrum. To minimize absorption in the mirrors of the resonator, HfO2 and SiO2 were used 
as high and low refractive index materials. We manufactured the first high-quality dielectric 
pillar microcavities with embedded colloidal ZnO quantum dots in the ultraviolet (Thomay 
et al., 2008). The semiconductor ZnO possesses excellent optical properties (Klingshirn, 
2007). Both the large bandgap of ZnO of 3.4 eV and its exciton binding energy of 60 meV 
will be strongly beneficial to room-temperature operation of future single-photon devices. 
ZnO has a low refractive index as compared to other semiconductors, which facilitates light 
extraction. This compound is also a promising candidate for spintronics applications 
(Janssen et al., 2008). ZnO quantum dots have shown long electron spin dephasing times 
even at room temperature (Liu et al., 2007) and have been successfully doped with magnetic 
ions (Kittilstved & Gamelin, 2006). In the future, the quantum dot ensemble used in this 
study may be replaced by sputtered ZnO quantum dots (Mayer et al., 2009), magnetically 
doped ZnO nanocrystals, or other UV emitters. 

3.2 Metallic optical nanoantennas 
An alternative way of coupling single nanoobjects to the light field is metallic 
nanostructures. These so-called “optical antennas” are one million times smaller than the 
radio antenna analogues. Successful fabrication and operation of these devices has only 
been demonstrated recently (Muhlschlegel et al., 2005; Schuck et al., 2005).  
We succeeded in tuning the length and feedgap of a single gold bowtie antenna by precise 
nanomanipulation (“tuneable nanoantenna”) with the tip of an atomic force microscope 
(AFM) while at the same time monitoring the optical response of the nanostructure via dark-
field scattering spectroscopy (Merlein et al., 2008). The gold bowtie optical nanoantenna was 
fabricated via a colloidal nanomask. The bowtie nanoantenna consists of two gold 
nanotriangles separated by a tip-to-tip distance of 85 nm (Fig. 7a). One arm of the 
nanoantenna was moved with the tip of an AFM, so that the total length of the nanoantenna 
and hence its feedgap were gradually reduced (Fig. 7a and c).  
In contrast to all previous experiments on nanoantenna structures, we were able to study the 
evolution of the optical properties of the same single nanoobject as a function of the 
geometry. In our experiment, the feedgap was precisely controlled on a nanometer scale, 
while the other experimental parameters were kept constant. Most importantly, the shape of 
the nanoantenna arms was not altered. Reducing the antenna gap dramatically changed the 
scattering spectrum. The original single plasmon peak split into two distinct resonances 
(Fig. 7b). The optical properties of the metal nanoantenna with tuneable gap may be 
understood in the following way. At a large feedgap of 85 nm, the dark field scattering 
spectrum is the superposition of the spectra of the two individual nanotriangles. When the 
gap decreases, the metal antenna arms begin to couple electrodynamically. The charge 
density distribution in one triangle at any given time acts on the other arm and vice versa. 
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As a result, collective plasmon modes in direction of the long antenna axis are formed. In the 
experiment, two resonances were clearly observed. The exact three-dimensional shape of the 
nanoantenna is the reason for this effect. Breaking the symmetry of the antenna arms in 
vertical direction due to tilted sidewalls causes a splitting of the dipole mode into two 
distinct resonances, which are both of dipole type. In contrast to earlier work on 
nanoantennas, the full three-dimensional shape has to be taken into account to understand 
their optical properties. This finding will be particularly important if these antenna 
structures are resonantly coupled to single nanoemitters, such as semiconductor quantum 
dots, diamond nanocrystals, or single molecules. These results have also opened the door to 
new nano-opto-mechanical devices, where mechanical changes on the nanometer scale 
control the optical properties of photonic structures. 
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Fig. 7. Atomic force microscope images (a and c) and dark field scattering spectra (b) of a 
single gold bowtie optical nanoantenna with feedgap of 85 nm (black line) and 5 nm (red 
line).  

4. Conclusion 
In conclusion, we have presented a semiconductor quantum dot as a solid-state system to 
perform femtosecond quantum optics experiments. The ultrafast dynamics in a single 
semiconductor quantum dot reveals instantaneous Coulomb renormalization, perturbed 
free induction decay, and unexpected single-photon gain. It is now possible to prepare, 
manipulate, and readout this single-electron system on a femtosecond timescale. When 
driving the dot in the nonlinear regime, it is possible to add single photons to a femtosecond 
laser pulse. Finally, we have demonstrated means of increasing the coupling of light with 
objects of nanometer dimensions. We presented dielectric microcavities operating both in 
the visible and ultraviolet. Alternatively, metal nanoantennas were fabricated. They work as 
optical counterparts of the well-known radio antennas and concentrate light in the antenna 
feedgap. We have demonstrated a tunable bowtie nanoantenna and investigated its linear 
optical properties. We believe that progress in nanotechnology in the next years will further 
enable us to tailor the interaction of light with single nanoemitters to enter the regime of 
few-photon femtosecond physics. 
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1. Introduction 
As we know, the computer science and electronics have a very big incidence in several 
research areas; optics and photonics are not the exception. For our group, the utilization of 
computers; and electronic systems and devices has permitted to develop several projects to 
control processes. Some of them will be described in this chapter. 
In section 1, the development of irradiance meters based on electronic automation are 
shown. The design details and the results produced by the analysis of illumination sources 
in visible range are discussed. In the second section of this chapter, a description of the 
computer tool called Micro Engraved with Laser (MGL) to characterize materials is realized. 
The Reasoning Based on Cases (RBC) and its implementation in the software using Java are 
presented. In order to guaranty the lithography precision, a control system based on a 
microcontroller was developed and coupled to the mechanical system. On the other hand, in 
section 3, an alternative of engraving, considering the use of a Personal Digital Assistant 
(PDA), instead of a Personal Computer (PC) is described. In this case, C language is used for 
programming. With RBC, the application has the capacity to keep information in the cases 
library. Its use optimizes the materials characterization, recovering information of materials 
previously characterized.  The communication between the PDA and the displacement table 
is achieved by means of a system based on a micro-controller DSPIC. The developed 
computers tool permits us to obtain lithography with channels narrower than an optical 
fiber, of approximately 145 µm, with minimum equipment.  In section 4, perspectives of micro 
drilling are also analyzed. Micro drilling with smaller channel diameters is a challenge, with a 
complete analysis of mechanical material properties.  The benefits of Laser-induced plasma 
machining technique are mentioned. Finally, in section 5 our conclusions are provided.  

2. Applications of electronics systems to irradiance meters 
The light detection constitutes a wide field of analysis in optics. As we know, the light can 
be detected by the eye, but it has several disadvantages, compared with electronic devices 
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designed to this purpose, such as a very slow response, a not adequate sensitivity to low-
level signals, and it is not easy connected to electronic receiver for amplification, or other 
signal processing (Palais, 1984). The selection of the appropriate detector is very important 
in the irradiance meter design. It must be considered the costs, spectral responsivity, noise 
levels, and the type of meter where it will be inserted.  
On the other hand, the type of meter can be determined in accordance to the objective that 
could be the determination of the total irradiance or the distribution produced by an 
illumination source. For the first case it is well known the Ulbrich Sphere, is generally used 
to determine the lamps performance and the energy emitted in visible, infrared, and 
ultraviolet radiation. For the second case, different types of meters have been developed in 
order to provide an empirical base of information for specific characteristics, such as: 
photometer and portable intensity light meters. The use of electronics and programming 
tools has been determinant in the development of these devices. For example, some of the 
portable meters use microprocessors to increase the accuracy and to give them special 
characteristics.  Other ones are equipped with memory or datalogger for the data recording. 
In both cases, the addition of these characteristics represent a considerable increase in the 
cost. 
Basic concepts 
A high interest in illumination intensity measurement has been shown in several fields, for 
example in architecture design and public illumination (Westinhouse, 2000), where the 
selection of the appropriate sources is fundamental and constitutes one of the biggest 
reasons for the realized studies. Another area of interest is generated by the necessity of 
manufactures of illumination sources to provide complete information for users, making 
necessary the characterization of the irradiance profiles. In research activities, the interest in 
the energy propagation produced by an illumination source has lead to widest studies in the 
total irradiance and the corresponding distribution.  
The power of optic beam is proportional to the light intensity (defined as the square of the 
electric field). Intensity is proportional to irradiance, the power density; its units are watts 
per square meter.  

2.1 Semi-spherical irradiance meter 
Among the current projects on this area, at first, we developed a semi-spherical irradiance 
meter prototype (Roman G., et al, 2006), figure 1, based on Light Emitting Diodes (LEDs) 
detectors array, distributed in order to produce an uniform covered area (figure 2).  
The selection of the optical detector was realized in this case considering basically the costs, 
because its number in the static array is considerably big.  
The optic power generated by a LED is linearly proportional to the forward driving current 
(Palais, 1984).  The linear relationship can be understood by the following argument: The 
current I is the injected charge per second is then N=i/e, where e is the magnitude of the 
charge on each electron. If η is the fraction of these charges that will recombine and produce 
photons, the optic power output will be: 

 g
g

W
P NW i

e
η

η= =   (1) 

For emission, the diode is forward biased, and charges injected into the junction recombine 
to produce photons. For detection, the process is reversed: the inversed biased and incoming 
photons generate electron-hole pairs, producing electrical current. 
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Fig. 1. (a) Complete irradiance meter, based on a detectors array. (b) Photograph. 

 

 
 

Fig. 2. Detectors distribution. 
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Fig. 3. Spectral responsivity of LED E5/AMB-C. 

The largest response proving LEDs of different colors, as detectors was given by an amber 
LED used as detector, so, it was chosen to form part of the semi-spherical arrangement, in 
order to analyze white illumination sources profiles.  
As the LEDs are commonly acquired without a data sheet, it is necessary to characterize 
them, this action can be realized by means of a monochromator, in this case, the  ACTON 
300. The spectral responsivity of this detector (E5/AMB-C) is shown in figure 3, from 350 up 
to 900 nm. The setup designed to characterize the detectors (LEDs) is shown in figure 4(a) 
and (b). As the response to illumination on a semiconductor junction, is a very small current, 
we use the amplification circuit shown in figure 4(b), with an amplification factor 
determined by the back-feed resistance (Horowitz, 2001). The capacitor was implemented to 
establish the analyzed signals. The linearity of the circuit can be appreciated in figure 4c, 
which was kept until the saturation region that means, approximately until 4.15 μA. The 
maximal response was obtained at 570 nm (figure 3). The linear relation between the 
irradiance and the voltage is considered due to the linearity of the detection circuit.  
 

 
Fig. 4. Linear response of I-V converter circuit. 

A multiplexing stage was necessary due to the number of detectors (61), which is bigger 
than the number of the analogical inputs (16) of the used acquisition card (PCI-MIO-16E-1 
de National Instruments). The data collection rate was of 1.25/16 MS/s, using a dual 
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(74HC4052) multiplexer. Each of the 8 conditioner cards is formed by the amplification and 
the multiplexing circuits (figure 5). The 8 conditioner cards were placed on the meter base 
(figure 1). 
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Fig. 5. Signal conditioner circuit. 
Data visualization 
The flowchart shown in figure 6 was used in the development of the collection and average 
data program. The data collection is realized by the acquisition data card and displayed 
using a program realized in LABVIEW, the data are storage, and this process is repeated 4 
times, completed this cycle all is repeated again. When 100 data are collected in each 
detector, the corresponding average is calculated, which forms part of the useful data. After, 
the process is repeated again, and the new averaged data replace to the previous ones, this 
process continues until the user gives a stop. 
The irradiance profiles, generated with this semi-spherical prototype, were presented using 
bubbles schemes.  An X-lamp LED (figure 7) of warm white light, with an emission diameter 
of 1.9 cm, was tested. Its irradiance profile and irradiance pattern are shown figures 8 and 9, 
respectively. This meter can be used as a quality control device for illumination sources such 
as lamps and bulbs. In the obtained discrete profiles, the following fact was considered: 
according to the Pointing vector physics, the irradiance is proportional to the voltage 
intensity detected in each sensor of the meter. These voltage values permit to obtain the 
corresponding profile of each source and give the capability to choice of more adequate 
sources for specifics tasks. 
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Fig. 6. flowchart of the developed program. 
 

 
Fig. 7. Photograph of X-lamp LED. 
 

 
Fig. 8. Irradiance profile of the X-lamp LED. 
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Fig. 9. Irradiance pattern of the X-lamp LED. 

Some disadvantages of this static meter are given by the use of the detectors array produce, 
which produces a not uniform response also at the same co-latitude angle, as can be 
appreciated in figure 6, especially in the last two external trajectories of detectors. These 
differences in the spectral response were produced basically for the fabrication processes. As 
it is known, even in LEDs from the same manufacturing batch, a difference in response 
exists, although it could be minimal. This fact produces errors in the determination of the 
irradiance profile from 12% up to 90% in critical cases. The error could be reduced being 
more careful with the sensor selection, and replacing them when it is necessary, but always 
it would be present due to their inherent differences. This fact shows the importance of the 
individual characterization before the selection final elements of the array. The alignment of 
the illumination source is another important source of error, that can be appreciated in the 
corresponding data fitting using Zernike polynomials (Sanchez-M. et al., 2003). 
The irradiance pattern (figure 7) generated considering the line sensors shown in figure 2 
has another inconvenient, the appearance of a piece linear graph produced by the small 
number of sensors (only 9), and the variations in symmetry produced by their differences in 
the spectral responsivity. In order to reduce these inconvenient, the use of a single detector 
is suggested, coupled to a mobile mechanical structure. Although the XY table is very 
expensive, its availability in several optical labs permits to think in them as a very practical 
solution, after a certain adaptation, and considering its precision. The automation of the 
movements could be realized, using step motors or servomotors, without an excessive 
inversion. The use of recyclable convenient surfaces are recommended. In this case, the use 
of a CD ROM platform is analyzed. 

2.2 Rectangular irradiance meters for convergent sources. Another application of the 
XY table automation 
Manufacturers employ photometric curves for electric lamps, referring them at 1000 lumens, 
when their emitted fluxes are different of this quantity a normalization is used. These curves 
are obtained as a section of 3D intensity distribution, for all the solid angles, generally are 
indicated in polar coordinates, but for specific applications are also provided in Cartesian 
coordinates, such as in the case of projectors. The attention in this section is focused on the 
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last representation, convenient to convergent sources, for whom the utilization of 
rectangular irradiance meters is suitable. 
The use of XY tables for different applications has been widely reported (Gwirc, S., et al, 
2007, Jaimes-V., et al, 2005) and the case of three grades of liberty has also analyzed (Yañez 
V., et al, 2008). In this section, a rectangular prototype, based on an XY table, used as 
irradiance meter is proposed. The use of only one detector makes necessary the 
implementation of a mechanical mobile support. The implemented detector is a photodiode 
OPT301. The semiconductor photodiodes have some advantages, above the LEDs used as 
detectors, that must be mentioned: they are small, light, sensitive, fasts, and can operate 
with just few bias volts. In order to increase the response, a preamplifier must be integrated 
onto the same chip as the photodiode, producing an Integrated Detector Preamplifier (IDT), 
which is the case of the OPT301. The spectral responsivity and its linear response to 
irradiance can be consulted in www. Alldatasheet.com. Clearly this response is bigger than 
the LED one, which generally have widths of 20-50 nm (Palais, 1984).  
The rectangular prototype was designed on a CD ROM unit, in order to build a very low 
cost mechanical structure, with the following characteristics: 
•  The mobile part of the XY table is used to describe the linear trajectories on X and Y 

axes. It has a total area of 19x14 cm2. The scanning area is of 4.5x3.5 cm2. The total 
height of the base is of 7 cm. 

• The square grid was established for simplicity of 14x15 detection points. 
• The displacement was controlled by means of servomotors. 
• The detector is assembled at one corner of the mobile base (figure 10). 
• The illumination source is located over the central part of the mobile area. 
 
 

 
 
Fig. 10. Meter (a) diagram and (b) photograph. 

The XY movements were programmed on the base of the diagram flux shown in figure 11. 
A photograph of the complete detection circuit and the diagram, using an OPT301M as 
detector, a dsPIC30F4011 for the movements programming and a display as a graphical 
interface to the user are shown in figure 12 and 13, respectively.  
Servomotor movement 
The servomotors normally have a capability to move from 0 to 180 grades in accordance to a 
signal control (figure 14). The control program is based on the generation of a very precise 
rectangular signal, with a period of 200 ms, the width of the pulse is modified depending of 
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the desired position of the rotor, if a position of 90 degrees is required, the sent pulse must 
be of 1.5 ms. In this application, for the control pulse generation, two timers of 16 bits were 
implemented, one for the period and the other one for the pulse duration (figure 15). 
 

 

 
 
 
 

 

Fig. 11. Flow diagram 

Fig. 12. Photograph of the rectangular meter 
composed by a XY table and the detection 
circuit. 
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Fig. 13. Schematic of the detection circuit. 
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Fig. 14. Relationship among the control signal and the movement of the servomotor. 
 

 
Fig. 15. Main program of scanning, reading and sending data to PC. 

They were also implemented interruptions (figure 16), which permit to each timer “to 
notify” to the CPU when each temporization finishes. The control signals for the two motors 
of the system XY are implemented at the pines 3 and 1 of the D port, respectively. 
Communication system between the mecatronic system and the computer 
The serial port US-232 is used to transfer all data read by the optical sensor in each swept 
point of the table (x, y coordinate) to the computer. A program developed in C, and 
compiled in the compiler for C of Microchip for family DSPIC30F was implemented. 
The obtained data are storage in a txt file in the PC, and after, the corresponding graphs are 
generated using suitable software, as ORIGIN. 
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Fig. 16. Interruptions. 
 

 
Fig. 17. Data sending and configuration function for UART (Universal Asynchronous 
Receiver-Transmitter). 
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Results 
The photodetector was biased with 13V, and without a source of illumination, a lecture of 
0.606 V was registered. Three luminaries were analyzed with this meter (figure 18), a 
dirigible X-lamp LED IL51, a lamp conformed by an array of three LEDs IL1 LED3; and a 
single ultra bright white LED. The distance between the X-lamp LED and the photodetector 
was fixed at 13 cm, and due to the different sizes of the lamp with three LEDs, the distance 
was reduced at 10 cm. In the case of the single white LED, the distance was of 17 cm.   
 

 

Fig. 18. (a) Dirigible X-lamp LED IL51, as a sample and the XY table. (b)Lamp IL/1 L3 (with 
a 3 LED array; and (c) single white LED 

As can be appreciated in figure 19b, the illuminated area produced by a dirigible X-lamp is 
almost regular, showing a deviation of only 0.25 units considering a radius of 4.35 distance 
units. These deviations can be attributed basically to the differences in the gear teeth driven 
by each servomotor. The high directivity of this illumination source permits to suggest its 
use in architecture and landscape lighting, for visual inspection, among other possible 
applications. The level of analysis achieved with this prototype permits us to observe very 
little details, which are very difficult to observe with other devices, as the case shown in 
figure 20, where we present the irradiance pattern generated by a spherical mobile 
prototype developed also by our research group, using the same detector and the same 
detection circuit. In the last case, the beamwidth is easily determined, and complements the 
information about the source under test. 
 

(a) 
 

(b) 

Fig. 19. Irradiance profile of dirigible X-lamp LED (a) complete and (b) top view. 
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Fig. 20. Irradiance pattern of the dirigible X-lamp LED. 

The use of high brightness LEDs in lamps improves several fields of interest in illumination, 
such as energy-saving, uniform covering and longer lifetime. The level of directivity of lamps 
based on LED technology has been modified with the use of special metallic covers, as in the 
case of the dirigible X-lamp LED IL51.  For other applications, such as for decorative exterior in 
gardens, or for paths illumination, lamps like the IL/1 L3 can be used. Its corresponding 
radiance profile is given in figure 21. As can be observed, it provides a wider illumination 
angle than the dirigible X-lamp, covering almost uniformly to the total scanning area. In figure 
22, the irradiance pattern obtained with the same spherical prototype of the figure 20 is 
presented. In both cases, the flat surface on the illuminated area is evident. 
 

(a)  
(b) 

Fig. 21. Irradiance profile of lamp with three 
LEDs (a) complete and (b) a zoom in on the 
left side. 

Fig. 22. Irradiance pattern of the single ultra 
bright white LED generated by the spherical 
prototype. 

Finally, a single ultra bright white LED was tested with the prototype. The corresponding 
irradiance profile is shown in figure 23. This LED showed problems of stability that means 
variability in the voltage measurements, and a little asymmetrical response. The same 
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behavior was observed using the spherical irradiance meter and a lux-meter. Its maximum 
illuminance was of 84 lux at a distance equal to 27 cm, very lower compared with the 
illuminance produced by the lamps based on a power star LEDs of high brightness, such as 
the dirigible X-lamp LED, where 1700 lux was measured on the top.  
 

 
Fig. 23. Irradiance profile of the single ultra bright white LED. 
 

 
Fig. 24. XY table used as irradiance meter. 

In order to increase the scanning area other suitable recyclable surface could be used, such 
as the conformed by the photocopiers rails (figure 24).  Its optical sensor, photodiodes for 
visible light like BS520 (www.datasheetcatalog.com), designed to applications in precise 
optical instruments, is useful to use for our purposes, due to its higher stability compared to 
the semiconductor photodiode used in the CD ROM platform. The BS520 photodiode is 
most expensive, but the possibility of recycling permits to consider it as a good option. 
Generally, the absence of the serial numbers of the elements in the photocopier diagrams 
makes necessary to characterize the detector spectral responsivity before to use it. The data 
fitting for rectangular geometries can be realized by means of Chevyshev Polynomials 
(Tecpoyotl, 2006). As we known, the disperse data may lead to large errors unless we use a 
discrete reduction, as it happens commonly in image analysis. 
It can be concluded that the implementation of a single detector in irradiance meters reduces 
the measurements error due to variations in the spectral responsivity.  The precision in this 
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case is determined by the control of the XY displacements. In absence of the servo motors 
implementation, manual control can be also carried out, keeping the reliability of the 
measurements, due to the worm drives coupled to the XY table. Similar structures can be 
realized on the base of the meter presented here, for example, using recycled printer rails or 
making mechanical structures of low cost. The bigger inversion would be realized on the 
detection circuit, which involves the DSPIC programming. A total scanning area, at least at 
20x20 cm2 is suitable in order to realize measurements of the luminaries of larger sizes. Also 
it is suggested to be very careful in the selection of all parts of the prototype, because as we 
mentioned, the little variations for example in the gear teeth can produce deviations in the 
generated profiles. 
The implementation of the rectangular meter permits to observe with a great detail the 
profile produced as a result of the beamwidth of the illumination source under test. The 
generated information permits us to realize a comparison with other spherical prototype 
developed by our research group, and to have complete information about the total 
irradiance profile. The rectangular prototype provides empirical information necessary not 
only for manufacturers, but also for research activities. We found this prototype very useful 
due to the controllability of position, which increases the feasibility of the measurements, and 
provides a very complete irradiance pattern for the case of directive illumination sources. The 
application of the XY table automation shows the high potential of this type of devices.  

3. An artificial intelligence development tool to micro engraved with laser 
(MGL) to control and optimization of the laser engrave process 
The purpose of this project is to make devices that can be used in the optical fiber sensors, 
which requires micrometric dimension engrave. The process consists of two AutoCAD 
design that acts as reproduction by controlling 2 steps motors adapted to move X, Y axis 
mechanism. Case Based Reasoning (CBR) methodology is used to optimize the process.  In a 
simple way, CBR resolves a new problems (new case) by a comparison with the other 
resolved problems (case library), it takes one or more solutions from the most similar cases, 
the proposed solution is evaluated and if it is necessary, this is adapted. Finally, if the 
proposed solution solves the problem, the new case is saved in the case library, in contrary 
case, it is not saved and the comparison continues. In this way, the systems infers 
knowledge or experience, given better results in accordance with its case library extension. 
The laser power approach is obtained under this procedure, as a function of the new 
material properties (per example, the hardness). The comparison of the specific properties 
with other cases or materials already characterized, makes possible to optimize the process 
by reducing engraving probes in new materials. 
Nowadays, any line of development or research depends on the existing materials and 
equipment in other areas or development lines very near to it. This it is the case of the area 
of sensors and optical fibers, which depends mainly on the development of equipment in 
the communication area, where they are mutilated or modified with other pieces to be able 
to be used. This kind of problem can be reduced, if each device, considering its material, is 
designed and made in accordance to the proposed procedure. 
The main problem is to make devices in order to apply them in the area of sensors from 
common materials. This entails two new problems: 
• To characterize the materials  
• Method of engraving 
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The devices fabrication can be realized by several methods, such as (Trimmer, 2005):  
• Micro mechanized by ablation laser  
• Micro mechanized by diamond 
• Micro perforated 
• Stereolithography or micro molded photo 
• LEAGUE (X-ray lithography with metalized) 
• Using Excimer laser 
From the previous methods, if the purpose is to reduce the costs of the project to the 
minimum, the most viable for us is the one of engraving laser. For its utilization, it is 
necessary to account with a high-power laser and the possibility of using different materials 
from waste (like wood, plastic, paper, among others) to realize the engraving tests. The 
laboratory of Optics of CIICAp has all these conditions, making possible to realize here all 
test for the engrave laser process. 
Based on the previous research, two lines of work are considered:  
1. To characterize the materials to use (like the dimension and depth of penetration of the 

channel) by means of the CBR Technique (Software), and 
2. To design a mechanical device to control the displacements in X and Y axes 
In CBR systems, in order to adapt and evaluate a possible solution, frequently it is necessary 
to consider new recovered cases (representing the problem as a case). There are many cycles 
in the process (figure 25). Each case typically contains a description of the problem 
(attributes or characteristics of the problem), a solution and its result (García et al., 2005). 
 

 
Fig. 25. Basic Cycle of CBR. 

In order to find the laser power to use in a new material: the new case (material) is 
compared against the cases in the case library by means of the near neighbor technique 
based on the equation 2. 
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                                        Similarity 
 

(2) 

where:  
T is the new case  
S is the case source  
n is the number of attributes in each case  
i is an individual attribute from 1 until n  
f is the function of similarity for attributes i in cases T and S  
W is the importance (the weight) of attribute i 
The weights of each attribute are assigned by the expert (a person that assigns the weight to 
the attributes based on the quality of the engraving), which are designated by an annotation 
generally going from 0 to 1. For example: the hardness of the material has a weight of 0.60 
whereas the translucence has a weight of 0.05. But, not all the attributes (characteristic of the 
material) are not taken into account, such as the case of the material color, since it is not 
useful for the analysis. 
The values of similarity between the materials change whenever a new material is added to 
the case library. While greater it is the number of attributes (n) and it is counted on an 
extensive Case Library, the time in calculating this similarity will be greater for example, if 
we have 5 attributes in each case and a case library with 100 cases, 500 calculations cases will 
be realized (5*100). Some authors recommend having a base of cases smaller than 100 cases 
(Lake, 1996). 
The recovered more similar cases are used to suggest a solution that is reused and tried on 
successfully. In case of being necessary, the solution will be reviewed and adapted by the 
expert. In addition the expert can make a suggestion like adding wet paper or other 
techniques that help to obtain an engraving with greater quality. Finally, the present 
problem and the final solution are conserved as a new case (material characterized). Any 
solution and/or characteristic of some material can be modified later by the user; while 
more cases have the system will be able to approach an ideal solution for the engraving of a 
new more case. 
The calculation tool was developed with the programming language Java SDK standard 
edition 1.42 with more than 3.000 classes (Chan, 2002), along with JBuilder X, they are used 
to create applications in graphics mode multiplatform (Easttom, 2003). It was necessary to 
use usesPort and parport-win32 libraries for the shipment and reception of data by the 
parallel port. The user interface is based on the principle of easy and friendly software 
(Schildt, 2001). 
The system is based on the following process for the accomplishment of the engraving (see 
Figure 26):  
1. The user uses software to interchange the design created in AutoCAD to another one 

with DXF extension, in ASCII code (Tajadura, 1999). At the moment, designs with lines 
are only processed (command line).  

2. The software only has the data necessary to realize traces (lines made in Autocad), 
reducing the  size of the DXF archive. It transforms the simpler archive MGL (with the 
same name but with the extension mgl).  

3. The user selects the material of the materials base. In case of being a new material, it is 
added to the system providing its characteristics. The system realizes the CBR process 
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to suggest the power for the new material, on the base of the resolute cases (material 
characterized) and the tests of the new material. The fundamental parameters 
considered for the engraving quality are: the power for engraving and the focal 
distance, while for the material are: basically the hardness and the roughness, for future 
analysis the new cases also would consider: information about translucent, heat 
resistance, and metallic or not metallic characteristics. 

4. Continuing with the process, the user selects the lens for the engraving considering the 
focal length and the diameter of the focal point. 

5. The software based on the Autocad file of the design, kept with the extension mgl, 
realizes the outlines through a communication stage (parallel port), to control the 
displacement of a milli-machined table. The objective is to control the rotation of the 
two motors. An improve in the mechanical system was realized by adding the a 
variable height, and a third motor, which functions as an shutter in order to avoid not 
desired engravings.  

6. At the end the tool, the description of the engraving will be required to the user, using 
the RBC. The information is stored in the bookstore of cases to make future 
comparisons between engravings, in order to find an optimized design giving a 
solution improved for the task that the user wishes to realize. The RBC contribution in 
the control software is to suggest the power required for engraving in order to reduce 
the range of the necessary tests for the characterization of the new material. The 
characterized cases are considered to realize the similarity process. 

 

 
Fig. 26. Schematic diagram of the operation of the calculation tool for the engraving with 
laser. 
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The material characterization has been realized considering 4 different tests, based on:  
• The focal distance 
• The laser power 
• Variations on the exposition time  
• Traces and sizes (using an Autocad template) 
The focal distance tests permits to determine the smallest possible diameter of the focal 
point. The variable power test produced, depending of the material characteristics, a 
proportional dependence between the damage and the applied power; the utilization of 
RBC, by the accumulated experience permits to reduce the range of realized tests. The 
variation in the exposition time produced the best defined channels, but it takes a lot of 
time. The variations in trace and sizes tests provide satisfactory results, in spite of some 
mechanical problems. 
The application of CBR to the system produced satisfactory results, better than of those than 
it was expected, such as the realization of engravings with channels less wide than the same 
optical fiber (approx. 145 µm) and engravings become attached to the dimensions in the 
design obtaining in this way a significant advance in spite of the used equipment. The 
quality of the engraving also depends of the used material. The system continues under 
development. The present work outlines a prototype with currently obtained results.  
It can be concluded that the system has wide possibilities to be more than a tool used in the 
devices design for sensing area, due to its capacity for both, to engrave and to realize cuts in 
different materials. The following stage of this project will be the accomplishment of a 
communication interface between a Palm and a mechanical system by means of electronics 
to control the precise movements of servo motors, as well as a more reliable and precise 
mechanical system. Another stage would be to control a new parameter, the displacement in 
Z axis, which would permit to control the depth of the engraving as well as arcs, ellipses 
and other more complex geometric figures.  

4. Computer tool for engraving by means of PDA (Personal Digital Assistant) 
based on RBC 
This section describes a computing tool on the Interface Development Environment (IDE), 
that was developed in an environment of development Code Warrior V9,  in "C" language. 
This IDE accounts with an emulator, which allows to make tests before installing the 
program in the PDA. The goal of this tool is to characterize materials through the Artificial 
Intelligence technique named Case-Based Reasoning (CBR), with the help of this technique 
and a few of instructions, the characterization of the materials can be optimized. The 
development consist in choosing a few of parameters that allow us to do the search in the 
case library through the CBR and then process the data in the PDA. The information is send 
to the serial port, which after is sent to the receptor that transmits it to the motors. 
The engraving techniques in their origins were realized by equipment of great sizes. 
Nowadays the computers are more and more small and economic, and so the use of the 
CNC (Computerized Numerical Control) has been extended to all type of machinery: 
winches, rectifiers, machines to sew, among others. 
Development of a measure tool, that through CBR, handles the information of different 
materials 
The objective is to characterize materials besides executing the program in a portable device 
that allows the adaptation of the user to the work area. The device that will serve like 
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control is a PDA that has capacity of processing and data storage. These devices count with 
series and infrared ports. The difference between them is that first one depends on a 
physical connection, while the infrared does not. The series port requires of wires, but they 
can be larger than the corresponding to parallel port, and the number of wires is smaller. 
The pines Tx, Rx and GND of the connector DB9 are used to connect the PDA to the 
microcontroller. The data conversion is realized by means of the UART module.  
The final mission is to characterize material through a complete system that includes our 
proposed calculation tool, a control module and actuators, as well as a laser.  
The CBR is a technique of Artificial intelligence, its methodology is used in our computer 
tool. The CBR allows having an optimization in the characterization of the materials; some 
of the data that are being handled to be keeping in the case library are: material name, 
thickness, translucence, and the figure to be engraved. The CBR accounts with a basic cycle 
(See Figure 27) that includes the four r’s:  
• To recover the case(s) more similar;  
• To reuse the case(s) to try to solve the problem;  
• To review the propose solution in case of necessity, and  
• To retain the new solution as it leaves from a new case.  
 

 
Fig. 27. The Basic Cycle of RBC [adapted of the proposed by (Aamodt & Plaza, 1994)]. 

A new problem is compared against cases in the cases library and the more similar cases are 
recovered. A solution is suggested as a result of the similarity analysis, which later is reused 
and tested in order to achieve the success of the solution. Unless the recovered case is a very 
similar case, the solution will probably have to be reviewed producing a new case that can 
be conserved. This cycle happens, currently, rarely without the human intervention (see 
figure 28). For example many tools of CBR (Ochoa et al., 2004) act mainly as recovery of the 
case and reutilizing systems. The revision of the case (also call adaptation) is realized often 
by the ones in charge of the Case Library. Nevertheless, this does not have to be seen like 
debility of the CBR, since it permits to work as a tool of making decision, with the human 
collaboration in aid of the best decision (Wainer  et al., 2005). 
The Code Warrior V9, under the "C" programming language, provides an atmosphere, 
which allows to build an interface of easy handling for the user. The diagram of figure 28 
shows how the system works. 
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Fig. 28. Blocks under which the developed tool works. 

This process begins when choosing the kind of the design to realize from:  
1. Predetermined design or  
2. Design at free hands,  
If the first option is chosen, a window is opened, where the user has a series of designs 
previously made, after the selection of one of them is realized, the next step is to introduce 
data of the material to use. A new window with a list of materials is displayed; if the desired 
material is not previously registered previously in the list, the program provide a series of 
fields for fulfill its corresponding information. With this information the system realizes 
tests if it is desired, to acquire a suggested power for engraving. This last data is obtained 
with all the previously acquired data and processed by the methodology of CBR (Morales et 
al., 2005). 
In this way, the program accounts with all necessary information to complete the process 
and send the information through the series port to the control module of the actuators. The 
procedure concludes with  the laser engraving (figure 29). 

 
Fig. 29. Conceptual diagram, showing the Process of control by means of PDA. 

The computer tool was development to realize different tests of engraving, as in the case of 
the system shown in section 2. About the hardware, the motors are moved bi-directionally, 
they are controlled by a PALM and have the capability to realize different types of 
trajectories to engrave surfaces. Several tests were realized with texts engraving. The use of 
recyclable material permits the development of the system with minimum costs. 
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The system is in the stage of finals tests and runs in a PALM 100m (Wilding-McBride, 2004), 
the electronic module already is in operation; and the bookstore of cases accounts with 
information of different materials. It is tried that this system can be used from any place 
where the user is located by means of Internet (WWW). In addition, the possibility to 
storage more parameters of the materials provides more precision in their characterization. 

5. Future trends 
The technique called Electrochemical Machining (ECM) is an anodic dissolution process. It 
utilizes an electrolytic cell formed by a cathode tool and an anode workpiece with a suitable 
electrolyte flowing between them. The anode workpiece is dissolved according to Faraday’s 
law when a sufficient voltage is applied across the gap between the anode and the cathode 
in which electrolyte is filled. Electrochemical processes for drilling small and fine holes by 
controlled anodic dissolution invariably use a weak acidic solution as electrolyte (Shan, 
2004). These include electrochemical drilling (ECD) and acid based ECM drilling processes: 
shaped tube electrolytic machining (STEM), capillary drilling (CD), electro-stream drilling 
(ESD), and jet electrolytic drilling (JED). The advantages of acid based electrochemical hole 
drilling processes are: 
• Good surface finish; 
• Absence of residual stress; 
• No tool wear; 
• No burr and no distortion of the holes; 
• Simultaneous drilling of large number of holes. 
The use of acid electrolytes in ECM hole drilling processes facilitate dissolution of metals and 
the removed material is carried away as metal ions thus making it possible to achieve smooth 
finish with closer tolerances and deep holes of high aspect ratio (Bellows and Kohls, 1982). 
Another Laser (continuous or pulsed) technique named Laser Beam Machining (LBM) is one 
of the most used techniques, based on thermal energy, of type non-contact. This process can 
be applied for almost whole range of materials. The lasers used for machining in the 
industries are CO2 and Nd:YAG. This two lasers are the most stable. In this kind of work, 
the use of power and focusing are everything needed to monitor.  
The mechanism of material removal during LBM includes different stages such as  
a. Melting, 
b. Vaporization, and  
c. Chemical degradation (chemical bonds are broken which causes the materials to 

degrade).  
If a high energy density laser bream is focused on the work surface the thermal energy is 
absorbed, which heats and transforms the work volume into a molten, vaporized or 
chemically changed state that can easily be removed by flow of high pressure assist gas jet 
(which accelerates the transformed material and ejects it from machining zone) (Hirao et al., 
2001). The schematic of LBM is shown in figure 30.  
The interesting part is that each material possess a different response to the light. Some 
interesting materials have been studies as drilling of gamma-titanium aluminide (Biswas et 
al, 2009). Among the most important materials in optoelectronic devices, the Glass is found, 
with a high transmission from the UV to IR wavelength region, excellent thermal and 
electrical properties, and high chemical resistivity (Weber, 2003; Hirao et al., 2001). 
Furthermore, the glass properties are controllable by adjusting the composition during 
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Fig. 30. Basic setup of LBM 

development and fabrication. However, these properties make the glass a challenging 
material to machine (Herman, 2000). Due to poor thermal properties, fabrication of finely 
machined features using laser-based processes e.g. grooves, channels, microholes, stand-
alone levers, etc., in glass materials has been quite a difficult task. 
Laser technologies based on nanosecond (ns), femtosecond (fs) and laser-induced plasma 
processing were investigated in order to obtain high quality laser micro-fabricated features 
on glass materials. Direct write laser using short pulses from ns and fs lasers influences the 
quality of processed glass significantly and produces crack-free, clean machining with 
careful control of the associated thermal processes. Laser-induced plasma machining 
technique allows fabrication of small-size, shallow features along with superfine surface 
finishes within the channels. The potential of these technologies have benefits in the 
fabrication of complex features for biomedical, microfluidic, MEMS and optoelectronic 
devices. 

6. Conclusions 
This work confirms the relevance of the automation in optics applications. For the 
realization of all the prototype, it was required of a multidisciplinary team, involving 
basically programming, electronics and optics knowledge. 
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1. Introduction 
Coherent control of quantum states is a critical step toward many novel technological 
applications ranging from manipulation of quantum bits (qubits) in quantum logic gates to 
controlling the spin degrees of freedom of electrons [1–13]. A qubit with a longer coherence 
time is desirable for the application to the quantum information processing. Electron spins 
in semiconductor nanostructures are considered as one of the most promising candidates of 
the building blocks for quantum information processing due to their robustness against 
decoherence effects [14–18]. A quantum media converter between a photon qubit and an 
electron spin qubit was proposed for the use in quantum repeaters [19–22]. Quantum 
information can take several different forms and it is preferable to be able to convert among 
different forms. One form is the photon polarization and another is the electron spin 
polarization. Photons are the most convenient medium for sharing quantum information 
between distant locations. Electrons are the most efficient medium for manipulating the 
quantum information by electrical and optical means. The fundamental operations are the 
initialization, unitary rotation and measurement of a qubit. The initialization of a single 
electron spin was demonstrated by the efficient optical method [23–25]. Also, the coherent 
rotation of a single electron spin has been realized by the microwave ESR (Electron Spin 
Resonance) method [26] and by the optical STIRAP (STImulated Raman Adiabatic Passage) 
method with coherence times up to several µs [27–33] in III-V semiconductor nanostructures 
and up to several tens of ms in the localized electron systems in IV elemental 
semiconductors [34–36]. The optical STIRAP method is advantageous because of its ultrafast 
operation. However, the precise control of the spin rotation without leaving behind any 
population in the intermediate excited states has not yet been realized. It is also important to 
achieve the unitary spin rotation of two electrons, because the singlet-triplet subspace of two 
electrons was utilized as a qubit space and the electrical manipulation of the qubit was 
realized [16]. At the same time, it is absolutely necessary to confirm the quantum state of the 
electron after the spin state manipulation or the quantum state transfer from a photon, 
namely, to examine whether the electron spin is prepared in the desired state or not. This 
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requires the full state tomography, namely the measurement of the density matrix of the 
electron. This state tomography is also important to estimate the fidelity of relevant 
quantum operations.  
Thus it is a challenging task to establish the precise spin rotation and the spin state 
tomography for both cases of a single electron and two electrons. We review the general 
aspects of the unitary spin rotation of a single electron by the STIRAP method and develop 
the scheme to rotate the pseudo-spin formed by the singlet state and the triplet states of two 
electrons based on the optical STIRAP process, discussing the optimal conditions for the 
precise control. Also we propose and analyze optical methods to achieve the electron spin 
state tomography based on the Faraday/Kerr rotation, referring to the recent experiments 
[37, 38]. 

2. Optical STIRAP method for spin rotation of a single electron 
As mentioned in the Introduction, the spin rotation of a single electron is a crutial ingredient 
in the quantum information processing. It is desirable to accomplish the spin rotation along 
an arbitrary direction for an arbitrary rotation angle in a single-shot process. So far, the spin 
rotation of a single electron was demonstrated by optical and electrical means in the 
proofof- principle experiments. With respect to the required time for the spin rotation, the 
optical method based on the STIRAP (stimulated Raman adiabatic passage) process is 
preferable because of its ultrafast response. But the precise control of the spin rotation is yet 
to be pursued. Here several characteristics of this STIRAP process will be investigated. 
 

 
 

Fig. 1. Schematic energy level structure for the STIRAP process. Allowed optical transitions 
are depicted by x and y, which represent the mutually orthogonal polarizations. Δ denotes 
the off-resonance energy of the excitation lights relative to the transition energies. The 
Raman condition for the excitation lights is imposed. 

In order to carry out the STIRAP process, a Λ-type transtion is necessary, as depicted in Fig. 
1. The lowest two levels denoted by |x〉 and | 〉 are the ground doublet states with close 
energies, e.g., the spin up and spin down states of a single electron or the ground and 
excited vibrational states of a single molecule. A pseudospin is composed of these doublet 
states and can be rotated by optical transitions via the intermediate excited state denoted by 
|T〉. The important point is that the selection rules of the left and right optical transitions are 
orthogonal to each other, which are depicted typically as x and y in Fig. 1. The doublet 
states are not directly connected optically. Then the relevant Hamiltonian is written as 

 (1) 
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 (2) 

 
(3) 

where H0 represents the unperturbed part, V the optical transitions, Ωx and Ωy the Rabi 
frequencies, δ the relative phase shift of the y-polarized light and the energy Ex is put as  
Ex = 0 for the origin of energy. Then the time evolution proceeds as follows: 

 (4) 

 

(5) 

In order to single out the rapidly oscillating part, we put as 

 (6) 

obtaining 

 

(7) 

Now we postulate the Raman condition for the x and y polarized lights: 

 
(8) 

and also assume the same pulse shape for the x- and y-polatized lights with arbitrary 
relative intensity ratio determined by θ: 

 (9) 

Introducing the bright and dark state amplitudes defined by 

 
(10)

we can simplify the equations of motion as 

 
(11)

Thus the dark state does not change. The amplitudes of the bright state and the |T 〉 state 
satisfy the following equations: 
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(12)

 
(13)

To develop the analytical solutions of these equations [39, 40], we assume a sech pulse 
envelope: 

 (14)

Introducing a dimensionless time variable by 

 
(15)

we have 

 
(16)

 

 
(17)

This is a hypergeometric differential equation. General solutions are given by 

 

(18)

 

 
(19)

where F(α, β, γ|ζ) is the hypergeometric function. In the rotation of the pseudospin, we start 
with the initial state in which 

 (20)

and after the pulse we prefer to have 
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 (21)

in order to leave no excitation in the intermediate excited state |T 〉. To satisfy this condition, 
we should have 

 
(22)

because the asymptotic behavior (t→∞) is given by putting as ζ = 1. Using the formula [41] 

 
(23)

which is valid under the condition that Re(c − a − b) > 0 and c ≠ 0, −1, −2, …, we have 

 
(24)

Further, using the formulas 

 
(25)

we obtain 

 
(26)

Putting in the expression of γ, we finally have 

 
(27)

This quantity vanishes only when α = 1, 2, … . This condition is nothing but the condition 
that the pulse area is 2π, 4π, … . This is quite reasonable because the Bloch vector rotates 
and returns to the initial state for the pulse area of integer times 2π. 
Furthermore, under this condition, the amplitude of the bright state receives after a pulse an 
additional factor given by 

 
(28)

where the expressions on the right hand side correspond to α = 1, 2, 3, … , respectively and 
their absolute magnitude is obviously unity and thus they can be put as 

 (29)

This phase φ determines the rotation angle of the pseudospin, as will be shown shortly. 
Now the effect of the pulse can be summarized as 
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(30)

This relation can be rewritten in terms of  amplitudes: 

 
(31)

where the operation of the pulse is calculated as 

 

(32)

 
(33)

This relation indicates that the pseudospin vector composed of |x〉 and | 〉 states is rotated by 
an angle φ around the direction vector . The rotation angle φ can be tuned by the off-
resonance energy Δ in Eq. (8), whereas the direction vector  can be adjusted by the 
intensity ratio and the relative phase shift between the orthogonally polarized lights with 
the same temporal envelope. 
In order to estimate the fidelity of this spin rotation, we prepare an arbitrary initial state, 
follow the time evolution to obtain the asymptotic state, calculate the overlap with the ideal 
state and average over the initial states. In order to take into account relaxation processes, 
we consider the density matrix for the system composed of three states. We prepare an 
initial state: 

 (34)

 (35)

 
(36)

where θi and ϕi indicate the initial direction of the pseudospin. The time evolution of the 
density matrix is given by 

 
(37)

where ¡ includes the population relaxation and decoherence terms. After the time evolution 
we have the asymptotic state π(∞), which is actually π(Tf ) for a large enough time Tf , and 
calculate the fidelity defined by the overlap of the actual density matrix with the ideal 
density matrix which is obtained without any relaxation terms: 

 (38)
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where the angular bracket means the average over the initial spin direction, namely: 

 
(39)

Some numerical results will be presented for the fidelity and the residual population in the 
excited state |T 〉. Because of the energy-time duality the following results can be applied for 
an arbitrary pulse width by scaling appropriately the off-resonance energy. But, for the 
definiteness, the optical pulse is assumed as sech (t/tp) with tp = 5ps and the time evolution 
is integrated over the time range of −6tp ≤ t ≤ 6tp. The relaxation parameters are chosen as 

 (40)

where Γ(γ) indicates the population relaxation (decoherence) rate. The equations of motion 
for the density matrix elements are similar to those given from Eq. (58) to Eq. (64) in the later 
section. First of all, the rotation angle φ is plotted in Fig. 2 as a function of the off-resonance 
energy. The normalized off-resonance energy is defined by Δtp, where Δ is given in Eq. (8), 
and is dimensionless. For the 2π pulse the rotation angle is monotonically increasing with 
increasing off-resonance. The fidelity of the spin rotation is exhibited in Fig. 3. The fidelity is 
improved with increasing off-resonance in general for the 2π and 4π pulses. For the 6π 
pulse, a strange behavior is seen. But it can be understood that a fidelity peak appears 
around the off-resonance energy where the rotation angle is almost 360 degrees, namely, the 
spin returns to the initial state and the deviation from the ideal time evolution is suppressed. 
Another important quantity is the residual population in the excited state |T 〉 and is 
exhibited in Fig. 4. This is monotonically decreasing with increasing off-resonance. 
 

 
Fig. 2. Angles of the spin rotation are plotted as a function of the normalized off-resonance 
energy Δtp for the pulse areas of (a) 2π, (b) 4π, (c) 6π, (d) 8π, and (e) 10π. 

Analytically exact solutions are possible only for the sech pulses. In order to see the effect of 
the pulse shape, a Gaussian pulse is examined for the case of 2π pulse area. Results are 
exhibited in Figs. 5 and 6 and show that the sech pulse is better for the higher fidelity and 
the smaller population left in the excited state after the pulse. 
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Fig. 3. Fidelity of the spin rotation of a single electron is plotted as a function of the 
normalized off-resonance. Curves (a), (b) and (c) correspond to the pulse area 2π, 4π and 6π, 
respectively. 

 
Fig. 4. Residual population in the excited state |T 〉 after the spin rotation of a single electron 
is plotted as a function of the normalized off-resonance. Curves (a), (b) and (c) correspond to 
the pulse area 2π, 4π and 6π, respectively. 
So far we have considered a typical Λ-type system composed of three energy levels. 
However, in the case of a singly charged semiconductor quantum dot, there are at least two 
excited states, namely the trion states, associated with two spin directions of the hole state. 
Thus, the four level system, as depicted in Fig. 7, is more appropriate. The fidelity of the 
spin rotation for the four level system is examined using the parameters: 

 (41)

 (42)

 (43)
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where the Raman condition is applied to the left Λ-type transition. Results are given in Fig. 
8 and show that the fidelity is not degraded by an additional Λ-type transition, especially 
for the 2π pulse area. Thus the spin rotation is expected to be robust against the overlap of 
several Λ-type transitions. 
 

 
Fig. 5. Fidelity of the spin rotation of a single electron is compared between the cases of a 
Gaussian pulse and a sech pulse for the 2π pulse area. 

 
Fig. 6. Residual population in the excited state |T 〉 after the spin rotation of a single electron 
is compared between the cases of a Gaussian pulse and a sech pulse for the 2π pulse area. 

 
Fig. 7. Four level system composed of two electron spin states (lower levels) and two trion 
states with different hole spin states (upper levels). Allowed optical transitions are indicated 
by the x and y polarizations. 
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Fig. 8. Fidelity of the spin rotation of a single electron is plotted as a function of the 
normalized off-resonance in the four-level model. Curves (a), (b) and (c) correspond to the 
pulse area 2π, 4π and 6π, respectively. 

3. Optical STIRAP method for spin rotation of two electrons 
Now we extend the above arguments to the spin rotation of two electrons. This spin rotation 
is important because a qubit composed of the singlet state and one of the triplet states of two 
electrons confined in a semiconductor quantum dot was established and its electrical 
manipulation was demonstrated16. Here we examine the possibility of ultrafast spin otation 
of two electrons by an optical means. As discussed above, the essential ingredient is the Λ-
type transition with mutually orthogonal optical selection rules which enables the spin 
rotation of an arbitrary angle along an arbitrary direction. In the Faraday configuration the 
allowed optical transitions are exhibited in Fig. 9. The charged exciton state is depicted by 
X2−. An additional superscript indicates the spin direction of the electron in the excited 
orbital state and an additional subscript represents the spin direction of the heavy hole in 
the lowest energy orbital state, namely, 

 
(44)

where the left hand side indicates the missing state of the valence band electron in the state 
on the right hand side. There is a Λ-type transition but with the same optical selection rules. 
Thus the arbitrary spin rotation is not possible. 
On the other hand, for the Voigt configuration in which a magnetic field is applied along the 
quantum dot plane (taken as the x axis), the optical selection rules are exhibited in Fig. 10 for 
the case associated with the light hole state. Here, an additional superscript attached to X2− 

indicates the spin direction of the electron in the excited orbital state, namely, +(-) for the 
x(−x) direction and an additional subscript represents the spin direction of the light hole in 
the lowest energy orbital state, namely, h+ or h− corresponding to 

 
(45)
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Fig. 9. Allowed optical transitions in the Faraday configuration for two electrons. The lower 
levels represent the four spin states of two electrons: the singlet (S) and three triplet (T1, T0, 
T−1) states, whereas the upper levels exhibit the negatively doubly charged exciton states 
(X2−) with indexes indicating the spin state of the electron in the excited orbital and the spin 
state of the heavy hole. 

 
Fig. 10. Allowed optical transitions in the Voigt configuration for two electrons. The lower 
levels represent the four spin states of two electrons: the singlet (S) and three triplet (T1, T0,  
T−1) states, whereas the upper levels exhibit the negatively doubly charged exciton states 
(X2−) with indexes indicating the spin state of the electron in the excited orbital and the spin 
state of the light hole. 
where the left hand side indicates the missing state of the valence band electron in the state 
on the right hand side. Then we find that the spin rotation by STIRAP is possible except for 
cases of the pseudospin composed of (S, T0) and (T1, T−1). The same situation holds also for 
transitions associated with the heavy hole. As seen in Fig. 10, the four levels in both the 
ground and excited states are energetically close to each other. In the excited states, they are 
lying within the range determined by the Zeeman energy difference, which is about several 
tens of µeV for 1 Tesla. In the ground states, the singlet state lies below the triplet states by 
the orbital excitation energy and the triplet states are close to each other within the Zeeman 
energy difference. 
It is important to examine the fidelity of the spin rotation under the situation that several Λ- 
type transitions are overlapping within a similar energy range. As a model system we 
consider a five-level system as depicted in Fig. 11. Relative energy differences, population 
relaxation and decoherence rates employed are 

 (46)

 (47)

 (48)
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Fig. 11. Five level system composed of three lower levels and two upper levels. This is a 
simplest idealized model for studying the effect of overlapping Λ-type transitions. 

Concerning the four levels composed of |0〉, |1〉, |2〉 and |3〉, the relevant parameters are the 
same as for the four-level system in Fig. 7. Thus, the effect of an additional level |4〉 can be 
examined. Results are exhibited in Fig. 12. An additional level degrades the coherence of the 
STIRAP process and reduces the fidelity of the spin rotation. However, in the case of 2π 
pulse area, the fidelity keeps a good value for large off-resonance energies. 
 

 
Fig. 12. Fidelity of the spin rotation of two electrons is plotted as a function of the 
normalized off-resonance in the five-level model. Curves (a), (b) and (c) correspond to the 
pulse area 2π, 4π and 6π, respectively. 

Another important feature is the state initialization within the pseudospin subspace. When 
we want to rotate the pseudospin composed of |0〉 and |2〉 states in Fig. 11, the state should 
be initialized within this subspace. We examined the effect on the fidelity of the spin 
rotation of the incomplete state initialization. The fidelity is calculated for the case in which 
the state is prepared in the subspace spanned by the |0〉 and |2〉 states with the weight of 0.9 
and in the |4〉 state with the weight of 0.1. Results are given in Fig. 13 with those for the 
complete initialization in which the state is prepared in the subspace spanned only by the |0〉 
and |2〉 states. The fidelity loss proportional to the deviation from the perfect initialization is 
seen. Thus the state initialization should be carried out as perfect as possible. One possible 
way of the state initialization is the use of the singlet-triplet level crossing by the magnetic 
field tuning. At first we prepare the two electrons in the singlet state and then bring the 
system adiabatically to the crossing point. During the residence period at the crossing point, 
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the state mixing is induced by the spin-orbit interaction and the hyperfine interaction with 
nuclei, leading to an incoherent mixed state. This incoherent mixed state is sufficient to carry 
out the spin rotation. When the electron Zeeman energy is sufficiently large and three triplet 
states are well separated, the state initialization within the subspace composed of two 
crossing states such as (S, T1), (S, T0) and (S, T−1) will be established. 
 

 
Fig. 13. Fidelity of the spin rotation of two electrons is plotted as a function of the 
normalized off-resonance in the five-level model for two cases, namely, one case where 
initially the population is prepared within the states |0〉 and |2〉 with 90% weight and in the 
state |4〉 with 10% weight and the other case where the population is prepared within the 
subspace spanned only by |0〉 and |2〉. The pulse area is 2π. 

4. Spin state tomography of a single electron 

The projective measurement of the spin state of a single electron is possible based on the 
Faraday/Kerr rotation of a linearly polarized light and this has been demonstrated 
experimentally very recently [42,43]. However, in the spin state tomography, all the 
components of the spin (sx, sy, sz), namely, the off-diagonal (coherence) components as well 
as the diagonal components of the density matrix should be measured. The density matrix 
of a single electron spin in the spin up and down bases is given by 

 
(49)

 (50)

where σi (i = x, y, z) is the Pauli spin matrix. The purity of this state is given by 

 
(51)

Thus, by measuring all the components (sx, sy, sz) we can determine whether the state is a 
pure state or not. 
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In order to measure all the components (sx, sy, sz) by an optical means, there should be at 
least one excited state which is connected to both the spin up and spin down states of the 
electron, in other words, there should be a Λ -type transition. This transition creates the 
coherence between the spin up and spin down states, rotates the spin and enables the spin 
state tomography. It is easily shown that such a Λ -type transition is not possible in the 
Faraday configuration. On the other hand, in the Voigt configuration in which an in-plane 
magnetic field is applied along, e.g., the x direction, the Λ-type transition is possible as 
depicted in Fig. 14 for the optical transitions associated with both the heavy hole and light 
hole states. In Fig.14, the optical polarization selection rules are given in the x and y bases. 
The excited state is a trion state composed of a spin-singlet electron pair and a hole. The 
electron and hole states under an in-plane magnetic field are described by 

 
(52)

 
(53)

 
(54)

where for the hole states the left hand side represents the missing state of the valence band 
electron in the state on the right hand side. 
 

 
Fig. 14. Λ-type transitions for a single electron in the Voigt configuration. The lower levels 
indicate the two spin states of the electron, whereas the upper levels represent the trion 
states associated with the light hole or the heavy hole states. The polarization selection rules 
are given in terms of the x and y bases, where the in-plane magnetic field is applied in the x 
direction. 
Now we discuss the scheme to measure the spin component of the electron. A probe light 
propagates along the z axis and its polarization rotation is measured in the transmission or 
reflection geometry. Thus the dielectric tensor represented in the bases of the electric field 
components in the x and y directions is relevant. In the theoretical analysis a single Λ-type 
transition will be considered with the level indexes as depicted in Fig. 15. An external test 
field is applied to estimate the dielectric tensor and is assumed as 

 (55)

where  is the unit vector in the x(y) direction. The initial density matrix, which is to be 
fixed from the measurements, is given by 
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Fig. 15. A Λ-type transition is chosen from the left hand side of Fig. 14 and the levels are 
numbered to simplify theoretical expressions. 

 

(56)

where the bases are chosen as |0〉, |2〉 and |1〉. The relevant equations of motion for the 
density matrix take the form: 

 
(57)

where H0 and V are similar to those in Eqs. (2) and (3) and Γ includes the population 
relaxation and decoherence terms. Expressions for each matrix element are given below: 

 (58)

 (59)

 (60)

 (61)

 (62)

 (63)

 
(64)

where  is the optical matrix element between the states |i〉 and |j〉 for the light polarization 

in the k direction, Ei the energy of the state |i〉, Γi→j the population decay rate from the state 

|i〉 to the state |j〉 and γij is the decay rate of the coherence between the states |i〉 and |j〉. In 
order to facilitate the analysis, the rapidly oscillating parts will be separated out as 

 (65)

where  and  are slowly varying amplitudes. ρ02 is also slowly varying because ω02 is 
very small compared with the optical transition energies. Then the equations of motion for 
these amplitudes become 
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 (66)

 (67)

 (68)

The stationary solutions within the linear response to the test field are given by 

 
(69)

Now the induced polarization and the corresponding susceptibility tensor χ are derived as 

 (70)

 
(71)

Assuming the large off-resonance: Δ ω20, γij , we have 

 
(72)

where v0 is the normalization volume for the polarization density and the subscript A is 
attached for the later use. The dielectric tensor is given by 

 (73)

where ε0 is the background dielectric constant. In the case of large off-resonance, another Λ-
type transition depicted in Fig. 16 should also be taken into account. After a similar 
calculation, the corresponding susceptibility  is estimated as 

 
(74)

 
Fig. 16. A Λ-type transition is chosen from the right hand side of Fig. 14 and the levels are 
numbered to simplify theoretical expressions. 

When the trion state associated with the heavy hole is considered,  and hence A ≅ B, 
because the g-factor of the heavy hole is very small. In the absence of the coupling between 
the heavy hole (hh) and the light hole (lh), the in-plane g-factor of the heavy hole is zero. 
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Actually, that g-factor is finite due to the hh-lh coupling. However, the g-factor of the heavy 
hole is one order of magnitude smaller than that of the light hole [25,44]. Then the total 
susceptibility becomes 

 
(75)

This indicates that only one component of the spin vector can be monitored. On the other 
hand, in the case of the light hole, the energy difference between |1〉 and | 〉 is rather large 
and the contribution from either  or  is dominant. Then all the spin components can be 
measured as discussed below. 
Now we discuss the measurement schemes to probe the spin components. For the moment, 
we consider the transmission geometry, assuming that the  is dominantly contributing to 
the dielectric tensor. Then the susceptibility tensor can be written in terms of sx, sy and sz in 
Eq. (50) as 

 
(76)

and the dielectric tensor is written as 

 (77)

 
(78)

where  is a dyadic form and the last expression is general for the axially symmetric case 
with the propagation vector  of the probe light. Here  is a Hermitian matrix and has 
eigenvectors associated with real eigenvalues χ1 and χ2, namely 

 (79)

Then a probe light with an amplitude: 

 (80)

propagates as 

 (81)

 
(82)

For a thin sample, e.g., a single quantum dot layer, k0z 1 and the phase factor can be 
expanded with respect to this smallness parameter. Then the transmitted field is obtained as 
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(83)

 
(84)

Now we can discuss the schemes to measure the spin components. Here the polarization of 
the probe light is specified in a definite direction and the transmitted probe light is passed 
through a polarizing beam splitter (PBS). Then the intensity difference between two 
orthogonally polarized components is measured. In the first measurement, the probe light is 
polarized along the x direction and the transmitted light is given by 

 
(85)

When this transmitted light is analyzed in the diagonal(D) and cross-diagonal( ) 
polarization bases, namely, 

 
(86)

the intensity difference is calculated as 

 (87)

Thus the sx component can be measured. In the second measurement, the probe light is 
polarized along the x direction and the transmitted light is analyzed in the right-circular(R) 
and left-circular(L) polarization bases, namely, 

 
(88)

Then the intensity difference is given by 

 (89)

and the sy component can be measured. In the third measurement, the probe light is 
polarized along the diagonal(D) direction and the transmitted light is given by 

 
(90)

 
(91)

This transmitted light is analyzed in the right-circular(R) and left-circular(L) polarization 
bases. Then the intensity difference is calculated as 
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 (92)

and the sz component can be measured. Thus, all the spin components (sx, sy, sz) are 
measured and the spin state tomography is completed. 
These measurement schemes can be extended to the reflection geometry. Assuming the 
normal incidence of the probe light, the amplitude of the reflected light is calculated as 

 

(93)

 
(94)

 
(95)

Here the first factor is arising from the background dielectric constant and is not relevant in 
discussing the dependence of the reflected light amplitude on the polarization 
configuration. The reflected light amplitude denoted by  is introduced by 

 (96)

Then the measurement of the spin components can be achieved as follows. In the first 
scheme, the polarization of the probe light is chosen along the x direction and the reflected 
light is given by 

 
(97)

 
(98)

This reflected light is analyzed in terms of the right-circular (R) and left-circular (L) 
polarization bases. Then the intensity difference is given by 

 (99)

Thus the sx component can be measured. In the second scheme, the polarization of the probe 
light is chosen along the x direction and the reflected light is analyzed in terms of the 
diagonal (D) and cross-diagonal ( ) polarization bases. Then the intensity difference is 
given by 

 (100)
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and the sy component can be measured. In the third scheme, the polarization of the probe 
light is chosen along the diagonal (D) direction, namely 

 
(101)

and the reflected light is analyzed in terms of the horizontal (x) and vertical (y) polarization 
bases. Then the intensity difference is given by 

 (102)

and the sz component can be measured. In this way, all the spin components (sx, sy, sz) can 
be measured and the spin state tomography of a single electron is completed. 

5. Quantum correlation (Bell) measurement between two electrons 
In the scheme of quantum repeater, the primary elements are the quantum state transfer 
between a photon and an electron and the entanglement swapping through the Bell 
(correlation) measurement between two electrons which are created through the quantum 
state transfer from two photons. It is preferable to do the Bell measurement between 
electrons instead of photons because the mismatch between the photon arrival times can be 
compensated by the rather long coherence time of electrons, whereas the storage of photons 
is rather difficult although the techniques for the photon storage are progressing steadily. 
Thus we start the discussion assuming that two electrons are prepared in a semiconductor 
nanostructure, e.g., a quantum dot. We propose an optical method to measure the spin state 
of two electrons based on the Faraday or Kerr rotation. Here we employ a linearly polarized 
off-resonant probe light and measure the orientation of the transmitted (reflected) light. 
Thus the method can be nondestructive in the same sense as demonstrated for the case of a 
single electron [42,43]. 
 

 
Fig. 17. Elementary processes of the Faraday rotation for the case of a single resident 
electron. σ+(—) denotes the right (left) circularly polarized light. The upper (lower) horizontal 
line indicates the electron (hole) level. A thin (thick empty) arrow represents an electron (a 
hole) with the spin direction along the arrow. 

Before going into details, let us review briefly the elementary processes of the Faraday 
rotation for the case of a single electron. We consider a III-V semiconductor quantum dot in 
which the hole ground state is the heavy hole state and a magnetic field is applied along the 
crystal growth direction (namely, perpendicular to the quantum well plane). As is well 
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known, the right-circularly polarized light denoted by σ+ excites a down spin electron from 
the valence band state |3/2, −3/2〉 creating a charged exciton or trion, while the left-
circularly polarized light denoted by σ−excites an up spin electron from the valence band 
state |3/2, 3/2〉, as exhibited in Fig. 17. When we probe the system with a linearly polarized 
light along the x direction, i.e., 

 
(103)

where σ+(σ−) may be alternatively denoted by R(L) for the right (left) circular polarization, 
one of the circular components receives a phase shift and the Faraday rotation occurs. Thus 
we can distinguish the two spin states of an electron by the sign of the Faraday rotation 
angle. 
Now we extend this argument to the case of two electrons and consider relevant elementary 
processes for four states of two electrons, namely, the singlet state(S) and the triplet states 
with the magnetic quantum number 1, 0 and -1 (T1, T0, T−1). For the T1 state, spins of the 
two resident electrons are aligned in the same direction and a σ+ polarized light excites a 
down spin electron from the valence band creating a doubly negatively charged exciton X2−, 
as shown in Fig. 18, in which the lowest electron orbital state is occupied by a spin-singlet 
electron pair and the spin direction of the electron in the second lowest orbital state is 
indicated in the superscript and the spin direction of the heavy hole is depicted in the 
subscript, namely: 

 
(104)

where the left hand side represents the missing state of the valence band electron in the state 
on the right hand side. The T1 state is optically inactive for the σ− polarized light. For the T−1 
state, a σ− polarized light excites an up spin electron from the valence band creating another 
doubly negatively charged exciton. This T−1 state is optically inactive for the σ+ polarized 
light. Thus these two states can be distinguished by the sign of the Faraday rotation angle. 
On the other hand, the S and T0 states are optically active for both circular polarizations as 
exhibited in Figs. 19 and 20, and the sign of the Faraday rotation angle is determined by the 
competition between the phase shifts for each circular component. 
 

 
Fig. 18. Elementary processes of the Faraday rotation for the triplet T1 and T−1 states of two 
resident electrons. 
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Fig. 19. Elementary processes of the Faraday rotation for the singlet S state of two resident 
electrons. 

 
Fig. 20. Elementary processes of the Faraday rotation for the triplet T0 state of two resident 
electrons.  and denote excited states of the doubly negatively charged exciton. 
The expression of the Faraday rotation angle is obtained in the perturbation theory and is 
composed of two terms: 

 
(105)

where i indicates the initial state of two electrons, j (k) the final state of the optical transition 
for the σ+ (σ−) component, Ea,b = Ea − Eb with Ea being the energy of the a state, γa,b the 
dephasing rate corresponding to the a ↔ b transition and ω denotes the photon energy of 
the linearly polarized probe light. As mentioned before, for the T1 state only the σ+ 

transitions contribute, whereas for the T−1 state only the σ− transitions contribute. Thus the 
two states can be distinguished by the sign of the Faraday rotation angle. For the S and T0 

states, both σ+ and σ− transitions contribute and thus more detailed arguments are necessary 
to determine the sign of the Faraday rotation angle. Now we examine the resonance position 
of the Faraday rotation angle with respect to the probe photon energy ω. From the 
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elementary processes exhibited in Figs. 18-20, it is seen that for the triplet states the 
resonance occurs at around the energy of the doubly charged exciton states (E(X2−)). On the 
other hand, for the singlet state the resonance occurs at a higher energy than E(X2−) because 
the lowest orbital state is already occupied by a spin-singlet electron pair and the optical 
transition should occur to the higher orbital state. 
Now we discuss more details of the Faraday rotation angle for the case of T0 state. As 
mentioned before, both σ+ and σ− circular components contribute to the Faraday rotation. 
The lowest-energy final state of the optical transition for each circular component is given 
by 

 (106)

The energies of these states are different in a magnetic field because the spin configuration is 
different for these states. In terms of the electron g-factor gc(v) for the conduction (valence) 
band, these energies are given as 

 
(107)

 
(108)

where E0 is the lowest energy of the interband transition. Then the energy difference 
 is typically about one tenth of meV for a magnetic field about 1 Tesla 

and is comparable to the dephasing rate of the optical transitions. From the formula in Eq. 
(105) we see that the dependence of the Faraday rotation angle on the probe photon energy 
is determined by the difference between two dispersive curves with nearly equal resonance 
energies. Thus the profile is given by the derivative of the dispersive curve as shown in Fig. 
21, depending on the sign of the energy difference. The same situation holds for the singlet 
state S. 
 

 
Fig. 21. Dependence on the probe photon energy ( ω) of the Faraday rotation angle for the 
triplet T0 state and the singlet S state of two resident electrons. It depends on the sign of the 
energy difference; namely, (a)  
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Summarizing these considerations, we can show the schematic dependence of the Faraday 
rotation angle on the probe photon energy in Fig. 22. The triplet states T1 and T−1 exhibit a 
typical dispersive lineshape. On the other hand, the profile for the triplet T0 and the singlet S 
states is given by the derivative of the dispersive curve, where the case of 

 > 0 is assumed. The resonance occurs at around the energy of the 
doubly charged exciton state denoted by E(X2−) for the triplet states, whereas for the singlet 
state it occurs at a higher energy than E(X2−) by the orbital excitation energy Δe. Thus when 
we choose the probe photon energy at the downward arrow as shown in Fig. 22, the 
Faraday rotation angle is positive for the T1 state and is negative for the T−1 state. For the T0 

state, the Faraday rotation angle is negative but the magnitude is small. For the singlet S 
state, the Faraday rotation angle would be vanishingly small because of the large off-
resonance. Consequently, we can distinguish between the four states of two electrons by the 
magnitude and the sign of the Faraday rotation angle. 
 

 
Fig. 22. Dependence on the probe photon energy ( ω) of the Faraday rotation angle for the 
three triplet states T1, T0, T−1 and the singlet state S of two resident electrons. Those for T0 

and S are exhibited for the case of  
Now we discuss relevant parameters to optimize the Faraday rotation measurement. The 
essential requirement is the preparation of the lowest two orbital states which are 
energetically well-separated from higher excited states. We consider a circularly symmetric 
GaAs quantum dot with parabolic lateral confinement under a magnetic field along the 
growth direction. Then the orbital eigenstates are represented by the Fock-Darwin states 
[45,46] whose eigenenergies are given by 

 
(109)
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where ω0 is the frequency of the harmonic confinement in the lateral direction and m* is the 
electron effective mass. When we employ the parameter values: ω0 = 5meV, B = 5T and  
m* = 0.067m0 with m0 being the free electron mass, we have ωc = 8.7meV and Ω = 6.63meV. 
The lowest two orbital levels have the spacing of 2.3 meV and are well-separated from the 
higher orbital level by 8.7 meV. These parameter values would enable the Faraday rotation 
measurement to be carried out reliably. 

6. Spin state tomography of two electrons 
In the last Section, we discussed the projective measurement of the spin state of two 
electrons in a semiconductor quantum dot based on the Faraday or Kerr rotation. The 
method can project an arbitrary spin state onto one of the singlet and three triplet states by a 
single-shot measurement. However, in order to know the spin state precisely, namely, the 
density matrix in the spin space, we have to achieve the spin state tomography. This 
tomography cannot be carried out by a single-shot measurement but repeated 
measurements are necessary under the assumption that exactly the same spin state can be 
prepared repeatedly. This tomography will be necessary to estimate, for example, the degree 
of the entanglement between two electrons created at distant locations after photo-
absorption of a pair of polarization entangled photons. The tomographic methods for a 
single photon and two photons were already established [47] and it is instructive to review 
the tomography of the photon states in considering the spin state tomography. 
Photons have two orthogonal polarization states, namely, horizontal (H) and vertical (V ) 
polarizations denoted by 

 
(110)

The photon density matrix, which is a 2 × 2 matrix, can be decomposed as 

 
(111)

where si ’s are the Stokes parameters and σi ’s are the Pauli spin operators. These parameters 
can be fixed by the apparatus exhibited typically in Fig. 23. The polarizer is assumed to 
transmit only the vertically polarized photons. The fast axes of the quarter wave plate 
(QWP) and the half wave plate (HWP) are adjusted to select a particular polarization 
component. In the |H 〉 and |V 〉 bases, an arbitrary photon state is given by 

 
(112)

where a and b are arbitrary complex constants satisfying the normalization condition: |a〉2 + 
|b〉2 = 1. Then the role of the HWP is described by 

 
(113)
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where the left hand side is the photon state after transmission through the HWP and h 
denotes the angle between the fast axis of the HWP and the vertical direction. In the same 
way, the effect of the QWP is described by 

 
(114)

where q denotes the angle between the fast axis of the QWP and the vertical direction. Thus 
the polarization state of photons which can be transmitted to the detector is given by 

 
(115)

 
Fig. 23. Apparatus to select a particular polarization component of light. It is composed of a 
half wave plate (HWP), a quarter wave plate (QWP), a polarizer which is assumed to 
transmit only a vertically polarized photon, and a photon detector. 

 
Table I. Combinations of the angles h and q of the fast axes of the HWP and QWP to select a 
particular polarization component of light 
The four bases of measurement are exhibited as 

 
(116)

where D(R) denotes the diagonally (right-circularly) polarized photon. These photon states 
can be selected by choosing the angles of the fast axes of the HWP and QWP as given in 
Table I. Then the photon count rates for these polarizations are calculated as 

 
(117)

 
(118)

and the Stokes parameters can be estimated by 

 
(119)
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Fig. 24. Parallel combination of two apparatus to select a particular polarization component 
of photons. 

The extension of this scheme to the state tomography of two photons is straightforward [47]. 
We prepare parallel lines of apparatus as depicted in Fig. 24. By measuring the coincidence 
counts for sixteen combinations of the angles of the fast axes of two HWPs and two QWPs, 
we can fix the sixteen parameters {rij}(I, j = 0, 1, 2, 3) which specify the density matrix for 
two photons: 

 
(120)

where the superscript 1(2) indicates the first (second) photon. 
Now we proceed to the spin state tomography of electrons. Extension of the above 
arguments to the electron spin state tomography is straightforward using the 
correspondence: 

 (121)

where  indicates the spin up (down) state of the electron. But the devices 
corresponding to the HWP and QWP should be prepared for the electron. This can be 
realized by making use of the difference in the spin precession angle due to the Zeeman 
energy splitting. In a magnetic field along the z axis, the spin state evolves in time as 

 
(122)

where ωz is the Zeeman energy for the up-spin electron. The spin HWP (QWP) can be 
achieved by employing a square-shaped pulsed magnetic field and by adjusting the pulse 
duration and the field amplitude as 2ωzt = π(π/2). The angle of the fast axis corresponds to 
the tilt angle of the magnetic field. For example, when the tilt angle of the magnetic field is h 
relative to the z axis, the spin eigenstates are given by 

 
(123)

Then the effect of the ”spin” HWP is represented by 

 
(124)
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In a similar way, the effect of the ”spin” QWP is given as 

 
(125)

where q is the tilt angle of the magnetic field in the ”spin” QWP. 
 

 
Fig. 25. Apparatus to select a particular spin component of an electron. It is composed of a 
spin half wave plate (spin HWP), a spin quarter wave plate (spin QWP), a spin polarizer 
which is assumed to transmit only the down spin electron, and an electron detector. 

Now that the basic elements are prepared, we can consider the apparatus for the spin state 
tomography, as depicted in Fig. 25, which is basically the same as that for the photon case 
except for the replacement of the HWP and QWP by the spin HWP and spin QWP, 
respectively. The spin polarizer is assumed to transmit only the down spin electron based 
on the difference in the Faraday rotation angle. This polarizer should have the ability to 
measure the single electron spin. Consequently, the apparatus depicted in Fig. 25 filters out 
the state given by 

 
(126)

 
Table II. Combinations of the angles h and q of the fast axes of the spin HWP and spin QWP 
to select a particular spin component of an electron. 

Thus by choosing the angles h and q as exhibited in Table II, the apparatus can filter out 
those spin states in the Table. The spin state tomography can be carried out in the same 
manner as that for the photon. The extension of the spin state tomography to the case of two 
electrons is straightforward. We prepare a parallel set of the apparatus for a single electron 
as depicted in Fig. 26. Coincidence counts of electrons for sixteen combinations of the angles 
of the fast axes of two spin HWPs and two spin QWPs can determine, in completely the 
same way as in the case of two photons, the sixteen parameters {rij} (i, j = 0, 1, 2, 3) of the 
density matrix of the electron spins: 

 
(127)
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where the superscript 1(2) indicates the first (second) electron. 
 

 
Fig. 26. Parallel combination of two apparatus to select a particular spin component of 
electrons. 

7. Summary 
We have investigated theoretically the STIRAP method based on the Λ-type optical 
transitions for the unitary spin rotation of both a single electron and two electrons and 
discussed the optimal conditions to minimize the residual population left in the 
intermediate excited states after the process. The 2π pulse with a large off-resonance energy 
would be better but the rotation angle is small. Thus, for the rotation of a large angle, 
multiple pulses would be necessary. For the two-electrons spin qubit, several Λ-type 
transitions are closely overlapping in the narrow energy range and the Raman condition 
should be tuned precisely to single out a particular Λ-type transition. It is absolutely 
necessary to confirm the quantum state of the electron after the spin manipulation, namely, 
to examine whether the electron spin is prepared in the desired state or not. This requires 
the full state tomography. We have proposed the methods of the spin state tomography 
based on the Faraday or Kerr rotation for both cases of a single electron and two electrons. 
Another fundamental process in the quantum information processing is the Bell (quantum 
correlation) measurement for the entanglement swapping. This is a single-shot projective 
measurement in contrast to the full state tomography. We proposed an optical method to 
distinguish between the four states of two electrons based on the Faraday or Kerr rotation 
and confirmed the feasibility. 
As a prospect in the near future, we can construct hopefully a secure and robust system of 
the quantum repeater combining the established results, namely, the efficient quantum state 
transfer between a photon and an electron spin [37, 38, 48], the reliable Bell measurement of 
two electrons for the entanglement swapping based on the Faraday or Kerr rotation and the 
longlived quantum memory based on nuclear spins [49, 50]. 
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1. Introduction 
Stimulated Brillouin scattering (SBS) is a nonlinear optical process that generates backward 
scattered phase conjugate wave (Zel’dovich et al., 1972; Zel’dovich et al., 1985; Damzen et 
al., 2003; Brignon & Huignard, 2004). A device that generates the phase conjugate wave by 
the SBS process is called SBS phase conjugate mirror (PCM). An SBS-PCM can compensate 
wavefront distortion induced by a phase aberrator, such as a laser gain medium; hence, it is 
widely used in high-energy laser systems to obtain a high-quality beam. Efficient heat 
dissipation is a major issue in high-energy laser systems, particularly with regard to the high 
repetition rate. The combination of beams from small laser systems is a constructive 
approach to this issue. Of the various beam combined systems using SBS-PCMs, the cross-
type beam combined system has many outstanding advantages, such as perfect isolation of 
leak beam, compensation of thermal birefringence, easy alignment and convenient 
maintenance (Kong et al., 1997, 2005a). Since the SBS wave generates from a thermal noise, it 
naturally has a random phase with respect to the incident beam. Therefore the phase 
controlling of the SBS wave is a key technology in the realization of a coherent beam 
combined system. For this reason, the self-phase control method was proposed and has been 
developed by Kong et al. (2005a, 2005b, 2005c), which can control the phase of the SBS wave 
with the simplest composition as well as ease of alignment, no limitations on the number of 
combined beams, and excellent phase conjugation. Furthermore, the active phase control 
with a piezoelectric translator (PZT) enables long-term phase stabilization (Kong et al., 2006, 
2008). In addition to a random phase characteristic, the distortion that generally occurs in a 
pulse waveform of an SBS wave is another negative characteristic in terms of the beam 
combination. Kong et al. (2005d) has overcome this problem with the SBS waveform 
preservation technique, which is called the prepulse injection method. These works are 
expected to boost the development of laser systems in term of a high level of energy and 
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power, a high-quality beam, and a high repetition rate. A laser system with these 
characteristics has tremendous potential in the fields such as laser machining, particle 
accelerators, neutron or proton generators, military weapons, and laser fusion drivers. 

2. Stimulated Brillouin scattering phase conjugate mirror 
2.1 Optical phase conjugation 
Optical phase conjugation is a nonlinear optical phenomenon that accurately reverses the 
propagation direction and phase variation of an incoming light beam. A nonlinear optical 
device that produces the phase conjugate reflection is called a PCM (Zel’dovich et al., 1972; 
Eichler et al., 2001). Fig. 1 compares a PCM with a conventional mirror. In case of a 
conventional mirror, the wavefront is distorted twice when passing through an aberrating 
medium twice; however, there is no distortion with the PCM. The use of a PCM therefore 
eliminates phase distortions in optical systems (Andreev et al., 1992; Seidel et al., 1997). For 
example, in a solid-state laser amplifier, phase distortions arise from thermal refractive 
index changes in the laser crystal. If a PCM is used to make the incoming beam pass the 
laser crystal twice, these distortions disappear. Hence, PCMs are widely used in the high-
energy laser systems. 
 

 
Fig. 1. Wavefront reflections at a conventional mirror and a phase conjugate mirror 

2.2 Stimulated Brillouin scattering 
The most commonly used way of producing optical phase conjugation is SBS (Boyd, 1992; 
Damzen et al., 2003; Shen, 2003). SBS is normally achieved by focusing a laser beam into a 
SBS medium. In this medium, spontaneous scattering from a sound wave generates a wave 
that travels in the opposite direction and that wave interferes with the incoming wave, 
thereby inducing density modulations. Because the induced density modulations have the 
same frequency as the initial sound wave, they are amplified and reinforce the 
backscattering. The phase conjugated backscattered part is dominant because the 
amplification depends strongly on the extension of the interference area. As a result, there is 
an exponential rise of the reflected phase conjugated signal. The acoustic grating seems to be 
a self-adapting mirror because the wavefronts of the acoustic grating match the wavefronts 
of the incoming beam. If the incident wavefront has any disturbance, it results in a self-
adapting mirror curvature with a response time in the nanosecond range. In addition, SBS 
lowers the frequency of the phase conjugated wave as much as the sound wave frequency in 
accordance with the energy conservation. 

3. Reflectivity of an SBS-PCM 
The SBS reflectivity is almost equal to that of an ordinary mirror when the pump 
bandwidth, Δνp, is smaller than the Brillouin linewidth, Г (steady state region) (Boyd, 1992; 
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Yoshida et al., 1997). However, many SBS-PCM applications necessarily involve a 
broadband pumped SBS (transient region) because laser systems that use an SBS-PCM 
usually have a broadband spectrum to obtain high output power and short pulse widths 
(Dane et al., 1995; Králiková et al., 2000). Several theoretical and experimental investigations 
have reported on the use of a broadband pump in the SBS reflectivity. For a broadband 
pump, the SBS reflectivity depends on the relation between four parameters: the coherence 
length, lc; the characteristic interaction length, z0, which is usually equal to the Rayleigh 
range; the mode spacing, Ωm; and the Brillouin linewidth, Г. When the coherence length is 
longer than the interaction length (lc > z0), the SBS gain for the broadband pump is as high as 
the coherence length for the narrowband pump (Narum et al., 1986; D’yakov, 1970; Filippo 
& Perrone, 1992). Furthermore, if the pump laser mode spacing exceeds the Brillouin 
linewidth (Ωm>Г), regardless of the mode structure, the SBS gain is the same as that of a 
single longitudinal mode pump (Narum et al., 1986). Moreover, even if Ωm< Г, the off-
resonant acoustic waves, which are generated by the beating between the pump laser mode 
and another Stokes mode, play an important role in enhancing the gain and the reflectivity 
(Mullen et al., 1987; Bullock et al., 1994). In all the previously mentioned works, however, 
the influence of the multimode pump was considered only for two or several longitudinal 
modes and low pump energy near the SBS threshold. For this reason, the characteristics of 
SBS reflectivity by a multimode pump with numerous modes and high energy have been 
investigated (Lee et al., 2005; Kong et al., 2005a). 
 

Liquid Γ  
(MHz) 

Bg  
(cm/GW) 

2n  
(10-22 m2/V2) 

cP  
(MW) 

bE  
(mJ) 

Fluorinert FC-75 350 4.5-5 0.34 7.0 6 
Carbon tetrachloride (CCl4) 528 3.8 5.9 0.4 1.7 
Acetone 119 15.8 8.6 0.28 1.5 
Carbon disulfide (CS2) 50 68 122 0.020 0.1 

Table 1. Properties of the liquids used for the reflectivity experiments; Г, Brillouin line-
width; gB, steady state SBS gain; n2, nonlinear refractive index;  Pc, critical power for self-
focusing (calculated); Eb, breakdown threshold energy (measured). 

The experimental setup for measuring the reflectivity of the SBS-PCMs is shown in Fig. 2. 
The pump laser is a Q-switched Nd:YAG laser and, using its single longitudinal mode 
injection seeder, it can be operated in the single-mode or the multimode. The laser linewidth 
is approximately 0.09 GHz in the single-mode and approximately 30 GHz in the multimode. 
Thus, the linewidth of the multimode case is much larger than the Brillouin linewidth of the 
liquids used in this experiment, listed in Table 1. (Kmetik et al., 1998; Yoshida et al., 1997; 
Erokhin et al., 1986; Sutherland, 1996). The focal length of the lens used for the SBS-PCM is 
15 cm. This length corresponds to a Rayleigh range, z0, of 0.62 mm. Because the coherence 
length, lc, is approximately 1 cm, it satisfies the condition of lc >> z0. The temporal and 
spatial pulse width is 6 ns to 8 ns and 4 mm. The pump energy fluctuation is less than 1% 
for both cases, and the energy is measured for about 30 s at 10 Hz. 
The SBS materials used in this experiment are Fluorinert FC-75, carbon tetrachloride (CCl4), 
acetone, and carbon disulfide (CS2). The SBS properties and the nonlinear refractive index, 
n2, of each liquid are shown in Table 1. They have a different nonlinear refractive index, n2, 
ranging from 0.34×10-22 m2/V2 to 122×10-22m2/V2. Furthermore, each liquid has a different 
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Fig. 2. Experimental setup for the measurement of the SBS reflectivity; λ/2, half wave plate; 
Pol, polarizer; M, mirror; ND, neutral density filter; λ/4, quarter wave plate; PBS, polarizing 
beam splitter; BS, beam splitter; PD, photodiode 

Brillouin linewidth, ranging from 50 MHz to 528 MHz. The breakdown threshold, Eb, which 
is listed in Table 1, was measured when a bright spark appeared inside the SBS cell. 
Figs. 3(a) and 3(b) show the SBS reflectivity for the single-mode and the multimode cases of 
CCl4 and Fluorinert FC-75 as a function of the pump energy. Note that CCl4 and FC-75 have 
a very similar SBS gain and Brillouin linewidth (see Table 1), which results in a similar 
reflectivity curve of typical nonlinear variation for the single-mode pump. For the 
multimode pump, the SBS reflectivity is different for each of the liquids. The fact that the 
SBS threshold for both pump modes is approximately the same regardless of the liquids 
indicates that the SBS gain for the multimode pump is as high as that for the single-mode 
pump in both liquids The peak reflectivity is 30% in CCl4 and more than 65% in FC-75, 
though the reflectivity decreases as the pump energy increases. Note also that even though 
the single-mode pump generally has a higher SBS gain (Valley, 1986; Arecchi, 1972), the SBS 
reflectivity in CCl4 is slightly higher for the multimode pump than for the single-mode 
pump near the SBS threshold of the single-mode case. For FC-75, on the other hand, the 
behavior is exactly the opposite. 
Several factors appear to contribute to the reflectivity difference of the multimode pump. 
We interpret the SBS reflectivity for the multimode pump in terms of the temporal intensity 
spikes of the multimode pulse, which are absent in the single-mode pulse. A beating 
between a large numbers of longitudinal mode brings the intensity spikes to rise, and the 
intensity spikes have enough power to induce nonlinear effects, such as self-focusing and 
the optical breakdown. The self-focusing that is caused by the intensity spikes is likely to 
lead to an anomalously high reflectivity of the multimode pump near the SBS threshold in 
CCl4. The critical power of the self-focusing is given by 

 
3

2
2

o
c
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n

πε
ω
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                                                    (a)                                                       (b) 

    
                                                       (c)                                                            (d) 

Fig. 3. SBS reflectivity vs. pump energy for various active media in the single-mode and the 
multimode cases; (a) CCl4; (b) FC-75; (c) acetone; (d) CS2  

where ε0 is the permittivity of the vacuum and c is the speed of light (Yariv, 1975). Acording 
to Eq. (1), the critical power, Pc, is 0.4 MW for CCl4 and 7.0 MW for FC-75. In the case of the 
single-mode pump for CCl4, the critical power of 0.4 MW is slightly larger than the SBS 
threshold (~5% energy reflection) of approximately 1.8 mJ (0.26 MW). However, the 
multimode pulse can induce temporal small-scale self-focusing in CCl4 below the SBS 
threshold because the high peak power of the intensity spikes can exceed the critical power, 
Pc. If a good approximation of steady state SBS threshold relation IthgBl=25-30 (where Ith is 
the SBS threshold intensity, gB is the SBS gain, and l is the interaction length) is maintained, 
the self-focusing leads to an increase in the intensity of the pump beam in the focal region 
and, hence, can reduce the SBS threshold energy (Králiková et al., 2000). As shown in Fig. 
3(a), the self-focusing consequently results in a lower SBS threshold and a slightly higher 
reflectivity near the SBS threshold in CCl4. Fig. 4 represents the temporal pulse shapes of the 
pump and the Stokes pulse in different energy scales for both types of pump when the 
pump beam with an Ep value of 1.5 mJ is focused into a CCl4 cell. As expected, the 
multimode pulse has large intensity spikes whereas the single-mode pulse has no large 
intensity spikes. On the other hand, the SBS reflectivity in the FC-75 is not affected by the 
self-focusing near the SBS threshold because the critical power for FC-75 is approximately 18 
times larger than the critical power for CCl4. Consequently, the SBS reflectivity for the 
multimode pump is lower than that for the single-mode pump near the SBS threshold. 
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                                         (a)                                                                             (b) 

Fig. 4. Pump and reflected pulse shapes in (a) multi-mode and (b) single-mode cases at 
Ep~1.5 mJ in CCl4 

The self-focusing seems to be deleterious for SBS because it can enhance the optical 
breakdown. The experimental results in Table 1 confirm that the optical breakdown starts at 
an Ep value of approximately 1.7 mJ in CCl4 and at ~6 mJ in FC-75. We observed that the 
breakdown appears around the focal spot near the breakdown threshold; and when the 
pump energy increases, the breakdown becomes severe and produces a filament shape 
consisting of bright sparks. The breakdown disturbs the creation of acoustic phonons. 
In addition to the breakdown due to self-focusing, an intensity spike can easily generate an 
optical breakdown by itself because it has a very steep rising edge. For efficient SBS to occur, 
temporal fluctuations in the pump must be slow in relation to the acoustic phonon lifetime. 
If the temporal fluctuations are fast in relation to the acoustic phonon lifetime, the acoustic 
waves have insufficient time to build up. Hence, the intensity spikes with the steep rising 
edge and energy levels that exceed the breakdown threshold can reach the focal area 
without losing their energy since they don’t provoke a backward reflection. They can 
therefore generate an optical breakdown and reduce the SBS reflectivity even at low energy. 
For the single-mode case, the region of SBS reflection moves fast in the opposite direction to 
the pump pulse; and the pump pulse is reflected before the focal area from a region in 
which the optical intensity is too small to induce an optical breakdown (Hon, 1980). Thus, 
even if the pump energy is large, no optical breakdown is generated for the single-mode 
pump.  
Fig. 3(c) shows the SBS reflectivity for acetone. The multimode pump provides higher 
reflectivity than the single-mode pump near the SBS threshold, which is very similar to the 
results of CCl4. Table 1 shows that acetone has approximately the same nonlinear refractive 
index as CCl4. Thus, the SBS reflectivity of the multimode pump with a large number of 
longitudinal modes is significantly affected by self-focusing induced by the high intensity 
spikes. The reflectivity for the multimode pump increases as the energy rises to 6 mJ and 
then decreases strongly because of the severity of the breakdown; in contrast, the reflectivity 
for the single-mode pump increases monotonically. Fig. 3(d) shows the measured 
reflectivity of CS2. Of all the four liquids examined, CS2 has the lowest SBS threshold energy 
(approximately 0.3 mJ) and the highest reflectivity (approximately 95%) for the single-mode 
pump because it has the highest steady state SBS gain (Table 1). On the other hand, the SBS 
reflectivity for the multimode pump is the lowest and almost zero throughout the entire 
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region. The critical power (20 KW) for the self-focusing is about half the SBS threshold (40 
KW). Furthermore, CS2 has the longest acoustic lifetime (6 ns) of the liquids used (Erokhin et 
al., 1986), and this life-span is comparable to the pulse-width of the pump beam. As already 
mentioned, if the temporal fluctuations of the pump pulse are fast in relation to the acoustic 
phonon lifetime, the acoustic waves lack sufficient time to build up. As a result, CS2 has a 
lower breakdown threshold (approximately 0.1 mJ) than the SBS threshold, and this very 
low threshold can account for the almost zero reflectivity observed. We observed that the 
optical breakdown produces a filament if the pump energy is almost as weak as the SBS 
threshold. Note that the stimulated Raman scattering (SRS) may be also responsible for the 
low reflectivity. CS2 has a high SRS gain. The very short response time of the SRS process 
(10-11 s) implies that the SRS response to the intensity spikes of the multimode pulse is better 
than that of the SBS process (Linde et al., 1969). 

4. The cross-type double-pass laser amplifier with symmetric SBS-PCMs 
Kong et al. proposed a cross-type double-pass laser amplifier with symmetric SBS-PCMs. 
(Kong et al., 1998; Kong et al., 2001) Fig. 5 shows the conceptual layout. In this section, the 
noteworthy advantages of the cross-type amplifier with SBS-PCMs will be examined, 
particularly the use of the threshold of SBS-PCM to attain perfect isolation of the leak beam, 
the compensation of thermally induced birefringence (TIB), and the alignment-free 
property. 
 

 
 

Fig. 5. A cross-type amplifier using SBS-PCM as a basic unit of a beam combined laser 

4.1 Optical isolation by the threshold characteristic of SBS 
As shown in Fig. 5, the proposed amplifier with an SBS-PCM is cross-shaped and consists of 
an amplifier and an isolator. The SBS-PCM in the right arm works as an optical isolator. It 
isolates the master oscillator from the leak beam perfectly if the optical path length, L, 
between the SBS-PCM and the post-stage is longer than the spatial pulse length. When the 
energy of the leak beam is lower than the SBS threshold, the leak beam cannot be reflected 
by the SBS-PCM and consequently the oscillator is isolated from the leak beam (Kong et al., 
1998; Kong et al., 2001). Fig. 6(a) shows the experimental setup for testing the isolation when 
the SBS-PCM is used. An amplifier in the left arm is omitted and a mirror, M1, is in place for 
the experiment. Fig. 6(b) shows the optical isolator that uses the SBS-PCM can completely 
cut off the leak beam and the backward propagating beam such as the amplified 
spontaneous emission from the post-stages. 
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                                          (a)                                                                    (b) 

Fig. 6. (a) Schematic of the experimental set up: P1 & P2, polarizer; FR, Faraday rotator; PE, 
pyro-electric energy meter; QWP1 & QWP2, quarter-wave-plate; L1, lens; PBS, polarizing 
beam splitter; M1, conventional mirror. (b) Leak beam energy dependence on the optical 
path length L. 

4.2 Alignment-free optical system 
The principle of the isolator that uses SBS-PCMs was explained in the previous section. 
However, the fact that an additional arm uses SBS-PCMs implies that the system has an 
alignment-free characteristic, which is one of the advantages of the cross-type amplifier 
system with SBS-PCMs. As shown in Fig. 7, although other systems such as the systems 
shown in Figs. 7(b) and 7(c) change the beam pointing due to the misalignment of the 
polarizing beam splitter, the suggested system of Fig. 7(a) has no effect on the beam 
direction or the beam position. Thus, the beam pointing of the output has the same level as 
the input (the master oscillator). The insensitivity to the misalignment and tilting of any 
optical components relies on the fact that the beam reflected by SBS-PCM follows exactly the 
same path as the incoming beam on account of the phase-conjugate characteristics. 

4.3 Compensation for the thermal birefringence in the amplifier medium 
Diminishment of the thermal load and the related thermal effects, particularly the 
compensation for TIB, is a traditional and important topic in the high-energy laser field. As 
shown in Fig. 8, the amplifying part of a cross-type amplifier with an SBS-PCM has three 
components: an amplifier rod, a polarization rotator (such as a Faraday rotator or a quarter-
wave-plate), and an SBS-PCM (SBS cell and focusing optics). The total system has four 
available configurations, which are shown in Figs. 8(a) to 8(d). As in similar situations (Han 
& Kong, 1995), the theoretical prediction of TIB compensation can be given by Jones 
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the setup of Fig. 8(a), the output polarization is represented by 
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Fig. 7. Change of the beam pointing due to the tilting PBS: (a) gives no change in cross-type 
amplifier with symmetric SBS-PCMs; (b) gives tilting in the conventional application of SBS-
PCM; (c) gives displacement in the combination of conventional mirror and SBS-PCM 
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In the setup of Fig. 8(b), the output polarization is represented by 
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In the setup of Fig. 8(c), the output polarization is represented by 
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In the set up of Fig. 8(d), the output polarization is represented by 
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Eq. (5) shows that the setup of Fig. 8(d) gives a perfect 90° rotated output and compensates 
the TIB. 
 

 
Fig. 8. Four possible optical schemes for rotating the polarization of the backward beam by 
90-degree with respect to the input beam (L, lense; QWP, quarter-wave plate; FR, Faraday 
rotator; AMP, amplifier) 
 

 
Fig. 9. Experimental results of the depolarization measurement for the four possible optical 
schemes: (a) leak beam patterns, (b) depolarization ratio versus electrical input energy (Shin 
et al., 2009) 

Fig. 9(a) shows the corresponding leak beam patterns for the four possible optical schemes 
of Fig. 8.  This experimental result shows typical shape for each case. And Fig. 9(b) shows 
the depolarization ratio versus electrical input energy. The experimental result for the setup 
of Fig. 8(d) shows that the depolarization ratio is maintained at the low value as the 
electrical input energy increases, while the results for other setups (Fig. 8(a) - Fig. 8(c)) 
shows the depolarization ratio rises as the electrical input energy increases (Fig. 9(b)). 

5. Waveform preservation of SBS waves via prepulse injection 
There are difficulties in a laser system with SBS, particularly when multiple SBS cells are 
used in series for a high-power laser system. As the pulse is reflected from the SBS cell, the 
temporal pulse shape is deformed so that the reflected SBS wave has a steep rising edge 
(Shen, 2003). If SBS cells are used in series, the rising edge of the pulse becomes steeper and 
can cause an optical breakdown in the optical components. For the SBS-PCM, the steep 
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rising edge leads to low reflectivity and low fidelity of the phase conjugated wave in the SBS 
medium (Dane et al., 1992). Thus, a suitable technique is needed to preserve the temporal 
waveform of the reflected SBS wave (Kong et al., 2005d). 
 

   
                                            (a)                                                              (b) 

Fig. 10. (a) Proposed system for preserving a temporal SBS pulse shape; (b) experimental 
setup for this experiment: O, Nd3+:YAG laser oscillator; P, linear polarizer; HWPs, half-
wave plates; PBSs, polarizing beam splitters; ISO, Faraday isolator; FR, Faraday rotator; 
QWPs, quarter-wave plates; PC, Pockels cell; Ms, full mirrors; W, wedge; L, convex lens 
(f=15 cm); PDs, photodiodes; SBS cell (FC-75, 30 cm long). 

The loss of the front part of the pumping energy to create the acoustic Brillouin grating is 
one of the main causes of the deformation. As a solution, the prepulse technique can be used 
to maintain the temporal waveform. In this scheme, the incident wave is divided into two 
pulses, the prepulse and the main pulse, and the prepulse is sent to the SBS medium before 
the main pulse with some delay. When the prepulse is injected before the main pulse, the 
main pulse can be reflected by means of a preexisting acoustic grating and the reflected 
pulse waveform can be preserved.  
The scheme of the proposed setup for the temporal waveform preservation is presented in 
Fig. 10(a). A single longitudinal mode Nd:YAG laser oscillator is used as a pump source. It 
has a pulse width of 7~8ns and a repetition rate of 10 Hz. A Pockels cell (PC) is used to 
adjust the proper ratio of the prepulse energy and the main pulse energy, and the 
adjustment is made by adapting the high voltage that is applied to a PC for 10 ns, which is 
the time it takes for an incoming pulse to pass through the PC. The PC is in the off state 
when the pulse returns. The incident wave is split into two paths after PBS3, namely path 1 
(prepulse) and path 2 (main pulse). The prepulse, which is initially s polarized, is reflected 
when it reaches PBS2 after the SBS process because the PC is in the off state when the pulse 
returns. The main pulse, which initially has p polarization, follows a process that is very 
similar to the process of the prepulse and consequently has the p polarization needed to 
pass through PBS2. There is another variation that uses no active optics. In Fig. 10(b), HWP2 
and the Faraday rotator (45° rotator) are used instead of the PC in Fig. 10(a). HWP2 is used 
to adjust the ratio of the prepulse energy and the main pulse energy. The measurement is 
taken on path 2. A wedge plate is inserted to monitor the shape of the reflected main pulse 
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and the incoming main pulse waveform and the reflected SBS waveform are obtained. The 
delay is modulated by the movable mirror, and the FC-75 fluid is used as the SBS medium. 
 

 
Fig. 11. Incident and reflected waveforms with the prepulse injection; (a) Epre = 0 mJ, (b) 
Epre = 2 mJ, (c) Epre = 2.5mJ, (d) Epre ≥ 3mJ for values of Tdelay = 8 ns and Emain = 10 mJ. 

Let us define Emain as the energy of the main pulse, Epre as the energy of the prepulse, and 
Tdelay as the delay between the prepulse and the main pulse. Fig. 11 shows the waveform 
measured for values of Tdelay = 8 ns and Emain = 10 mJ. As Epre increases, the temporal 
waveforms of the reflected wave become similar to that of the incident wave. When Epre 
exceeds 3 mJ, the experimental data have very similar aspects as the case of Epre = 3 mJ. This 
similarity implies that if we set the prepulse energy equal to or larger than 3 mJ with a delay 
of 8 ns, the main pulse need not consume its own energy to build the acoustic grating. 
Fig. 12 shows the minimum prepulse energy required to preserve the waveform of reflected 
pulse for various Tdelay (Yoon et al., 2009). For small Tdelay, the main pulse arrives so early 
that a part of the main pulse energy can play a role in building the acoustic grating, because 
the integrated energy of the prepulse is insufficient to generate the grating before the main 
pulse arrives. Therefore the energy required to preserve the waveform of the main pulse is 
higher than the moderate Tdelay. For large Tdelay, most of the acoustic grating disappears 
before the main pulse arrives at the SBS interaction region so that more energy is required to 
preserve the waveform.  
A theoretical calculation that describes these experimental results was formulated using a 
simple model. If the pump pulse is focused in the SBS medium, acoustic phonons are 
generated and then accumulated in the focal area. Considering the phonon decay, the pump 
pulse energy transferred to acoustic phonons and accumulated by time t, Eg(t), is given by 

 ( ') /

0
( ) ( ') '

t t t
gE t P t e dtτ− −= ∫   (6) 

where P(t) is the temporal pulse shape and τ is the phonon lifetime. If the pulse width is 
independent of the pulse energy, the temporal pulse shape can be represented as 

 ( ) ( )P t E W t= ⋅   (7) 

where E is the pulse energy, and W(t) is the normalized waveform. 
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To instigate the stimulated process, an amount of acoustic phonons over the required 
threshold is required. The accumulated phonon energy needed for SBS ignition, called the 
critical energy Ec, can be determined by the maximally accumulated energy with a threshold 
pump energy Eth, as follows: 

 ( ') /

0
( ') 'm

m
t t t

c thE E W t e dtτ− −= ∫   (8) 

where tm is the time when Ec becomes maximum. If the main pulse arrives at the interaction 
region when Eg(t) accumulated by the prepulse is larger than Ec, perfect waveform 
preservation is achievable without energy consumption. 
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0
( ') 'd

d
t t t

c preE E W t e dtτ− −≤ ∫   (9) 

where td is the delay time between the prepulse and the main pulse. For theoretical 
calculation, 2 mJ threshold energy and 0.9 ns phonon decay time were assumed (Yoshida et 
al., 1997). Fig. 12 shows experimental results agree with the theoretical predictions 
qualitatively. 
 

 
Fig. 12. Minimum prepulse energy required to preserve the waveform of reflected pulse for 
various Tdelay; comparison between the experimental results and the theoretical prediction  

6. Coherent beam combined laser system with phase stabilized SBS-PCMs 
To achieve a high repetition rate in a high-power laser, many researchers have widely 
investigated several methods, such as a beam combination technique with SBS-PCMs, a 
diode-pumped laser system with gas cooling, an electron beam–pumped gas laser, and a 
large ceramic crystal (Lu et al., 2002; Kong et al., 1997, 2005a, 2005b; Rockwell & Giuliano, 
1986; Loree et al., 1987; Moyer et al., 1988). The beam combination technique seems to be one 
of the most practical of these techniques. The laser beam is first divided into several sub-
beams and then recombined after separate amplification. With this technique there is no 
need for a large gain medium; hence, regardless of the output energy, this type of laser can 



 Advances in Lasers and Electro Optics 

 

242 

operate at a repetition rate exceeding 10 Hz and can be easily adapted to modern laser 
technology. However, with conventional SBS-PCMs, the SBS waves have random initial 
phases because they are generated by noises. For this reason, the phase locking of the SBS 
wave is strongly required for the output of a coherent beam combination.  

6.1 Phase control of the SBS wave by means of the self-generated density modulation 
There have been several successful works in the history of the phase locking of SBS waves 
(Rockwell & Giuliano, 1986; Loree et al., 1987; Moyer et al., 1988). Although these works 
show good phase locking effects, they have some problems in terms of the practical 
application of a multiple beam combination. In the overlapping method, all the beams are 
focused on one common point. The energy scaling is therefore limited to avoid an optical 
breakdown, and the optical alignment is also difficult. In the back-seeding beam method, 
the phase conjugation is incomplete if the injected Stokes beam is not completely correlated. 
Kong et al. (2005a, 2005b, 2005c) proposed a new phase control technique involving self-
generated density modulation. In this method, which is simply called the self-phase control 
method, a simple optical composition is used with a single concave mirror behind the SBS 
cell; furthermore, each beam phase can be independently and easily controlled without 
destruction of the phase conjugation. Thus, the phase control method obviates the need for 
any structural limitation on the energy scaling.  

 
Fig. 13. Experimental setups of (a) wavefront division scheme and (b) amplitude division 
scheme for phase control of the SBS wave by means of the self-generated density 
modulation: M1,M2&M3, mirrors; W1,W2,W3&W4, wedges; L1&L2, cylindrical lenses: 
L3,L4,L5&L6, focusing lenses, CM1,CM2,CM3&CM4, concave mirrors; H1&H2, half wave-
plates; PBS1&PBS2, polarizing beam splitters.  

The wavefront division scheme, which spatially divides the beam, is used to demonstrate 
the phase control effect with the self-phase control method in the first experiment (Kong et 
al., 2005a, 2005b, 2005c). The experimental setup is shown schematically in Fig. 13(a). A 
1064 nm Nd:YAG laser is used as a pump beam for the SBS generation. The pulse width is 
7 ns to 8 ns, and the repetition rate is 10 Hz. The laser beam from the oscillator passes 
through a 2× cylindrical telescope and is divided into two parts by a prism, which has a high 
reflection coating for an incident angle of 45°. The two parts of the divided beam pass 
through separate wedges and are focused into SBS-PCMs. The wedges reflect part of the 
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backward Stokes beams so that they are overlapped onto a CCD camera. Then, the 
interference pattern of them is generated. The degree of the fluctuation of the relative phase 
difference between the SBS waves is quantitatively analyzed by measuring the movement of 
the peaks in the interference pattern.  
For the case of the wavefront division, the divided sub-pump beams get fluctuating energies 
for every shot due to the beam pointing effect of the laser source, which seems to generate 
the fluctuation of the relative phase difference between the SBS waves, because the phase of 
the SBS wave depends on the pump energy. This beam pointing problem can be overcome 
by using an amplitude division method, whereby the sub-pump beams have almost the 
same level of energy (Lee et al., 2005). The experimental setup of the amplitude division 
scheme is shown in Fig. 13(b). In the amplitude division scheme, the laser beam from an 
oscillator is divided into two sub-beams by a beam splitter (BS).  

 
Fig. 14. Experimental result for the unlocked case: (a) schematic; (b) intensity profile of 
horizontal lines selected from 160 interference patterns; (c) relative phase difference between 
two beams for 160 laser pulses.  

Fig. 14 shows the experimental schematic and experimental results for the unlocked case. 
Each point in Fig. 14(c) represents one of 160 laser pulses. As expected, δ has random value 
for every laser pulse. Fig. 14(b) shows the intensity profile of the 160 horizontal lines 
selected from each interference pattern. The profile also represents the random fluctuation. 
Fig 15 shows phase control experimental results in the wavefront division scheme. Fig. 15(a) 
shows the schematic and the experimental result of the concentric-type self-phase control. A 
small amount of the pump pulse is reflected by an uncoated concave mirror and then 
injected into the SBS cell. The standard deviation of the measured relative phase difference 
is ~ 0.165λ. Moreover, 88% of the data points are contained within a range of ±0.25λ (±90°). 
This result demonstrates that the self-generated density modulation can fix the phase of the 
backward SBS wave. Fig. 15(b) shows the schematic and the experimental result of the 
confocal-type self-phase control, where the pump beams are backward focused by a concave 
mirror coated with high reflectivity. The standard deviation of the measured relative phase 
difference is ~ 0.135λ. Furthermore, 96% of the data points are contained in a range of 
±0.25λ.  



 Advances in Lasers and Electro Optics 

 

244 

 
 

 
 

 

Fig. 15. Phase control experimental results in the wavefront division scheme, with (a) 
concentric-type self-phase control ((left-up) schematic, (left-down) intensity profile of 
horizontal lines from interference pattern, (right) relative phase difference between two 
beams for 203 laser pulses) and (b) confocal-type self-phase control ((left-up) schematic, 
(left-down) intensity profile of horizontal lines from interference pattern, (right) relative 
phase difference between two beams for 238 laser pulses). 

Fig. 16 shows phase control experimental results in the amplitude division scheme. Fig. 
16(a) shows the schematic and the experimental result of the concentric-type self-phase 
control. The standard deviation of the measured relative phase difference is ~ 0.0366λ. And 
Fig. 16(b) shows the schematic and the experimental result of the confocal-type self-phase 
control. The standard deviation of the measured relative phase difference is ~ 0.0275λ. By 
employing the amplitude division scheme, the relative phase difference is remarkably 
stabilized compared with the wavefront dividing scheme.  
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Fig. 16. Phase control experimental result in the amplitude division scheme, with (a) 
concentric-type self-phase control ((left-up) schematic, (left-down) intensity profile of 
horizontal lines from interference pattern, (right) relative phase difference between two 
beams for 256 laser pulses) and (b) confocal-type self-phase control ((left-up) schematic, 
(left-down) intensity profile of horizontal lines from interference pattern, (right) relative 
phase difference between two beams for 220 laser pulses). 

6.2 Theoretical modeling on the phase control of SBS waves 
In the previous section, the experimental results demonstrate the effect of the self-phase 
control method. On the basis of the phase control experiments, we present in this section the 
theoretical model suggested by Kong et al. to explain the principle of the self-phase control 
(Ostermeyer et al., 2008). Given that the pump wave propagates towards the positive z 
direction in the SBS medium, the pump wave, EP, and the Stokes wave, ES, can be expressed 
as 

 )sin( PPPP zktAE φω +−=   (10) 
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and 

 sin( )ω φ= + +S S S SE B t k z ,  (11) 

where A and B are the amplitudes of EP and ES; ω, k and φ  are the angular frequency, the 
wave number and the initial phase, respectively; and P and S are the pump wave and the 
Stokes wave, respectively. The density modulation of the SBS medium is proportional to the 
total electrical field. The density modulation, ρ, can therefore be represented as 
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cos[( ) ( ) ( )]
cos[( ) ( ) ( )].
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P S P S P S
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E E A t k z B t k z
AB t k k z
AB t k k z

ρ ω φ ω φ
ω ω φ φ
ω ω φ φ

∝ + = − + + + +
− + − − + +
+ − − + + −

  (12) 

Only the final term of Eq. (12) can contribute to the acoustic wave because the first two 
terms are DC components and the third term denotes the fast oscillating components. The 
acoustic wave can be also expressed as 

 0 cos( )a at k zρ ρ φ= Ω + + ,  (13) 

where ρ0 is the mean value of the medium density and Ω, ka, and aφ  are the frequency, the 
wave number, and the initial phase of the acoustic wave, respectively. From Eqs. (12) and 
(13), the relations of P Sω ωΩ = − , = +a P Sk k k  and a P Sφ φ φ= −  can be obtained. If aφ  and Pφ  
are known values, Sφ  can be definitely determined in accordance with the phase relation. 
If the acoustic wave is assumed to be initially generated at time t0 and position z0, the 
acoustic wave can be rewritten as 

)]()(cos[ 000 zzktt a −−−Ω= ρρ  

 ]cos[ 000 zktzkt aa +Ω−−Ω= ρ .  (14) 

The phase of the acoustic wave is then given by 

 0 0a at k zφ = −Ω + .  (15) 

In conventional SBS generation, t0 and z0 have random values as the SBS wave is generated 
from a thermal acoustic noise. However, t0 and z0 can be locked effectively by the proposed 
self-phase control method.  
 

 
Fig. 17. Concept of phase control of the SBS wave by the self-generated density modulation. 
PM is a partial reflectance concave mirror whose reflectivity is r. EP and ES denote the pump 
wave and the SBS wave, respectively. 
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Fig. 17 describes the concept of the self-phase control method. The weak periodic density 
modulation is generated at the focal point due to the electrostriction by an electromagnetic 
standing wave that arises from the interference between the main beam, EP, and the low 
intensity counter-propagating beam, rEP. In the suggested theoretical model, the weak 
density modulation from the standing wave is assumed to act as an imprint for the ignition 
of the Brillouin grating. Hence, the initial position, z0, is no longer random but fixed to one 
of the nodal points of the density modulation. However, there are many candidates of the 
nodal points in the Rayleigh range because the Rayleigh length, lR, is much larger than the 
period of the stationary density modulation, λP/2, where λP is the wavelength of the pump 
wave. The phase differences between the acoustic waves generated at different nodal points 
have the values of NNk Paa πλφ 2)2/( ≅=Δ ( N : integer) for the relation of PPa kk λπ /42 =≅ . 
Thus, the phase uncertainty of 2πN does not affect the phase accuracy. 
The initial time, t0, when the acoustic wave is determined should be known. In the research 
on the preservation of the SBS waveform (Kong et al., 2005d), the front part of the pump 
energy is consumed to create the acoustic Brillouin grating of the SBS process. This 
consumed energy is regarded as the SBS threshold energy. The critical time, tc, when the SBS 
is initiated can then be determined by the following equation: 

 
c

th
0

( )
t

E P t dt= ∫ ,  (16) 

where Eth is the SBS threshold energy of the SBS medium and )(tP  is the pump power. It is 
assumed that t0 is equal to tc because the SBS waves and the corresponding acoustic wave 
are generated simultaneously. Eq. (16) suggests suggests that the initial ignition time, t0, of 
the acoustic wave changes if the total energy of the pump pulse given by ∫

∞
=

00 )( dttPE  
changes under a constant pulse width. In this model, the critical time, tc, varies with the total 
energy, E0. Thus, the change that occurs in the initial phase, 0φΔ , as a result of the energy 
fluctuation, 0EΔ , can be represented as 

 c 0
0 c 0

0 0

t Et E
E E

φ Δ ΔΔ = ΩΔ = Ω
Δ

  (17) 

if we assume that z0 is fixed; 0φΔ  can be calculated numerically for FC-75, which has an 
acoustic wave frequency of 1.34 GHz; and the SBS threshold is about 2 mJ for a 10 ns pulse. 
Let‘s assume that the pump pulse, P(t), is given by 

 2 20
3
4( ) exp[ ( / ) ]EP t t t a

a π
= −  ( 8.66ns)a = .  (18) 

Fig. 18 shows the calculated critical time, tc, as a function of the pump energy, which ranges 
from the SBS threshold of FC-75 (2 mJ) to 100 mJ. 
When two beams are combined by the SBS-PCM, energy fluctuations of the each input beam 
give the shot-to-shot change on the critical time difference. Fig. 19 shows the calculated 
results and the experimental results of the phase fluctuation. Using the measured energy 
fluction of the each input beam, the phase fluctuation of Fig. 19(a) is simulated. The 
experimental investigation is conducted for the cases of E1= 10mJ, 30mJ, 50mJ, and 70mJ 
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with several E2 values. In both graphs, the standard deviation of the relative phase 
fluctuation is shown. The shapes of the graphs are similar but the vertical scales are different. 
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Fig. 18. Critical time tc as a function of the pump energy (Eth=2mJ). 

0 20 40 60 80 100
0.00λ

0.01λ

0.02λ

0.03λ

0.04λ

0.05λ

0.06λ

 

 

 E1=10mJ
 E1=30mJ
 E1=50mJ
 E1=70mJ

P
ha

se
 fl

uc
tu

at
io

n

E2 (mJ)
0 20 40 60 80 100

0.00λ

0.10λ

0.20λ

0.30λ

0.40λ

0.50λ

0.60λ

 E1=10mJ
 E1=30mJ
 E1=50mJ
 E1=70mJ

 

 

P
ha

se
 fl

uc
tu

at
io

n

E2 (mJ)  
                                         (a)                                                                           (b) 

Fig. 19. (a) Calculated results of the relative phase difference for the cases of E1 = 10 mJ, 30 
mJ, 50 mJ, and 70 mJ with E2 = 2 mJ to 100mJ; the critical time is calculated directly from the 
energy measurements. (b) Experimental results of the relative phase difference for the cases 
of E1 = 10 mJ, 30 mJ, 50 mJ, and 70 mJ with several E2 values. 

6.3 Long-term phase stabilization of SBS wave 
The self-phase control method ensures the SBS wave is well stabilized for several hundred 
shots. However, a thermally induced long-term phase fluctuation occurs when the number 
of laser shots increases (Kong et al., 2006, 2008). This slowly varying phase fluctuation can 
be easily compensated through the active control of PZTs attached to one concave mirror of 
the SBS-PCM. Figs. 20 and 21 show the phase control experimental results for the cases with 
PZT control and without PZT control, respectively, in a two-beam combination system. The 
phase difference and the output energy are measured during 2500 laser shots (250 s) for a 
pump energy level of Ep1,2≈50 mJ. The case without PZT control showed long-term phase 
and output energy fluctuations. In the case with the PZT control, the phase difference 
between the SBS beams is well stabilized with a fluctuation of 0.0214λ(=λ/46.8) by standard 
deviation; furthermore, the output energy is stabilized with a fluctuation of 4.66%. 
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Fig. 20. Experimental results of (a) the output energy and (b) the phase difference between 
two SBS beams without PZT control during 2500 laser shots (250 s) for the case of Ep1,2≈50 
mJ pump energy. 
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Fig. 21. Experimental results of (a) the output energy and (b) the phase difference between 
two SBS beams with PZT control during 2500 laser shots (250 s) for the case of Ep1,2≈50 mJ 
pump energy. 
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6.4 Coherent beam combined laser system for high energy, high power, high beam 
quality, and high repetition rate output 
Figs. 22(a) and 22(b) show the conceptual schemes of the coherent beam combination laser 
system for high energy, high power, high beam quality, and a high repetition rate (Kong et 
al., 1997, 2005a, 2005b). Fig. 22(a) shows the wavefront division scheme, and Fig. 22(b) 
shows the amplitude division scheme. In this beam combination laser system, the main 
beam is divided into many sub-beams for separate amplification; the beam is divided either 
by prisms in the wavefront division scheme or by polarizing beam splitters in the amplitude 
scheme. Both schemes include a series of cross-type amplifier stages. Each cross-type 
amplifier has SBS-PCMs on both sides and is insensitive to the misalignments of the optical 
components because the reflected phase conjugate waves return to exactly the same path as 
the incident beam. As a result, the cross-type beam combination system is highly beneficial 
in terms of alignment, maintenance, and repair. The SBS-PCMs on the right-hand side of 
each cross-type amplifier stage perform as optical isolators. On the left-hand side of each 
cross-type amplifier stage, the array amplifier can increase the beam’s energy with double 
pass optical amplification when it is divided by some of the sub-beams. For the reflectors in 
the array amplifier, we used SBS-PCMs instead of conventional mirrors. The SBS-PCMs can 
compensate for the thermally induced wavefront distortions, and self-focusing can occur in 
the active media with the generation of phase conjugate beams. A diffraction-limited high 
quality beam can therefore be obtained at the output stage. The divided sub-beams are 
recombined again after the double-pass amplification and become the input beam of the 
next amplifier stage. By using many amplifier stages of beam combination, we can obtain a 
high-energy laser output for the fusion. In the array amplifier, Faraday rotators are located 
on the amplification beam lines to compensate for the thermally induced birefringence, and 
phase-controlled SBS-PCMs are used with the self phase control method for coherent 
output. 
 

 
 

Fig. 22. Conceptual schemes of scalable beam combined laser system for a laser fusion 
driver: (a) wavefront division scheme (b) amplitude division scheme (QWP, quarter wave 
plate; SBS-PCM, stimulated Brillouin scattering phase conjugate mirror, FR, Faraday rotator; 
AMP, optical amplifier) 
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7. Conclusion 
In this chapter, a high-energy, high-power amplifier system using SBS-PCMs is introduced. 
The system, which is constructed systematically with a cross-type amplifier and SBS-PCMs 
as a basic unit, has many advantages: for example, it has freely scalable energy and a 
perfectly isolated leak beam; it also compensates for the thermally induced optical distortion 
and it has misalignment insensitiveness. For the coherent output of the combined beam, a 
new phase control method of the SBS wave with self-density modulation has been 
developed. The principle of this phase control method in the experiments for the wavefront 
and amplitude division schemes has been also explained and successfully demonstrated, as 
well as in theoretical modeling, and in the active control of the long-term phase fluctuation. 
In conclusion, the proposed beam combination laser system with SBS-PCMs, which is based 
on the cross-type amplifier, contributes to the realization of the a high energy, high power 
laser that can operate with a repetition rate higher than 10 Hz, even for a huge output 
energy in excess of several MJ. 
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1. Introduction 
Silicon has been the miracle material for the electronics industry, and for the past twenty 
years, technology based on Si microelectronics has been the engine driving the digital 
revolution. For years, the rapid “Moore’s Law” miniaturization of device sizes has yielded 
an ever-increasing density of fast components integrated on Si chips: but during the time 
that the feature size was pushed down towards its ultimate physical limits, there has also 
been a tremendous effort to broaden the reach of Si technology by expanding its 
functionalities well beyond electronics. Si is now being increasingly investigated as a 
platform for building photonic devices. The field of Si photonics has seen impressive growth 
since early visions in the 1980s and 1990s [1,2]. The huge infrastructure of the global Si 
electronics industry is expected to benefit the fabrication of highly sophisticated Si photonic 
devices at costs that are lower than those currently required for compound semiconductors. 
Furthermore, the Si-based photonic devices make possible the monolithic integration of 
photonic devices with high speed Si electronics, thereby enabling an oncoming Si-based 
“optoelectronic revolution”.  
Among the many photonic devices that make up a complete set of necessary components in 
Si photonics including light emitters, amplifiers, photodetectors, waveguides, modulators, 
couplers and switches, the most difficult challenge is the lack of an efficient light source. The 
reason for this striking absence is that bulk Si has an indirect band gap where the minimum 
of the conduction band and the maximum of the valence band do not occur at the same 
value of crystal momentum in wave vector space (Fig. 1). Since photons have negligible 
momentum compared with that of electrons, the recombination of an electron-hole pair will 
not be able to emit a photon without the simultaneous emission or absorption of a phonon 
in order to conserve the momentum. Such a radiative recombination is a second-order effect 
occurring with a small probability, which competes with nonradiative processes that take 
place at much faster rates. As a result, as marvelous as it has been for electronics, bulk Si has 
not been the material of choice for making light emitting devices including lasers. 
Nevertheless, driven by its enormous payoff in technology advancement and 
commercialization, many research groups around the world have been seeking novel 
approaches to overcome the intrinsic problem of Si to develop efficient light sources based 
on Si. One interesting method is to use small Si nanocrystals dispersed in a dielectric matrix, 
often times SiO2. Such nano-scaled Si clusters are naturally formed by the thermal annealing 
of a Si-rich oxide thin film. Silicon nanocrystals situated in a much wider band gap SiO2 can 
effectively localize electrons with quantum confinement, which improves the radiative 
recombination probability, shifts the emission spectrum toward shorter wavelengths, and 
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Fig. 1. Illustration of a photon emission process in (a) the direct and (b) the indirect band 
gap semiconductors. 

decreases the free carrier absorption. Optical gain and stimulated emission have been 
observed from these Si nanocrystals by both optical pumping [3,4] and electrical injection 
[5], but the origin of the observed optical gain has not been fully understood as the 
experiments were not always reproducible – results were sensitive to the methods by which 
the samples were prepared. In addition, before Si-nanocrystal based lasers can be 
demonstrated, the active medium has to be immersed in a tightly confined optical 
waveguide or cavity.  
Another approach is motivated by the light amplification in Er-doped optical fibers that 
utilize the radiative transitions in Er ions (Er3+) [6]. By incorporating  Er3+ in Si, these ions 
can be excited by energy transfer from electrically injected electron-hole pairs in Si and will 
subsequently relax by emitting photons at the telecommunication wavelength of 1.55 μm.  
However, the concentration of Er3+ ions that can be doped in Si is relatively low and there is 
a significant energy back-transfer from the Er3+ ions to the Si host due to the resonance with 
a defect level in Si. As a result, both efficiency and maximum power output have been 
extremely low [7,8]. To reduce the back transfer of energy, SiO2 with an enlarged band gap 
has been proposed as host to remove the resonance between the defect and the Er3+ energy 
levels [9]. Once again, Si-rich oxide is employed to form Si nanocrystals in close proximity to 
Er3+ ions. The idea is to excite Er3+ ions with the energy transfer from the nearby Si 
nanocrystals. Light emitting diodes (LEDs) with efficiencies of about 10% have been 
demonstrated [10] on par with commercial devices made of GaAs, but with power output 
only in tens of μW. While there have been proposals to develop lasers using doped Er in Si-
based dielectric, the goal remains elusive. 
The only approach so far that has led to the demonstration of lasing in Si exploited the effect 
of stimulated Raman scattering [11-13], analogous to that produced in fiber Raman 
amplifiers. With both the optical pumping and the Raman scattering below the band gap of 
Si, the indirectness of the Si band gap becomes irrelevant. Depending on whether it is a 
Stokes or anti-Stokes process, the Raman scattering either emits or absorbs an optical 
phonon. Such a nonlinear process requires optical pumping at very high intensities 
(~100MW/cm2) and the device lengths (~cm) are too large to be integrated with other 
photonic and electronic devices in any type of Si VLSI-type circuit [14]. 
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Meanwhile, the search for laser devices that can be integrated on Si chips has gone well 
beyond the monolithic approach to seek solutions using hybrid integration of III-V 
compounds with Si.  A laser with an AlGaInAs quantum well (QW) active region bonded to 
a silicon waveguide cavity was demonstrated [15]. This fabrication technique allows for the 
optical waveguide to be defined by the CMOS compatible Si process while the optical gain 
is provided by III-V materials. Rare-earth doped visible-wavelength GaN lasers fabricated 
on Si substrates are also potentially compatible with the Si CMOS process [16]. Another 
effort produced InGaAs quantum dot lasers deposited directly on Si substrates with a thin 
GaAs buffer layer [17]. Although these hybrid approaches offer important alternatives, they 
do not represent the ultimate achievement of Si-based lasers monolithically integrated with 
Si electronics.  
While progress is being made along these lines and debates continue about which method 
offers the best promise, yet another approach emerged that has received a great deal of 
attention in the past decade—an approach in which the lasing mechanism is based on 
intersubband transitions (ISTs) in semiconductor QWs. Such transitions take place between 
quantum confined states (subbands) of conduction or valence bands and do not cross the 
semiconductor band gap. Since carriers remain in the same energy band (either conduction 
or valence), optical transitions are always direct in momentum space rendering the 
indirectness of the Si band gap irrelevant. Developing lasers using ISTs therefore provides a 
promising alternative that completely circumvents the issue of indirectness in the Si band 
gap. In addition, this type of laser can be conveniently designed to employ electrical 
pumping – the so-called quantum cascade laser (QCL). The pursuit of Si-based QCLs might 
turn out to be a viable path to achieving electrically pumped Si-based coherent emitters that 
are suitable for monolithic integration with Si photonic and electronic devices.  
In this chapter, lasing processes based on ISTs in QWs are explained by drawing a 
comparison to conventional band-to-band lasers. Approaches and results towards SiGe 
QCLs using ISTs in the valence band are overviewed, and the challenges and limitations of 
the SiGe valence-band QCLs are discussed with respect to materials and structures. In 
addition, ideas are proposed to develop conduction-band QCLs, among them a novel QCL 
structure that expands the material combination to SiGeSn. This is described in detail as a 
way to potentially overcome the difficulties that are encountered in the development of SiGe 
QCLs.  

2. Lasers based on intersubband transitions 
Research on quantum confined structures including semiconductor QWs and superlattices 
(SLs) was pioneered by Esaki and Tsu in 1970 [18]. Since then confined structures have been 
developed as the building blocks for a majority of modern-day semiconductor 
optoelectronic devices. QWs are formed by depositing a narrower band gap semiconductor 
with a layer thickness thinner than the deBroglie wavelength of the electron (~10nm) 
between two wider band gap semiconductors (Fig. 2(a)). The one-dimensional quantum 
confinement leads to quantized states (subbands) in the direction of growth  within both 
conduction and valence bands. The energy position of each subband depends on the band 
offset ( ) and the effective mass of the carrier. In directions perpendicular to  (in-
plane), the carriers are unconfined and can thus propagate with an in-plane wave vector  
which gives an energy dispersion for each subband. (Fig. 2(b))  
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Fig. 2. Illustration of (a) conduction and valence subband formations in a semiconductor 
QW and (b) in-plane subband dispersions with optical transitions between conduction and 
valence subbands. 

Obviously, if the band offset is large enough, there could be multiple subbands present 
within either conduction or valence band as shown in Fig. 3 where two subbands are 
confined within the conduction band. The electron wavefunctions (Fig. 3(a)) and energy 
dispersions (Fig. 3(b)) are illustrated for the two subbands. The concept of ISTs refers to the 
physical process of a carrier transition between these subbands within either the conduction 
or valence band as illustrated in Fig. 3. Carriers originally occupying a higher energy 
subband can make a radiative transition to a lower subband by emitting a photon. Coherent 
sources utilizing this type of transition as the origin of light emission are called 
intersubband lasers. 
The original idea of creating light sources based on ISTs was proposed by Kazarinov and 
Suris [19] in 1971, but the first QCL was not demonstrated until 1994 by a group led by 
Capasso at Bell Laboratories [20]. In comparison with the conventional band-to-band lasers, 
lasers based on ISTs require much more complex design of the active region which consists 
of carefully arranged multiple QWs (MQWs). The reason for added complexity can be 
appreciated by comparing the very different band dispersions that are involved in these two 
types of lasers. In a conventional band-to-band laser, it appears that the laser states consist 
of two broad bands. But a closer look at the conduction and valence band dispersions (Fig. 
2(b)) reveals a familiar four-level scheme where in addition to the upper laser states , 
located near the bottom of the conduction band and the lower laser states , near the top 
of the valence band, there are two other participating states - intermediate states  , and 
ground states .  The pumping process (either injection or optical) places electrons into 
the intermediate states, , from which they quickly relax toward the upper laser states 

 by inelastic scattering intraband processes. This process is very fast, occurring on a sub-
pico-second scale. But once they reach states , they tend to stay there for a much longer 
time determined by the band-to-band recombination rate which is on the order of 
nanoseconds. Electrons that went through lasing transitions to the lower laser states  
will quickly scatter into the lower energy states of the valence band – ground states  --
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by the same fast inelastic intraband processes. (A more conventional way to look at this is 
the relaxation of holes toward the top of the valence band.) The population inversion 
between  and  is therefore established mostly by the fundamental difference 
between the processes determining the lifetimes of upper and lower laser states. As a result, 
the lasing threshold can be reached when the whole population of the upper conduction 
band is only a tiny fraction of that of the lower valence band. 
 

 
Fig. 3. (a) Two subbands formed within the conduction band confined in a QW and their 
election envelope functions, (b) in-plane energy dispersions of the two subbands. Radiative 
intersubband transition between the two subbands is highlighted.  

Let us now turn our attention to the intersubband transition shown in Fig. 3(b). The in-plane 
dispersions of the upper  and lower  conduction subbands are almost identical 
when the band nonparabolicity can be neglected. For all practical purposes they can be 
considered as two discrete levels. Then, in order to achieve population inversion it is 
necessary to have the whole population of the upper subband exceed that of the lower 
subband. For this reason, a three- or four-subband scheme becomes necessary to reach the 
lasing threshold. Even then, since the relaxation rates between different subbands are 
determined by the same intraband processes, a complex multiple QW structure needs to be 
designed to engineer the lifetimes of involved subbands.   
Still,  intersubband lasers offer advantages in areas where the conventional band-to-band 
lasers simply cannot compete. In band-to-band lasers, lasing wavelengths are mostly 
determined by the intrinsic band gap of the semiconductors. There is very little room for 
tuning, accomplished by varying the structural parameters such as strain, alloy composition, 
and layer thickness. Especially for those applications in the mid-IR to far-IR range, there are 
no suitable semiconductors with the appropriate band gaps from which such lasers can be 
made. With the intersubband transitions, we are no longer limited by the availability of 
semiconductor materials to produce lasers in this long wavelength region. In addition, for 
ISTs between conduction subbands with parallel band dispersions, the intersubband lasers 
should therefore have a much narrower gain spectrum in comparison to the band-to-band 
lasers in which conduction and valence bands have opposite band curvatures. 
A practical design that featured a four-level intersubband laser pumped optically was 
proposed by Sun and Khurgin [21,22] in the early 1990s. This work laid out a comprehensive 
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Advances of QCLs since the first demonstration have resulted in dramatic performance 
improvement in spectral range, power and temperature. They have become the dominant 
mid-IR semiconductor laser sources covering the spectral range of  μm [23-25], 
many of them operating in the continuous-wave mode at room temperature with peak 
power reaching a few watts [26,27]. Meanwhile, QCLs have also penetrated deep into the 
THz regime loosely defined as the spectral region  GHz  THz or  
μm, bridging the gap between the far-IR and GHz microwaves. At present, spectral 
coverage from 0.84-5.0 THz has been demonstrated with operation in either the pulsed or 
continuous-wave mode at temperatures well above 100K [28]. 

3. Intersubband theory 
In order to better explain the design considerations of intersubband lasers, it is necessary to 
introduce some basic physics that underlies the formation of subbands in QWs and their 
associated intersubband processes. The calculation procedures described here follows the 
envelope function approach based on the effective-mass approximation [29]. The  
method [30] was outlined to obtain in-plane subband dispersions in the valence band. 
Optical gain for transitions between subbands in conduction and valence bands is derived. 
Various scattering mechanisms that determine the subband lifetimes are discussed with an 
emphasis on the carrier-phonon scattering processes.  

3.1 Subbands and dispersions 
Let us treat the conduction subbands first. It is well known in bulk material that near the 
band edge, the band dispersion with an isotropic effective mass follows a parabolic 
relationship. In a QW structure, along the in-plane direction ( ) where 
electrons are unconfined, such curvature is preserved for a given subband , assuming the 
nonparabolicity that describes the energy-dependent effective mass can be neglected, 

 

where   is the Planck constant and   is the minimum energy of subband  in a QW 
structure. This minimum energy can be calculated as one of the eigen values of the 
Schrödinger equation along the growth direction , 

 

where the -dependence of  allows for different effective masses in different layers 
and  represents the conduction band edge along the growth direction , . The envelope 
function of subband , , together with the electron Bloch function   and the plane 
wave , gives the electron wavefunction in the QW structure as 

 

where the position vector is decomposed into in-plane and growth directions . 
Since we are treating electron subbands, the Bloch function is approximately the same for all 
subbands and all -vectors. The electron envelope function can be given as a combination of 
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the forward and backward propagations in a given region  of the QW structure (either a 
QW or a barrier region),  

 

where   and  are constants that need to be fixed with the continuity conditions at each of 
the interfaces , 

 

in conjunction with the relationship between the subband minimum energy  and the 
quantized wave vector  in the -direction 

 

where  assumes either real or imaginary value depending on . The continuity 
conditions in Eq.(5) ensure continuous electron distribution and conservation of electron 
current across the interface. 
In the presence of an electric field  applied in the -direction, the potential term  in the 
Schrödinger equation Eq.(2) becomes tilted along  -direction according to . If the 
Coulomb effect due to the distribution of electrons in the subband needs to be taken into 
consideration, then the potential in region  of the QW structure with the conduction band 
edge  should be modified as 

 

where  takes into account the potential due to electron distributions in all subbands 
and can be obtained by solving the Poisson equation 

 

consistently with Eq.(2), where  is the charge of a free electron,  is the permittivity of free 
space,   is the -dependent dielectric constant of the QW structure,  is the electron 
density of subband , and  is the n-type doping profile in the structure.  
In comparison with the conduction band, the situation in the valence band is far more 
complex mostly because of the interactions between subbands of different effective masses 
that produce strong nonparabolicity. The in-plane dispersion of valence subbands and their 
associated envelope functions can be obtained in the framework of the effective mass 
approximation by applying the  theory [30] to QWs [31] where, in the most general 
treatment, an 8×8 Hamiltonian matrix is employed to describe the interactions between the 
conduction, heavy-hole (HH), light-hole (LH), and spin-orbit split off (SO) bands. Often 
times, for semiconductors in which the conduction band is separated far in energy from the 
valence band, the coupling of the conduction band can be ignored. For the group-IV 
semiconductors Si and Ge with indirect band gaps, this approximation is particularly 
adequate. In those structures where there is little strain such as GaAs/AlGaAs, the SO band 
coupling can also be ignored. The 8×8 Hamiltonian matrix can then be reduced to a 4×4 
matrix. But for systems with appreciable lattice mismatch, strain induces strong coupling 
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between LH and SO bands. For the SiGe system with a large lattice mismatch, the SO band 
should be included and a 6×6 matrix Hamiltonian equation needs to be solved to come up 
with the dispersion relations and envelope functions. Such a 6×6 matrix Hamiltonian 
equation can be solved exactly in multiple QW structures under the bias of an electric field. 
A procedure based on the Luttinger-Kohn Hamiltonian [32,33] is outlined as follows.  
The 6×6 Luttinger-Kohn Hamiltonian matrix including the uniaxial stress along (001) is 
given in the HH ( ), LH ( ), and SO ( ) Bloch function space as 

 

where   is the valence band edge profile (degenerate for HH and LH bands) of the QW 
structure, 

 

in which  is the mass of a free electron,   are the Luttinger parameters and ,  
are the deformation potentials [34] with different values in QWs and barriers, and the lattice 
mismatch strain 

 

with  being the lattice constants of the substrate (or buffer) and the layer material, and 
 and  the stiffness constants. 
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The Hamiltonian in Eq.(9) operates on wavefunctions that are combinations of six mutually 
orthogonal HH ( ),  LH ( ), and SO ( ) Bloch functions 

 

where  forms a six-component envelope-function vector . Each 
component in a given region  of the QW structure (either QW or barrier), , is a 
superposition of the forward and backward propagations identical to Eq.(4) with constants 

 and ,  that can be fixed by the continuity equations that require at each 
interface  , 

 

where  

 

to maintain undisruptive carrier distribution and current across the interface. 
It is important to point out that when the above described algorithms are used for the 
situation where an electric field is applied along the growth direction , it is necessary to 
digitize the potential term  and , i.e. the regions that are used in Eq.(4) are no 
longer defined by the QW and barrier boundaries; instead, there could be many regions 
within each QW or barrier depending on the number of digitization steps used to satisfy the 
accuracy requirement. 
This procedure applied at each wave vector point ( ) produces the in-plane 
dispersion for each subband. An example is illustrated in Fig. 5 for a 70Å/50Å  
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GaAs/Al0.3Ga 0.7As SL [35]. In-plane dispersions of three subbands (two for HH and one for 
LH) are shown where strong nonparabolicity is demonstrated. It can be seen from Fig. 5 that 
the band nonparabolicity could be so severe that the LH subband maximum is no longer at 
the -point which leads to useful valence QCL design applications in Section IV. 
 

 
Fig. 5. In-plane dispersions of subbands HH1, LH1, and HH2 for a 70 Å/50 Å  
GaAs/AlGaAs SL [35]. 

3.2 Optical gain 
For lasing to occur between two subbands, it is necessary to induce stimulated emission 
between them. To sustain such emission of photons, there must be sufficient optical gain to 
compensate various losses in the laser structure. The intersubband optical gain can be 
obtained by analyzing transition rates between two subbands. 
According to the Fermi Golden rule, the transition rate between two discrete states 1 and 2 
that are coupled by a perturbation electro-magnetic (EM) field with a frequency of  is 

 

where  is the transition matrix element under the influence of a perturbation 
Hamiltonian  between the two states with an exact transition energy  in the 
absence of any broadening. In reality, the transition line  is not infinitely sharp and is 
always broadened. As a result,  is not known exactly, instead a probability for it to 
appear in the energy interval    is described. In the case of homogeneous 
broadening, this probability should be given as  with the Lorentzian lineshape 
centered at some peak transition energy   
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where  is the full width at half maximum (FWHM) that characterizes the broadening due 
to various homogeneous processes that include collisions and transitions. The transition rate 
in Eq.(15) should thus be modified by an integral that takes into account of this broadening 
as 

 

essentially replacing the  -function in Eq.(15) with the Lorentzian lineshape Eq.(16). 
In the presence of an EM field with an optical potential vector  in a medium with isotropic 
effective mass, the perturbation Hamiltonian  that describe the interaction between the 
field and electron in isotropic subbands is 

 

where  is the momentum operator.  
From Eq.(18), it is not difficult to see that the selection rules for intersubband transitions in 
the conduction band are such that only those EM fields that are polarized in the growth 
direction ( ) can induce optical transitions. The transition matrix element can then be given 
as 

 

where the momentum matrix element 

 

is evaluated as the envelope function overlap between the two subbands, which is related to 
the dipole matrix element [36]  

 

and to the oscillator strength [37] 

 

It is not difficult to see from Eq.(17) that the transition rate induced by an EM field between 
two eigen states is the same for upward and downward transitions. Now let us apply 
Eq.(17) to intersubband transitions between the upper subband 2 and lower subband 1 in 
the conduction band (Fig. 3). Since momentums associated with photons are negligible, all 
photon-induced transitions are vertical in -space. It is therefore possible to obtain a net 
downward transition rate (in the units of number of transitions per unit time per unit 
sample area) between the two subbands by evaluating the following integral 
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where  and  are the electron occupation probabilities of those states at the 
same  in subbands 1 and 2, respectively, and  is the reduced density of states 
(DOS) between  and , which is equal to DOS of subbands 1 ( ) and 2 ( ) when they 
are parallel,  . Since the Lorentzian lineshape in Eq.(23) should be 
much broader than the spread of the energy transitions between the two parallel subbands 
which can be approximated as sharply centered at the subband separation at their energy 
minima . Thus, 

 

where  and  are the total electron densities in subband 1 and 2 per unit area, 
respectively. 
The optical gain coefficient  that describes the increase of the EM field intensity, , as 

  can be defined as power increase per unit volume divided by the intensity, 
which in turn can be expressed in terms of the net downward transition rate Eq.(24) using 
the momentum and dipole matrix element relation 

 

where  is the length of the QW structure that is equal to the length of one period in case of 
QCLs. In order to relate the EM field intensity  that propagates in in-plane with the optical 
potential  polarized along , a real expression for the potential  has to be used  

 

where  is the in-plane propagation wave vector of the EM field. It is easy to see that only 
one of the two terms on the right side of Eq.(26) couples with subbands 1 and 2, 

. Thus, the optical potential that participates in the transition matrix Eq.(19) is only half of 
its real amplitude, . Since the EM field intensity  is related to the optical potential 
amplitude  as , Eq.(25) can be written as 

 

where  is the speed of light in free space and  is the effective index of refraction of the 
QCL dielectric medium. The population inversion  is clearly necessary in order 
to achieve positive gain which peaks at the frequency   with a value of 

 

For transitions between valence subbands with nonparallel dispersions and strong mixing 
between HH, LH, and SO bands, we have to re-examine the intersubband transition rate. 
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Consider the intersubband transition in Fig. 5 from the upper state  in subband LH1 to 
the lower state  in subband HH1, if the spread of intersubband transitions is wide 
enough compared to the homogeneous broadening, the Lorentzian lineshape in the net 
downward transition rate Eq.(23) can be approximated as a -function yielding  

 

where  is the reduced DOS for the transition between subbands LH1 and HH1,  
 and  are hole occupation probabilities at states with energy  and  in 

subband LH1 and HH1, respectively, at the same in-plane wave vector  separated by a 
photon energy , and the optical transition matrix between LH1 and HH1 taking into 
account of the mixing 

 

where  and  are respectively the -th component of the envelope function vectors for 
subband LH1 and HH1 as defined in Eq.(12), and  are the corresponding hole effective 
mass in -direction with  for HH,  for LH, and 

 for SO. The optical gain can then be expressed 

 

in terms of momentum matrix   as well as dipole matrix elements  

 between the same -th component of the envelope function vectors of 
the two valence subbands.  
In comparison with the optical gain Eq.(28) for the conduction subbands, we can see that it 
is not necessary to have total population inversion, , in order to have positive 
gain between the valence subbands. Instead, all we need is local population inversion 

 in the region where the intersubband transition takes place 
(those states near  and  in Fig. 5). 

3.3 Intersubband lifetimes 
It has been established in Eqs.(27) and (28) that the population inversion between the upper 
(2) and lower (1) subbands, , is necessary in order to obtain optical gain. But 
what determines the population inversion? This question is answered with the analysis of 
lifetimes of these subbands as a result of various intersubband relaxation mechanisms 
including carrier-phonon, carrier-carrier, impurity, and interface roughness scattering 
processes. Among them, phonon scattering is the dominant process, especially when the 
energy separation between the two subbands exceeds that of an optical phonon, in which 
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case the transitions from upper to lower subband are highly efficient with the emission of 
optical phonons. Different from the optical transitions, these scattering processes do not 
necessarily occur as vertical transitions in -space. In the case of phonon scattering, the 
conservation of in-plane momentum can be satisfied by a wide range of momentum of 
involved phonons as shown in Fig. 6(a) where intersubband as well as intrasubband 
transitions due to phonon scattering are illustrated.  
 

 
Fig. 6. (a) Intersubband and intrasubband transitions due to electron-phonon scattering (b) 
the 22 11 transition induced by the electron-electron scattering. 

Up to now, practically all approaches in developing Si-based QCLs are based on materials 
from group-IV, mostly Si, Ge, SiGe alloy, and more recently, SiGeSn alloy. Different from 
the polar III-V and II-VI semiconductors, group-IV materials are nonpolar. The carrier 
scatterings by nonpolar optical phonons are much slower than those due to polar optical 
phonons [38].  Starting from Fermi Gold rule Eq.(15), the scattering rate for a carrier in 
subband 2 with the in-plane wave vector   to subband 1 with  by a phonon with an 
energy  and wave vector, , can be expressed as an integral over all the 
participating phonon states 

 

where  is the electron-phonon interaction matrix element, the carrier energies  and 
 are given by Eq.(1) for conduction subbands, but for valence subbands, they need to be 

obtained by the  method described above. We will proceed with the following 
approximations: 1) all phonons are treated to be bulk-like by neglecting the phonon 
confinement effect in QW structures, 2) energies of acoustic phonons are negligible , 
and 3) optical phonon energies are taken as a constant . The matrix element of 
carrier-phonon interaction for different type of phonons can be written as [39,40] 
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where the upper sign is for absorption and lower for emission of one phonon,  is the 
Boltzmann constant,  is the volume of the lattice mode cavity,  is the elastic constant for 
acoustic mode,  and  are the acoustic and optical deformation potential, respectively, and 

 is the number of optical phonons at temperature , 

 

The wavefunction interference effect between conduction subbands is 

 

and between valence subbands is  

 

The Kronecker symbol  in the matrix element Eq.(33) represents the in-plane 
momentum conservation  
Since phonon modes have density of states , the participating phonon states in the 
integral Eq.(32) can be expressed as  

 

where  is the angle between  and . For conduction subbands with a parabolic dispersion 
Eq.(1), the phonon scattering rate Eq.(32) can be evaluated analytically  

 

But for valence subbands where there is a strong nonparabolicity, Eq.(32) can no longer be 
integrated analytically. However, if we take the wave vector of the initial state in subband 2 
to be at the -point , then the phonon wave vector , Eq.(38) can still be used to 
evaluate the phonon scattering rate between valence subbands by substituting the effective 
mass with some average effective mass in the final subband 1. 
The phonon scattering rate in Eq.(38) has been used to compare the lifetimes of two similar 
three-level systems, SiGe/Si and GaAs/AlGaAs, as shown in Fig. 7(a) [38]. The lifetime 
difference between the upper (3) and lower (2) subband is calculated as the function of the 
transition energy  which is varied by changing the barrier width between the two 
QWs that host the two subbands. The main result in Fig. 7(b) is that the lifetimes in the SiGe 
system can be an order of magnitude longer than in the GaAs/AlGaAs system because of 
SiGe’s lack of polar optical phonons. This property can potentially lead to significantly 
reduced lasing threshold for the SiGe system. The sudden drops in the lifetimes have to do 
with the shifting of subband energy separations  and , to either below or 
above the optical phonon energy.   
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Fig. 7. (a) HH valence band diagram of one period of a SiGe/Si SL with hole energy increase 
in the upward direction, and (b) comparison of Lifetime difference ( ) between the 
SiGe/Si and GaAs/AlGaAs SL (in a similar three scheme) as a function of the transition 
energy ( ) [38]. 

Among the different phonon scattering processes – emission and absorption of acoustic and 
optical phonons, the emission of an optical phonon is by far the fastest process. But in far-IR 
QCLs when the subband energy separation is less than the optical phonon energy and the 
emission of an optical phonon is forbidden, phonon scattering may no longer be the 
dominant relaxation mechanism. Other scattering mechanisms need to be taken into 
consideration, such as the carrier-carrier [41], impurity [42], and interface roughness 
scatterings [43], all of which are elastic processes. The carrier-carrier scattering is a two-
carrier process that is particularly important when carrier concentration is high which 
increases the possibility of two carriers interacting with each other. There are many possible 
outcomes as a result of this interaction in inducing intersubband as well as intrasubband 
transitions. Among them, the 22 11 process where both carriers originally in subband 2 
end up in subband 1 is the most efficient one in terms of inducing intersubband transitions 
(Fig. 6(b)). It has been reported in experiment that the intersubband transition times on the 
order of tens of ps have been observed for carrier densities of /cm2 in 
GaAs/AlGaAs QWs [44]. In QCLs, since doping is mostly introduced away from the active 
region where optical transitions take place, impurity scattering does not seem to play a 
major role in determining the lifetimes of laser subbands, however, its influence on carrier 
transport in the injection region can be rather important. Interface roughness depends 
strongly on the process of structural growth, its impact on scattering should be more 
significant on narrow QWs, particularly for those transitions between two wavefunctions 
that are localized in MQWs that span across several interfaces.  

4. Valence band SiGe QCLs 
Up to now, all of the demonstrated QCLs are based on epitaxially grown III-V 
semiconductor heterostructures such as GaInAs/AlInAs, GaAs/AlGaAs, and InAs/AlSb, 
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using electron subbands in conduction band.  With the promise of circumventing the 
indirectness of Si band gap, a SiGe/Si laser based on intersubband transitions was first 
proposed by Sun et al in 1995 [38] where a comparative study was performed between the 
SiGe/Si and GaAs/AlGaAs systems. Since then there has been a series of theoretical and 
experimental investigations aimed at producing Si-based QCLs. A natural choice of the 
material system is SiGe because Si and Ge are both group-IV elements, SiGe alloys have 
been routinely deposited on Si to produce heterojunction bipolar transistors or as a strain-
inducing layer for CMOS transistors [45].  
While QCLs based on SiGe alloys can be monolithically integrated on Si if successfully 
developed, there are significant challenges associated with this material system. First, there 
is a 4% lattice mismatch between Si and Ge. Layers of Si1-xGex alloys deposited on Si 
substrates induce strain which can be rather significant in QCLs because a working 
structure typically consists of at least hundreds of layers with a total thickness that easily 
exceeds the critical thickness above which the built-in strain simply relaxes to develop 
defects in the structure. In dealing with the issue of strain in SiGe/Si QC structures, one 
popular approach is to use strain balanced growth where the compressively strained Si1-xGex 
and tensile strained Si are alternately stacked on a relaxed Si1-yGey buffer deposited on a Si 
substrate where the buffer composition ( ) is chosen to produce strains in Si1-xGex and Si 
that compensate each other, so that the entire structure maintains a neutral strain profile 
[46,47]. Strain balanced structures have effectively eliminated the limitations of critical 
thickness and produced high quality SiGe/Si structures consisting of nearly 5000 layers (15 

m) by chemical vapor deposition [48]. 
Second, the band offsets between compressively strained SiGe and tensile strained Si or 
between SiGe of different alloy compositions is such that the conduction band QWs are 
shallow, and nearly all band offsets are in valence band. Practically all of the investigations 
of SiGe QCLs are focused on intersubband transitions in the valence band. But the valence 
subband structure is much more complex in comparison with the conduction subbands 
because of the mixing between the HH, LH and SO bands. Their associated subbands are 
closely intertwined in energy making the design of valence QCLs extremely challenging. 
Third, any valence QCL design in general has to inevitably involve HH subbands since they 
occupy lower energies relative to LH subbands because of their large effective mass. In SiGe, 
the HH effective mass is high (~0.2 ), which leads to small IST oscillator strength between 
the laser states and poor carrier transport behavior associated with their low mobilities. 
The challenge presented by the valence-band mixing also creates an opportunity to engineer 
desirable subband dispersions such that total population inversion between the subbands 
becomes unnecessary in a way analogous to the situation in conventional band-to-band 
lasers discussed in section II. It was reported in QCLs that the population inversion was 
only established locally in -space in the large -vector region of the conduction subbands 
because the interactions between the subbands produced nonparallel in-plane dispersions 
[49]. In comparison with the conduction-band nonparabolicity, this effect is known to be 
much stronger in the valence band [31]. As a matter of fact, in the valence band of most 
diamond and zinc-blende semiconductors, LH and HH subbands usually anti-cross, and 
near the point of anti-crossing, the LH subband in-plane dispersion becomes electron-like. 
Thus, an earlier design was accomplished to effectively tailor the dispersions of two valence 
subbands in a GaAs/AlGaAs QW (Fig. 5) similar to those of the conduction and valence 
bands, in which one of the subbands is electron-like and the other hole-like, i.e., one of the 
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subbands shall have its effective mass inverted [35]. If we now designate states near the -
point of subband LH1 as the intermediate states, , states near the valley (inverted-
effective-mass region) of subband LH1 as the upper laser states , states in subband HH1 
vertically below the valley of subband LH1 as the lower laser states , and states near the 

-point of subband HH1 as the ground states  (counting the hole energy downward in 
Fig. 5), we can see that the situation closely resembles the one in the conventional band-to-
band semiconductor laser. The upper and lower laser states can now be populated and 
depopulated through fast intrasubband processes, while the lifetime of the upper laser 
states is determined by a much slower intersubband process between subbands LH1 and 
HH1. Such a large lifetime difference between the upper and lower laser states is certainly 
favorable for achieving population inversion between them.   
The inverted mass approach was later on applied to the SiGe system [50,51]. Two slightly 
different schemes were developed, one utilized the inverted LH effective mass [50], and the 
other inverted HH mass [51]. In both cases, the effective mass inversion is the result of 
strong interaction between the valence subbands. The inverted-effective-mass feature 
requires the coupled subbands to be closely spaced in energy, typically less than all the 
optical phonon energies in the SiGe material system (37meV for the Ge-Ge mode, 64meV for 
the Si-Si mode, and 51meV for the Si-Ge mode [52]), which suppresses the nonradiative 
intersubband transitions due to the optical phonon scattering, but also limits the optical 
transitions in the THz regime. The structures under investigation were strain balanced with 
compressively strained Si1-xGex QW layers and the tensile strained Si barrier layers 
deposited on a relaxed Si1-yGey buffer layer ( ) on Si. The in-plane dispersions of the 
inverted LH scheme are shown in Fig. 8 for a 90Å/50Å Si0.7Ge0.3/Si super lattice (SL). Three 
lowest subbands are shown. The numbers 1, 2, 3, and 4 indicate how this inverted mass 
  

 
Fig. 8. Dispersions of subbands HH1, LH1 and HH2 in a 90Å/50Å Si0.7Ge0.3/Si SL strained 
balanced on a Si0.81Ge0.19 buffer, obtained with a  valence band matrix taking into 
account HH, LH and SO interactions and strain effect [50]. 
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intersubband laser mimics the operation of a conventional band-to-band laser. The lifetime 
of the upper laser state 3 is long because the intersubband transition energy at 6THz 
(~50 m) is below that of optical phonons, allowing only much weaker acoustic phonon 
scattering between the two subbands. Calculation results have shown that optical gain in 
excess of 150/cm can be achieved without total population inversion being established 
between the LH and HH subbands. 
The inverted LH effective mass approach utilizes optical transitions between the LH and 
HH subband. It can be argued from the component overlap of the envelope functions in 
Eq.(30) that the optical transition matrix between subbands of different types is always 
smaller than that between subbands of the same type. We therefore tried to engineer the 
same inverted effective mass feature between two HH subbands. The challenge is to lift the 
LH subband above the HH2 subband. Once again, a strain balanced SL structure is 
considered but with different SiGe alloy compositions and layer thicknesses [51]. The band 
structure for a 90Å/35Å Si0.8Ge0.2/Si SL under an electric bias of 30kV/cm is shown in Fig. 
9(a) where each QW has two active doublets formed by bringing HH1 and HH2 subbands in 
the neighboring QWs into resonance under the bias. There is a 3meV energy split within the 
doublet. The resulting in-plane dispersions for the two doublets are shown in Fig. 9(b). 
Simulation results showed that optical gain of 450/cm at 7.3THz can be achieved at a 
pumping current density of 1.5KA/cm2 at 77K.  
 

 
Fig. 9. (a) Band diagram of the Si0.8Ge0.2/Si SL under an electric bias of 30 kV/cm. The labels 
(  represent the QWs in which the wave functions are localized [51],  
(b) Dispersions of the four levels (two doublets) in a QW. 

Electroluminescence (EL) from a SiGe/Si quantum cascade emitter was first demonstrated 
in a SiGe/Si quantum cascade emitter using HH to HH transitions in the mid-IR range in 
2000 [53]. Since then several groups have observed EL from the same material system with 
different structures. EL emissions have been attributed to various optical transitions 
including HH-to-HH [54], LH-to-HH [55], and HH-to-LH [56], with emission spectra 
ranging from mid IR to THz (8 ~ 250 m). But lasing has not been observed. Improvement 
on the QCL design has been to be made. One of the most successful III-V QCL designs has 
been the approach of bound-to-continuum where the lower laser state sitting at the top of a 
miniband is delocalized over several QWs while the upper laser state is a bound state in the 
minigap as illustrated in Fig. 10 [57,58]. Electrons that are injected into the bound upper 
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state 2 are prevented from escaping the bound state by the minigap, and then undergo 
lasing transitions to a lower state 1. The depopulation of the lower state 1 is accelerated 
through the efficient miniband carrier transport. Such a design has led to improved 
performance in terms of operating temperature as well as output power for III-V QCLs. A 
similar bound-to-continuum design has been implemented in SiGe with both bound and 
continuum formed by HH states, once again showing just EL with no lasing [59]. It is 
believed that in this structure LH states are mixed within the HH states. Although the 
impact of this intermixing has not been fully understood, these LH states can in principle 
present additional channels for carriers to relax from the upper laser state reducing its 
lifetime. An improved version has been sought after by lifting the LH states out of all 
involved HH states for bound and continuum with the use of strain, as a result, a clear 
intersubband TM polarized EL is shown suggesting that LH states have been pushed away 
from the HH radiative transitions [60]. 

 
Fig. 10. Illustration of two periods of a bound-to-continuum QCL. Lasing transition occurs 
between an isolated bound upper state 2 (formed in the minigap) and a delocalized lower 
state 1 (sitting on top of a miniband). 

Nearly a decade has passed since the first experimental demonstration of EL from a SiGe/Si 
quantum cascade emitter [53]. During this period III-V QCLs have been improved 
dramatically to allow for commercialization and system integration for various applications, 
however there are still no SiGe QCLs. The seemingly inherent difficulties with the valence 
QCL approach have propelled some researchers back into the conduction band to look for 
solutions. 

5. Conduction band Si-based QCLs 
Before QCLs can be designed using conduction subbands, there must be sufficient 
conduction band offset. Contrary to the situation in compressively strained Si1-xGex, tensile 
strained Si1-xGex can have larger conduction band offset, but the conduction band minima 
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occur at the two -valleys whose effective mass (longitudinal) along the growth direction is 
very heavy ( ) resulting in small oscillator strength and poor transport behavior 
possibly even worse than the HHs. Any approach of developing Si-based QCLs based on 
transitions between conduction subbands needs to necessarily go beyond the conventional 
methods in selecting the material system and growth technique.  
Prospects of developing such Si-based QCLs have been investigated theoretically. One 
approach stayed with the Si-rich SiGe/Si material system but instead of the conventional 
growth direction in (100), the structural orientation has been rotated to the [111] crystal 
plane [61]. Conduction band offset was calculated to be 160meV at the conduction band 
minima consisting of six-degenerate -valleys, sufficient for designing far IR QCLs. The 
effective mass along (111) direction can be obtained as the geometric average of the 
longitudinal and transverse effective masses of the  -valley, , lower than that of 
longitudinal  in the (100) structure. Another design relying on the Ge-rich 
Ge/SiGe material system has been proposed to construct conduction band QCLs using 
compressively strained Ge QWs and tensile strained Si0.22Ge0.78 alloy barriers grown on a 
relaxed [100] Si1-yGey buffer [62]. The intersubband transitions in this design are within the 

-valleys which are the conduction band minima in Ge QWs whose effective mass along 
(100) direction has been determined to be . Since Si1-xGex alloys with  are 
similar to Si in that the conduction band minima appear in the  -valleys, the conduction 
band lineup in the Ge/Si0.22Ge0.78 structure is rather complex with conduction band minima 
in Ge at -valleys but in Si0.22Ge0.78 at -valleys along the (100) growth direction. Although 
the band offset at the -valleys is estimated to be as high as 138 meV, the overall band offset 
between the absolute conduction band minima in Ge and Si0.22Ge0.78 is only 41meV. 
Although the quantum confinement effect helps to lift those electron subbands at -valleys, 
the two -valleys are inevitably entangled with the -valleys in the conduction band, 
leading to design complexity and potentially creating additional nonradiative decay 
channels for the upper laser state. 
Recently, a new group-IV material system that expands beyond the Si1-xGex alloys has been 
successfully demonstrated with the incorporation of Sn. These new ternary Ge1-x-ySixSny 

alloys have been studied for the possibility of forming direct band gap semiconductors[63-
66]. Since the first successful growth of this alloy [67], device- quality epilayers with a wide 
range of alloy contents have been achieved [68,69]. Incorporation of Sn provides the 
opportunity to engineer separately the strain and band structure since we can vary the Si (x) 
and Sn (y) compositions independently. Certain alloy compositions of this material system 
offer three advantages: (1) the possibility of a “cleaner” conduction band lineup in which the 
L-valleys in both well and barrier sit below other valleys ( ), (2) an electron effective mass 
along the (001) growth direction that is much lower than the HH mass, and (3) a strain free 
structure that is lattice matched to Ge. In addition, recent advances in the direct growth of 
Ge layer on Si provide a relaxed matching buffer layer on a Si substrate upon which the 
strain-free Ge/Ge1-x-ySixSny is grown [70]. Based on this material system, a strain free QCL 
operating in the conduction L-valleys was proposed [71]. 
Since band offsets between ternary Sn-containing alloys and Si or Ge are not known 
experimentally, we have calculated the conduction band minima for a lattice- matched 
heterostructure consisting of Ge and a ternary Ge1-x-ySixSny based on Jaros' band offset 
theory [72] which is in good agreement with experiment for many heterojunction systems. 
For example, this theory predicts an average valence band offset,  eV for a 
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Ge/Si heterostructure (higher energy on the Ge side), close to the accepted value of 
 eV. The basic ingredients of our calculation are the average (between HH, LH, 

and SO bands) valence band offset between the two materials and the compositional 
dependence of the band structure of the ternary alloy. For the Ge/α-Sn interface, Jaros’ 
theory predicts  eV (higher energy on the Sn side). For the Ge1-x-ySixSny/Ge 
interface we have used the customary approach for alloy semiconductors, interpolating the 
average valence band offsets for the elementary heterojunctions Ge/Si and Ge/α-Sn. Thus 
we used (in eV) 

 
Once the average valence band offset is determined, the energies of individual conduction 
band edges in the Ge1-x-ySixSny alloy can be calculated relative to those in Ge from the 
compositional dependence of the spin-orbit splitting of the top valence band states and the 
compositional dependence of the energy separations between those conduction band edges 
and the top of the valence band in the alloy [73]. We have assumed that all required alloy 
energies can be interpolated between the known values for Si, Ge, and -Sn as 

 

The bowing parameters , , and  have been discussed in Refs. [74] and [75]. 
Finally, for the indirect conduction band minimum near the X-point, Weber and Alonso find  

 

(in eV) for Ge1-xSix alloys [76].  On the other hand, the empirical pseudo-potential 
calculations of Chelikovsky and Cohen place this minimum at 0.90 eV in α-Sn, virtually the 
same as its value in pure Ge [77]. We thus assume that the position of this minimum in 
ternary Ge1-x-ySixSny alloys is independent of the Sn concentration . The conduction band 
minima results are shown in Fig. 11 for Sn concentrations . The Si concentration 

 was calculated using Vegard's law in such a way that the ternary Ge1-x-ySixSny is exactly 
lattice-matched with Ge. 
It can be seen from Fig. 11 that a conduction-band offset of 150 meV at L-valleys can be 
obtained between lattice-matched Ge and Ge0.76Si0.19Sn0.05 alloy while all other conduction-
band valleys ( , X, etc) are above the L-valley band edge of the Ge0.76Si0.19Sn0.05 barrier. This 
band alignment presents a desirable alloy composition from which a QCL operating at L-
valleys can be designed using Ge as QWs and Ge0.76Si0.19Sn0.05 as barriers without the 
complexity arising from other energy valleys. 
Figure 12 shows the QCL structure based upon Ge/ Ge0.76Si0.19Sn0.05 QWs. Only L-valley 
conduction-band lineups are shown in the potential diagram under an applied electric field 
of 10 kV/cm. In order to solve the Schrödinger equation to yield subbands and their 
associated envelope functions, it is necessary to determine the effective mass  along the 
(001) growth direction ( ) within the constant-energy ellipsoids at the L-valleys along the 
(111) direction which is tilted with respect to (100). Using the -valley principal transverse 
effective mass , and the longitudinal effective mass  for Ge, we 
obtain . The squared magnitudes of all envelope 
functions are plotted at energy positions of their associated subbands. As shown in Fig. 12, 
each period of the QCL has an active region for lasing emission and an injector region for 
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carrier transport. These two regions are separated by a 30 Å barrier. The active region is 
constructed with 3 coupled Ge QWs that give rise to three subbands marked 1, 2, and 3. The 
lasing transition at the wavelength of 49 μm is between the upper laser state 3 and the lower 
laser state 2. The injector region consists of 4 Ge QWs of decreasing well widths all 
  

 
Fig. 11. Conduction band minima at  points of Ge1-x-ySixSny that is lattice matched to 
Ge [71]. 

 
Fig. 12. -valley conduction band profile and squared envelope functions under an electric 
field of 10kV/cm. Layer thicknesses in angstrom are marked with bold numbers for Ge 
QWs and regular for GeSiSn barriers. Array marks the injection barrier [71]. 
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separated by 20Å Ge0.76Si0.19Sn0.05 barriers. The depopulation of lower state 2 is through 
scattering to state 1 and to the miniband downstream formed in the injector region. These 
scattering processes are rather fast because of the strong overlap between the involved 
states. Another miniband in the injector region formed of quasi-bound states is situated 45 
meV above the upper laser state 3, effectively preventing escape of electrons from upper 
laser state 3 into the injector region. 
The nonradiative transition rates between different subbands in such a low-doped nonpolar 
material system with low injection current should be dominated by deformation-potential 
scattering of nonpolar optical and acoustic phonons. For this Ge-rich structure, we have 
used bulk-Ge phonons for calculation of the scattering rate to yield lifetimes for the upper 
laser state  and the lower laser state , as well as the 3 2 scattering time  [78]. The 
results obtained from Eq.(38) are shown in Fig. 13 as a function of operating temperature. 
These lifetimes are at least one-order of magnitude longer than those of III-V QCLs owing to 
the nonpolar nature of GeSiSn alloys. The necessary condition for population inversion 

 is satisfied throughout the temperature range. Using these predetermined lifetimes 
in the population rate equation under current injection: 

 

where  is the area carrier density per period in subband  under injected current 
density  with an injection efficiency , and  is the area carrier density per period due to 
thermal population. Solving the above rate equation at steady state yields population 
inversion  

 

which can then be used to evaluate the optical gain of the TM polarized mode following 
Eq.(28) at the lasing transition energy  meV as 

 

For the QCL structure in Fig. 12, the following parameters are used: index of refraction 
, lasing transition FWHM   meV, length of one period of the QCL 

 Å, area doping density per period of 1010 cm2, and unit injection efficiency .  
Since the relatively small conduction band offset limits the lasing wavelength to the far-IR or 
THz regime (roughly 30 μm and beyond), the waveguide design can no longer rely on that 
of conventional dielectric waveguides such as those used in laser diodes and mid IR QCLs. 
This is mainly because the thickness required for the dielectric waveguide would have 
exceeded what can be realized with the epitaxial techniques employed to grow the laser 
structures. One solution is to place the QCL active structure between two metal layers to 
form the so-called plasmon waveguide [79,80]. While the deposition of top metal is trivial, 
placing bottom metal requires many processing steps such as substrate removal, metal 
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This plasmon waveguide supports only TM polarized EM mode that is highly confined 
within the QCL region, . We can assume Drude model to describe the metal 
dielectric function 

 

 

where  is the metal plasmon frequency, and  is the metal loss (  eV, 
 meV for Au [81]), and  for the Ge rich Ge/Ge0.76Si0.19Sn0.05  QCL active 

region. Consider the EM wave propagate along the -direction as shown in Fig. 14, its 
electric field can then be obtained as 

 

 

where , and  is a constant. The complex propagation constant  
follows these relations, ,  with . It is easy to see that 
the continuity of the normal component of the electric displacement is satisfied at the 
boundaries  , the requirement of continuity of tangential electric field leads to  

 

which determines the TM modes that can propagate in this plasmon waveguide. The 
waveguide loss  is dominated by the metal loss, which can be determined from the 
imaginary part of the propagation constant, as . As a superposition of two surface 
plasmon modes bound to the two metal-dielectric interfaces at , this TM mode 
decays exponentially into the metal, providing an excellent optical confinement factor 
defined as . We have simulated the TM-polarized mode in a 
QCL structure of 40 periods (  μm) that is confined by double-Au-plasmon 
waveguide and obtained near unity optical confinement   and waveguide loss 

 /cm. Assuming a mirror loss  /cm for a typical cavity length of 1 mm, the 
threshold current density  can be calculated from the balancing relationship, 

, where  is the optical gain Eq.(44)  obtained at the threshold . The result is 
shown in Fig. 15 for  that ranges from 22 A/cm2 at 5 K to 550 A/cm2 at 300 K. These 
threshold values are lower than those of III-V QCLs as a result of the longer scattering times 
due to nonpolar optical phonons. 
While GeSiSn epilayers with alloy compositions suitable for this QCL design have been 
grown with MOCVD [68,69], implementation of Ge/GeSiSn QCLs is currently challenged 
by the structural growth of the large number of hetero-layers in the QCL structure with very 
fine control of layer thicknesses and alloy compositions. Nevertheless, progress is being 
made towards experimental demonstration. 
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Fig. 15. Simulated threshold current density of the Ge/GeSiSn QCL as a function of 
temperature. 

6. Summary 
Silicon-based lasers have been long sought after for the possibility of monolithic integration 
of photonics with high-speed Si electronics. Many parallel approaches are currently taken to 
reach this goal. Among them Si nanocrystals and Er-doped Si have been investigated rather 
extensively. While EL has been demonstrated, lasing has not been observed. The only 
reported lasing in Si so far has been achieved using stimulated Raman scattering which 
requires optical pumping at very high intensity on a device of large scale – impractical for 
integration with Si electronics. The QCLs that have been successfully developed in III-V 
semiconductors offer an important alternative for the development of Si-based lasers. The 
salient feature of QCLs is that lasing transitions take place between subbands that are within 
the conduction band without crossing the band gap. Such a scheme makes the indirect 
nature of the Si band gap irrelevant. In order to appreciate the QCL designs, some 
theoretical background underlying the basic operating principles has been introduced here. 
In particular, subband formation and energy dispersion in semiconductor QWs are 
described in the framework of envelope functions with the effective-mass approximation for 
both conduction and valence band taking into account mixing between HH, LH, and SO 
bands. Optical gain based on ISTs is derived and intersubband lifetimes are discussed with a 
more detailed treatment of carrier-phonon scattering. 
The development of Si-based QCLs has been primarily focused on ISTs between valence 
subbands in the Si-rich SiGe/Si material system. Such a material system has been routinely 
used in CMOS-compatible processes. There are two reasons for using holes instead of 
electrons. One is that the compressively strained Si1-xGex with tensile strained Si grown on a 
relaxed Si1-yGey has very small conduction band offset - QWs are too shallow to allow for 
elaborate QCLs. Tensile strained Si1-xGex, on the other hand, can have larger conduction 
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band offset, but the conduction band minima occur at the two -valleys whose effective 
mass (longitudinal) along the growth direction is heavy ( ) resulting in small 
oscillator strength and poor transport behavior such as reduced tunneling probabilities. It is 
generally believed that SiGe QCLs have to be pursued within the valence band as a p-type 
device. But the situation in valence band also presents challenges in several perspectives. 
First, the strong mixing of HH, LH, and SO bands makes the QCL design exceedingly 
cumbersome albeit the opportunities presented by the strong nonparabolicity in valence 
subbands to take advantage of schemes such as the inverted effective mass where the total 
population inversion between subbands may not be necessary. Second, there is a great deal 
of uncertainty in various material parameters for the SiGe alloy – often times approximation 
has to be made to linearly extrapolate parameters from those of Si and Ge , thus, the 
accuracy of the designs has a great degree of ambiguity. Third, any valence QCLs have no 
choice but to deal with HH subbands; their large effective mass hinders carrier injection 
efficiency and leads to small IST oscillator strength between laser states. Fourth, for any 
significant band offset needed to implement QCLs, lattice-mismatch-induced strain in SiGe 
QWs and Si barriers even in strain balanced structures is significant, which presents a 
challenge in structural growth and device processing. While EL was demonstrated from a 
valence-band SiGe/Si quantum cascade emitter nearly a decade ago, lasing remains elusive. 
Recently, several ideas of developing Si-based conduction-band QCLs have emerged to 
circumvent the hurdles in the SiGe/Si valence-band approach. The proposals offer ways to 
increase the conduction band offset and to reduce the effective mass along the growth 
direction. One scheme proposes to orient the structural growth along the (111) direction, 
and another relies on ISTs in the -valleys of the conduction band in Ge-rich Ge/SiGe 
material system. The former has accomplished more in increasing the conduction-band 
offset, and the latter in reducing the effective mass. A third approach that expands the 
material system beyond SiGe to GeSiSn has been discussed in detail. A Ge/Ge0.76Si0.19Sn0.05 
QCL that operates at -valleys of the conduction band was designed. According to our 
estimation of the band lineup, this particular alloy composition gives a “clean” conduction 
band offset of 150meV at -valleys with all other energy valleys conveniently out of the way. 
All QCL layers are lattice matched to a Ge buffer layer on a Si substrate and the entire 
structure is therefore strain free. The electron effective mass along the growth direction is 
much lighter than that of heavy holes bringing a significant improvement in tunneling rates 
and oscillator strengths. The lasing wavelength of this device is 49 μm. With different 
GeSiSn alloy compositions that are lattice matched to Ge, QCLs can be tuned to lase at other 
desired wavelengths. Lifetimes determined from the deformation potential scattering of 
nonpolar optical and acoustic phonons are at least an order of magnitude longer than those 
in III-V QCLs with polar optical phonons, leading to a reduction in threshold current 
density and the possibility of room temperature operation. While there are considerable 
challenges in material growth of this QCL design, advances in fine control of structural 
parameters including layer thicknesses and alloy compositions are moving towards 
implementation of conduction-band QCLs in the GeSiSn system. 
When are we going to realize Si-based lasers that can be integrated with Si electronics? 
Clearly, breakthroughs in material science and device innovation are necessary before that 
happens, but with the variety of approaches that are being pursued--driven by the potential 
pay-off in commercialization--the prospect is promising. 
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1. Introduction     
The need of direct measure and monitoring of ultra-fast signal in the time domain is rapidly 
increasing, being of interest in a large number of applications such as ultra-fast 
communication, biophotonics, sensing, large systems synchronization, dynamic 
characterization and testing of new materials.  In particular in the telecommunication field 
optical sampling can been exploited for high bit rate waveform and eye diagram 
measurements, time resolved state of polarization monitoring, and investigation of fiber 
transmission impairments. 
Microwave digital sampling techniques are evolved into powerful tools for resolving signals 
up to 100 GHz (Agoston et al., 2003), but electronic bandwidth limitations still remain. 
Nowadays digital sampling operations in the optical domain look like an effective 
alternative solution for increasing the sampling bandwidth and resolve signals up to 
640 Gb/s and beyond. In the optical sampling techniques system, the optical signal is 
sampled in the optical domain by an optical sampling gate. Only then, the resulting samples 
are converted to an electrical signal and detected. In this case the need for high bandwidth 
electronics is circumvented and the bandwidth of the measurement instrument is only 
limited by the optical sampling gate. 
Up to now different kinds of optical sampling techniques have been proposed in order to 
study the behavior of ultra-fast optical signals. Many solutions implement a synchronous 
sampling that may enable low jitter, high resolution and high accuracy. This technique 
needs a clock recovery system to synchronize the optical sampling pulses to the signal 
under test; however, when the data rate or repetition rate of the analyzed signal is very 
high, the development of the synchronization circuitry can be very critical and expensive. In 
particular, in case of repetition rates beyond 100 GHz, some all-optical clock recovery 
solutions have to be adopted (Yamamoto et al., 2001; Tong et al., 2000; Uhua et al., 2003), but 
which are still far from being technologically consolidated. Other optical sampling schemes 
carry out an asynchronous sampling exploiting sophisticated electronics for the generation 
of a sampling gate (Shake et al., 2003a). Optical asynchronous sampling has been 
successfully demonstrated for signal up to 160 Gbit/s in (Westlund et al., 2005 a,b), where 
the capability of the optical sampler to estimate the Q value and the performances of the 
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exploited nonlinearity are investigated, confirming the high potentialities of an asynchronous 
sampling technique. 
Finally, quasi-synchronous optical sampling has been demonstrated for 640 Gb/s optical 
time division multiplexing (OTDM) signals without data-post processing (Fresi et al., 2008). 
Independently on the sampling technique, the optical sampling operation requires a 
nonlinear interaction between the signal to be resolved and an ultra-short pulse train that 
act as sampling signal. Such nonlinear process can be generated in different nonlinear 
elements as highly non linear fiber (HNLF) (Malacarne et al., 2007; Watanabe et al., 2004; 
Schmidt et al., 2002a), nonlinear crystals and waveguides (Nogiwa  et al., 2000; Takara et al., 
1996a; Kawanishi et al., 2001) or semiconductor devices (Maguire et al., 2005; Shirane et al., 
2000). Fibers, crystals and waveguides may enable ultra-fast dynamics and high efficiency, 
while semiconductor devices could reduce the power consumption.  

2. Digital sampling operation 
In contrast to an analog oscilloscope, a sampling oscilloscope acquires the waveform as a 
series of samples, and stores these samples until it accumulates enough samples to describe 
a waveform. Conventional electronic digital sampling oscilloscopes use analod to digital 
convertersi (ADC) to sample the signal at discrete points in time and convert the signal’s 
voltage at these points into digital values called sample points. The sample clock determines 
how often the ADC takes a sample. This rate is referred to as the sample rate and is 
expressed in samples per second (S/s). Although there are a number of different 
implementations of sampling technology, today’s digital oscilloscopes utilize two basic 
sampling methods: real-time sampling and equivalent-time sampling. Equivalent-time 
sampling can be divided further, into two subcategories: random and sequential. Each 
method has distinct advantages, depending on the kind of measurements being made. 
Real-time sampling is ideal for signals whose frequency range is less than half the 
oscilloscope’s maximum sample rate. Here, the oscilloscope can acquire more than enough 
points in one “sweep” of the waveform to construct an accurate picture. Real-time sampling 
is the only way to capture fast, single-shot, transient signals with a digital oscilloscope. 
High-frequency transient events occur only once, and must be sampled in the same time 
frame that they occur. If the sample rate isn’t fast enough, high-frequency components can 
“fold down” into a lower frequency, causing aliasing in the display. In addition, real-time 
sampling is further complicated by the high-speed memory required to store the waveform 
once it is digitized. 
Equivalent-time sampling can be used to accurately acquire signals whose frequency 
exceeds half the oscilloscope’s sample rate. When measuring high-frequency signals, the 
oscilloscope may not be able to collect enough samples in one sweep. Equivalent time 
digitizers (samplers) take advantage of the fact that most naturally occurring and man-made 
events are repetitive. Equivalent-time sampling constructs a picture of a repetitive signal by 
capturing a little bit of information from each repetition. The waveform slowly builds up 
like a string of lights, illuminating one-by-one. This allows the oscilloscope to accurately 
capture signals whose frequency components are much higher than the oscilloscope’s 
sample rate. There are two types of equivalent-time sampling methods: random and 
sequential. Each one has its advantages. Random equivalent-time digitizers (samplers) 
utilize an internal clock that runs asynchronously with respect to the input signal and the 
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signal trigger. Samples are taken continuously, independent of the trigger position, and are 
displayed based on the time difference between the sample and the trigger. Although 
samples are taken sequentially in time, they are random with respect to the trigger – hence 
the name “random” equivalent-time sampling. Sequential equivalent-time sampling 
provides much greater time resolution and accuracy. It acquires one sample per trigger, 
independent of the time/div setting, or sweep speed. When a trigger is detected, a sample is 
taken after a very short, but well-defined, delay. When the next trigger occurs, a small time 
increment “t” is added to this delay and the digitizer takes another sample. This process is 
repeated many times, with “t” added to each previous acquisition, until the time window is 
filled. Sample points appear from left to right in sequence along the waveform when 
displayed on the oscilloscope screen. Since with sequential sampling the sample is taken 
after the trigger level is detected, the trigger point cannot be displayed without a variable 
delay line, which may, in turn, reduce the bandwidth of the instrument. Both require that 
the input signal be repetitive (Tektronix, 2001). 

3. Optical sampling 
The optical sampling is a novel method to perform time-resolved measurements of optical 
data signals at high bit rates with a bandwidth that cannot be reached by conventional 
photodetectors and oscilloscopes (Schmidt-Langhorst & Weber, 2005). Fig. 1 explains the 
principle of optical sampling. The upper part of the figure shows an optical data signal with 
RZ modulation format as example. The data signal is a concatenation of optical data bits, 
each within a bit slot of 6.25 ps corresponding to a bit rate of 160 Gbit/s. This optical data 
signal is passed through an optical gate. The gate is closed by default, i.e. it does not 
transmit the data signal for most of the time except for ultra short periods of time. The 
period of time for which the gate transmits the data signal is called “gating window”. If the 
width of the gating window is shorter than the bit duration, as shown in Fig. 1, only a 
fraction of the optical data bit is sliced out. This fraction is called “optical sample”. The 
optical sample is determined by the instantaneous amplitude of  the data bit at the sampling 
time. Ideally, the sampling gate should exhibit a linear transfer function making the 
amplitude of the optical sample directly proportional to the instantaneous power of the data 
signal at the sampling time. 
 

Sampling Period

Pulsewidth
(i.e. 1 ps)

Slow 
Photodetector

Data signal Sampling
gate

Optical
sample

Electrical
sample

Bit slot 
(i.e. 6.25 ps)

 
Fig. 1. Operating principle of optical digital sampling 
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In order to avoid high-speed electronic signal processing for the detection of the optical 
samples, it is useful to operate the sampling gate with a modest repetition frequency, then 
only equivalent-time sampling techniques are considered. At the output of the detector, the 
“electrical sample” appears broadened in time due to the low bandwidth of the detector, but 
still generates a photocurrent that is proportional to the instantaneous optical power of the 
optical data bit at the sampling time. After a transimpedance amplifier, the peak voltage Vp 
of each electrical sample is measured by an ADC. The eye diagram of the optical data signal 
is obtained from the measured Vp-values if the corresponding sampling times are known. 
The optical sampling technique described in Fig. 1 allows to visualize the eye diagram of 
any data signal that has been encoded by an amplitude modulation format. In the case of a 
phase modulation format, this sampling technique will not distinguish between logical 
mark and space levels in the eye diagram. Up to now, only few work has been reported on 
the monitoring of phase modulated optical data signals. In a simple approach, a phase 
demodulator was incorporated in an optical sampling system (Schmidt-Langhorst et al.,   
2005). The demodulator converts the phase modulated data signal into an amplitude 
modulated data signal before the sampling operation. Another approach is the 
measurement of constellation diagrams of a phase modulated data signal (Dorrer et al., 
2004). Such diagrams represent the amplitude and phase information of the data signal in 
the complex plane. Moreover FROG technique can be exploited to acquire signal amplitude 
and phase information. 
For sake of shortness we consider here optical sampling techniques for solving only the 
signal amplitude. 

3.1 Sampling gate generation 
The generation of the sampling gate is the main subsystem of an optical sampling 
oscilloscope. It can be performed exploiting nonlinear interactions between the signal to be 
resolved and an ultra-short pulse train that acts as sampling signal. 
The most important parameters of the sampling pulse source are the timing jitter and the 
pulse width. The timing jitter of the pulse source determines the timing jitter of the whole 
sampling system, whereas the pulse width limits the temporal resolution of the sampling 
system. As a rough estimate, a timing jitter of less than 300 fs and a pulse width of about  
1 ps are necessary to measure a 160 Gbit/s optical eye diagram. Another important 
parameter is the repetition frequency of the pulse source. The required sampling rate is 
typically a few hundred MHz, since the O/E detection frequency in the optical sampling 
systems is limited to a few hundred MHz. 
Different techniques can be considered to generate the sampling signal. Directly modulated, 
gain-switched laser diodes exhibit high jitter and could require additional compression 
stage (Ohta et al., 2000). Distributed FeedBack DFB lasers in continuous wave mode 
cascaded by electroabsorption modulators (EAM) to carve sampling pulses generate broad 
pulses due to the limited bandwidth of the available EAM’s (Otani et al., 1999). Therefore, 
the pulses had to be compressed for the application as sampling pulses. Hybrid mode-
locked semiconductor laser diode offers the potential of monolithic integration but the 
repetition rate has to be usually reduced using external LiNbO3 amplitude modulator 
(Schmidt et al., 2002b). Mode-locked Erbium doped fiber lasers are the most widely used 
sampling pulse sources due to their very low jitter. Also in this case the pulse repetition 
frequency has to be externally reduced to a few hundred MHz by gating the pulse train with 
a LiNbO3 modulator (Li et al., 2004; Li et al., 2001; Takara et al., 1996a,b). 
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The most common techniques used to produce optical nonlinear interaction for the 
generation of the sampling gate exploit optical fiber, crystals and waveguides or 
semiconductor devices. A summary of all nonlinear effects used for optical sampling is 
reported in Tab. 1. 
 

SFG
SHF/DFG

Crystals and waveguides

FWM in SOA
UNI
GT-UNI
EAM
TPA

Semiconductor devices

FWM
XPM induced wavelength shifting
NOLM
Kerr gate

Optical fiber

Nonlinear effectMaterial

SFG
SHF/DFG

Crystals and waveguides

FWM in SOA
UNI
GT-UNI
EAM
TPA

Semiconductor devices

FWM
XPM induced wavelength shifting
NOLM
Kerr gate

Optical fiber

Nonlinear effectMaterial

 
Table 1. Summary of nonnlinear effects and nonlinear media exploited for optical sampling. 

3.1.1 Optical fiber 
The ultra-fast Kerr nonlinearity of the optical fiber provides short gating windows 
comparable to those of the crystal based gates. The exploited nonlinear processes include 
four wave mixing (FWM) (Miyazaki & Kubota, 2003), parametric amplification (Li et al., 
2001) and cross phase modulation (XPM) induced wavelength shifting (Li et al., 2004). As 
the efficiency of these processes is rather small, high peak powers were needed for 
switching. The operational wavelength range of FWM-based all-optical sampling is usually 
limited by the phase-matching condition. Moreover, in order to cover the whole usable 
signal wavelength band, the wavelength of the sampling pulses should be set far away from 
that of the signal, which results in poorer temporal resolution, due to the relatively large 
walkoff between the signal and sampling pulses. Compared to FWM-based schemes, XPM-
based optical sampling can place the sampling pulses just outside the usable signal 
wavelength region, therefore, the whole usable signal wavelength band can be covered, 
while the temporal resolution at the order of the sampling pulse width is maintained. 
However, XPM-based schemes exploiting narrow filtering are more sensitive to the chirp of 
the data signal, which can introduce some distortions. 
Interferometric gates based on highly nonlinear fibers need less peak power of the sampling 
pulses to achieve gating windows with high on-off contrast. Examples include the nonlinear 
optical loop mirror (NOLM) (Schmidt et al., 2002a) and the so-called “Kerr gate” (Schmidt-
Langhorst et al, 2002). The latter was recently combined with the effect of parametric 
amplification in (Watanabe et al., 2004). 

3.1.2 Crystals and waveguides 
For the purpose of obtaining higher sensitivity and higher temporal resolution, some 
sampling systems employ sum frequency generation (SFG) in the nonlinear crystals 
(Yamada et al., 2002), periodically poled Lithiumniobate (Yamada et al., 2004; Nogiwa et al., 
2000; Ohta et al., 2001) or the organic crystal (Takara et al., 1996b). While these gates provide 
very short optical gating windows (<1 ps), their main drawback is the required high peak 
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power, which is necessary to generate a sufficient amplitude of the frequency converted 
signal. In general, the use of periodically poled material reduces the power requirements as 
long interaction lengths without loss of phase matching can be achieved. Moreover, if the 
SFG process is performed with sampling pulses at about 780 nm, the generated light has a 
wavelength of about 520 nm and can be easily separated from the sampling pulse light as 
was shown in (Jungerman et al., 2002). In addition to the SFG process, the cascaded χ(2) 
processes of second harmonic generation and difference frequency generation (SHG/DFG) 
have been used as well (Kawanishi et al., 2001). 

3.1.3 Nonlinear effects in semiconductor devices 
The resonant nonlinearity of a semiconductor optical amplifier (SOA) requires less optical 
power for the gating pulses (Shirane et al., 2000). Devices based on conventional FWM in 
SOA’s suffer from the fact that the conversion efficiency and the signal-to-background ratio 
drop rapidly for wavelength detunings between control and data wave larger than some 
nanometers. So, for the sake of high conversion efficiency or high FWM output power (i.e., 
high optical power of the FWM signal at the SOA output), the signal has to be kept within 
the gain wavelength region of the SOA. Hence, the data signal will contribute to gain 
saturation in the SOA. This is unwanted in sampling applications, where a strict linearity of 
the FWM output power versus the data input power is required for a quantitative 
assessment of the shape of the data pulses. Additionally, there is a strong contribution of 
amplified spontaneous emission (ASE) noise to the converted FWM signal, since the data is 
within the spectral range of the ASE. A higher switching efficiency is obtained by XPM in an 
SOA in combination with an interferometric configuration as gate. A promising gate of this 
kind is the so called “ultrafast nonlinear interferometer” (UNI), which was used in (Kang & 
Dreyer, 2003). However, this gate suffered from the amplified spontaneous emission (ASE) 
of the SOA. An EAM with sophisticated synchronization and driving electronics was 
additionally needed to suppress the ASE after the UNI gate. In a more advanced scheme, the 
superior gating performance of interferometric optical gates was combined with the so 
called gain-transparent operation of an SOA. In this operation of the SOA, the wavelength of 
the data signal is outside the gain spectrum of the SOA. Therefore it does not suffer from 
ASE degradation. Moreover, the gain-transparent SOA gate exhibits a linear transfer 
function for the data signal. This is in contrast to the conventional SOA gates, which show a 
strong saturation. Finally, the gain-transparent operation enables a wide wavelength 
acceptance range of the gate. The gain-transparent configuration was used in the “gain-
transparent ultrafast-nonlinear interferometer” (GT-UNI) sampling gate in (Schmidt et al., 
2002b). For the sake of completeness it should be mentioned also that even EAM have been 
used recently as sampling gates in optical sampling experiments. Since the width of the 
gating window, which can be achieved with an EAM, is rather large (about 5 ps), these gates 
could be applied only to bit rates up to 40 Gbit/s (Shake et al., 2003b). Recently though, eye 
diagrams even at a bit rate of 160 Gbit/s were measured using a double-pass EAM 
configuration (Kang & Dorrer, 2003). 

3.1.4 Two photon absorption (TPA) in semiconductor devices: 
The phenomenon of TPA is a nonlinear optical-to-electrical conversion process where two 
photons are absorbed in the generation of a single electron-hole pair (Folliot, 2002). It occurs 
when photons of energy Eph are incident on the active area of a semiconductor device with a 
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bandgap exceeding Eph but less than 2Eph. The generated photocurrent is proportional to the 
square of the intensity, and this nonlinear response enables the use of TPA for optical 
sampling. As TPA is an instantaneous optical nonlinearity, it may be used for all-optical 
high-speed sampling in photonic systems. The main difficulty with using TPA for high-
speed optical sampling is its inherent inefficiency, which means that such systems either 
require high optical intensities or very long detectors, making them unsuitable for practical 
telecommunications applications. One possible way to overcome this efficiency problem is 
to employ a semiconductor microcavity (Krug et al., 2004), which should significantly 
enhance the TPA response of the device, and enable the implementation of a practical 
sampling element for high-speed optical systems. 

3.2 Optical sampling parameters 
An optical sampling system is characterized by the following main parameters: 
Temporal resolution 
It is typically specified by the full-width at half maximum (FWHM) of the sampling system 
gating window The temporal resolution is equivalent to the bandwidth of the sampling 
system. 
Timing jitter  
The timing jitter is typically specified as root-mean-square (RMS) jitter.  
Wavelength range 
It is usually specified as 3 dB bandwidth and defines the range of wavelengths, which a data 
signal can have to be accepted by the sampling system.  
Sensitivity 
There is no common definition of this parameter with respect to optical sampling systems. 
Some authors use the product of the average sampling pulse power and the peak signal 
power. Another definition of the sensitivity uses the peak power of the signal pulses, which 
is required to achieve a certain displayed signal-to-noise ratio (Yamada et al., 2002) or in 
case of SFG the well know conversion efficiency parameter. 
Dynamic range 
It is the power range in which the signal under investigation must fall.  
Polarization sensitivity 
It describes the amount by which the amplitude of the generated samples varies, when the 
polarization of the signal under investigation changes. 
Applicable bit rate 
It is the range of bit rate, at which a particular sampling system was able to display an open 
eye diagram. 

3.3 Synchronous, quasi-synchronous and asynchronous  optical sampling 
As reported in Fig. 2, in the synchronous sampling configuration, the sampling gate is 
opened synchronous to the optical data signal but with an increasing time delay in order to 
scan over the complete bit slot. Thus a technique is needed for the synchronization of the 
sampling gate to the optical data signal under investigation. This function is performed by 
an optical clock recovery (CR). 
The quasi-synchronous scheme requires an additional subsystem to impose a frequency 
mismatch between the repetition rates of the signal under test and the sampling signal. In 
this way a complete scan of long signal time intervals can be directly achieved. In the 
asynchronous sampling configuration, the clock processing is omitted and the sampling 
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process is performed at random times. The sampling times are derived from an arrival time 
measurement of the sampling pulses themselves. As compared to the synchronous sampling 
configuration, the random sampling configuration requires less components as there is no 
need for a clock processing circuitry. However, it requires the use of a special O/E-detector, 
which performs the arrival time measurement of the sampling pulses with high temporal 
accuracy, as an error in the arrival time measurement directly translates into timing jitter of 
the sampling system. 
 

CR PLL

CR

Input signal

Sampling signal VODL

50 Hz

Input signal

Sampling signal

Pre-scaled
fin+Δf

synchronous

quasi-synchronous

Input signal

~10 MHz 
MLFL

asynchronous

Electrical 
processing

 
Fig. 2. Scheme of a synchronous (top), quasi-synchronous (center), and asynchronous 
(bottom) optical digital sampling. 
In the following sections the implementation of synchronous, quasi-synchronous and 
asynchronous  optical samplers exploiting optical fiber nonlinearities is presented. 

4. Synchronous optical sampler based on Kerr nonlinearities  
In the synchronous sampling technique, the sampling signal has to be synchronized with the 
signal to be sampled, thus requiring some kind of synchronization circuitry. The proposed 
scheme is based on the nonlinear effects in a highly non linear fibre. The accuracy of this 
sampling technique strongly depends on the non linear phenomenon efficiency by means of 
the non linear coefficient, and the fibre length. Nowadays, HNLFs with a flat chromatic 
dispersion curve and high birefringence are available, thus avoiding efficiency reduction 
caused by signals walk-off and polarization fluctuations. 
The principle of the implemented optical sampler is the same as for commercial electrical 
sampling oscilloscopes. A schematic about the sampling principle is displayed in Fig. 3. In 
an ideal sampling, the signal to be measured S(t), is multiplied in the time domain by a delta 
signal δ(t0). The result of the interaction between the two signals, is the power of S(t) 
measured for t = t0, that is S(t0). By continuously time shifting the delta signal over S(t), it is 
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possible to measure the signal power at different instants ti. Such samples represent a replica 
for the signal under measure. In Fig. 3(a), the principle scheme about the ideal signal 
sampling is shown. In a real measurement, the sampling signal will have necessarily a non-
zero time duration (Fig. 3(b)); thus consisting in a unavoidable sampling error. 
 

 
Fig. 3. Ideal operating sampling principle (a), and the real sampling of a periodic signal (b). 

If the signal to be sampled is periodic with a period T, it is possible to sample it using 
another periodic signal whose period TS is a multiple of T (TS = mT). The accuracy of the 
sampling process is expressed by: 

 
1/

0 00
( ) ( ) ( )Sf

SS t f S t P t t dtε = − −∫  (4.1) 

where P(t) is the sampling signal, and fS is the sampling frequency ( fS = 1/TS). The previous 
technique, can be implemented exploiting whatever effect between S(t) and P(t), that gives a 
well known function of the signal power. A non linear effect that can be exploited is the 
Four Wave Mixing (FWM). The FWM non linear Kerr effect takes place when two or more 
powerful signals at different wavelength propagate through a non linear medium. When 
two optical signal P(t) with a wavelength λi, and S(t) with a wavelength λj, are transmitted 
through a non linear device, new components (called conjugate components) are generated 
with wavelengths related to the difference Δλ = |λi-λj|. In Fig. 4 it is displayed the FWM 
effect in the frequency domain. The conjugate component at the wavelength λi - Δλ has a 
power proportional to S(t), and then it can be filtered out and detected, measuring the 
original signal. The key parameters in this technique are the non linear coefficient g of the 
used non linear medium, and the power of the signals. 
 

 
Fig. 4. FWM effect taking place when two powerful signals P(t) and S(t) are launched 
through a non linear device. 

The FWM efficiency is given by:  

 η = (γPL)2  (4.2) 

where L is the fibre length, and P is the peak power of the sampling signal. The temporal 
resolution of the fibre based all optical sampler is determined by a combination of the 
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sampling pulse width, and the temporal walk-off due to the chromatic dispersion between 
the sampling pulses and the signal during the sampling process. Afterwards, in order to 
obtain a good resolution, it is necessary to sample the signal with short sampling pulses, and 
to have a low value of dispersion slope. In a first implementation of the sampler, a fibre 
based active mode locking source has been used in order to generate the sampling pulses, 
with a repetition frequency of 10 GHz and a pulse width of about 4 ps. The laser source 
output has been directly used to sample a nonreturn-to-zero (NRZ) modulated signal. As 
further measure, a return to zero (RZ) signal was sampled, verifying the time resolution of 
the scheme. For the RZ signal sampling, a higher time resolution was obtained compressing 
the ML source pulses down to about 1 ps, and using that as sampling signal. For both the 
measures, the FWM component generated during the transmission was filtered out by 
means of an optical filter (dotted line in Fig. 4). 
 

 
Fig. 5. Setup of the implemented synchronous optical sampler. 

In Fig. 5, the setup of the implemented synchronous optical sampler is shown. In order to 
validate the functioning of the scheme, a NRZ signal, obtained modulating a 1550 nm 
Continuous Wave (CW), was sampled. For the experiment, a 400 m long HNLF with 
γ = 10W-1Km-1 and slope S = 0.3 ps/nm2/Km, was used as non linear medium. The NRZ signal 
was coupled together with the ML laser source output, whose wavelength was 
λs = 1557 nm. The power and the polarization state of both signal and pump (sampling 
signal) was optimized by means of Erbium Doped Optical Amplifiers and polarization 
controllers respectively. A Piezo-electric Optical Delay Line (P-ODL) driven by a 100 MHz 
electric triangular waveform, was used in order to shift the sampling pulses with respect to 
the signal. In such a way it is possible to visualize the behaviour of the mean power at the 
output of the optical filter with a refreshing time of the order of 100 ms. A 150 MHz 
photodiode (PD) and a 500 MHz oscilloscope triggered with the 100 MHz triangular 
waveform, was used to display the sampling result. An alternate modulation pattern was 
used, whereas the sampling signal frequency was fixed to 5 GHz in order to have the same 
periodicity as the signal under test. The mean power measured by changing the sampling 
pulses time position, directly gives the NRZ signal shape. In Figure 6 the results about the 
sampling of the NRZ signal are reported. The signal was opportunely pre-distorted in order 
to evaluate the sampler accuracy. In order to demonstrate the high resolution that can be 
obtained exploiting the Kerr non linearities (i.e. FWM), the ML laser source pulses was 
resolved. In this measure, the setup was slightly different from the scheme of Fig. 5. In 
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particular, the ML pulsed signal was split, compressed and used also to generate the 
sampling signal. The compression was made by means of a higher order soliton compressor, 
obtaining pulses of about 350 fs. In Fig. 7 the scheme of the compressor and the obtained 
compressed optical pulse autocorrelation trace are displayed. 
 

 
Fig. 6. comparison between the implemented optical sampler and the commercial 
oscilloscope measures. 

 
Fig. 7. Scheme of the higher order soliton compressor (left), and autocorrelation trace of the 
obtained compressed pulse (right). 

In Fig. 8, the 10 GHz ML sampled pulses (left) and the comparison between the 
autocorrelation trace measured by means of a commercial autocorrelator (right) are 
reported. 
 

 
Fig. 8. 10 GHz sampled signal (left), and comparison between the autocorrelation traces 
(right). 

Another experiment was made in order to evaluate the sampler resolution. The signal to be 
measured was obtained time-multiplying the ML laser source output with an all optical 
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multiplexer realized with the split-and-delay technique. In Fig. 9 are reported the results of 
the 80 GHz signal sampling. 
Finally, in order to qualitatively estimate the maximum resolution of the implemented 
optical sampler, the signal to be sampled was distorted changing the power level in the 
compressor, obtaining an asymmetric and irregular optical pulse. This way, sub-picosecond 
dynamics was obtained and measured by the sampler, verifying its functioning for the 
measure of ultra short signals. In Fig. 10 the result about the sampling of the distorted pulse 
is shown. 
 

 
Fig. 9. 80 GHz sampled signal (left), and comparison between the autocorrelation traces 
(right). 

 
Fig. 10. Intensity trace of the distorted sampled pulse. 

A scheme similar to the one described was implemented exploiting the non linear effect of 
cross phase modulation (XPM). In particular, the exploited effect was the XPM-induced 
polarization rotation. In Fig. 11 the setup of the optical sampler is reported. As in the 
previous scheme, an ultra short pump with high peak power interacts with the signal while 
propagating in the non linear fibre. In this optical sampler, a quasi instantaneous phase 
rotation (typical response time < 50 fs) is induced by the sampling pulse on the signal 
portion superimposed to the pump. 
By means of a polarization controller and a polarizer at the output of the non linear element, 
it is possible to extract the portion of the signal time overlapped to the pump. This power 
portion can be then measured by using a narrow bandwidth photoreceiver. If the pump is 
short enough, that measured power can be approximated with the instantaneous signal 
power. As described before, by shifting the pump with respect to the signal its time shape  
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Fig. 11. Experimental setup of the synchronous sampler based on XPM-induced polarization 
rotation in 1 m of Bi2O3 fibre. 

can be measured. One difference with respect to the previous scheme, is that in this case, the 
non linear medium is a Bismuth Oxide fibre (Bi2O3) with a very high non linear coefficient 
γ = 1250 W-1Km-1, a total attenuation a = 6 dB and an accumulated chromatic dispersion 
Dt = - 0.33 ps/nm at a wavelength λ = 1550 nm. Such a high non liner coefficient permits to 
strongly decrease the fibre length down to L = 1.08 m. The use of short fibre spans reduces at 
the same time the polarization fluctuation and the scheme footprint, making the system 
more stable and compact. The sampling pulses was obtained by means of soliton 
compression on the ML sources and the signal under test was obtained by λ-converting the 
same ML laser. The wavelength conversion was made exploiting FWM in 250 m of HNLF. 
Moreover, the signal was coupled with the pump with a 45°-rotated polarization state in 
order to obtain maximum XPM-induced polarization rotation. Fig. 12 (left) shows the 
optically sampled pulse shape, whose pulse width of 6 ps was measured. In order to verify 
the accuracy of the implemented scheme, the obtained sampled trace autocorrelation was 
compared with the results supplied by a commercial autocorrelator obtaining a very good 
agreement between the traces, and verifying a picosecond resolution of the sampler (see 
Fig. 12 (right)). 
 

 
Fig. 12. 6 ps soliton pulse measured by the optical sampler (left) and comparison between 
the autocorrelation traces supplied by a commercial autocorrelator and the processed data 
measured by the implemented optical sampler (right). 
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5. Asynchronous optical sampling 
An important issue of synchronous sampling technique is that it requires a synchronization 
between the sampling signal and the signal under investigation. Unfortunately, the 
synchronization of fast optical signals it is not easy and it requires complex all optical 
techniques and fast electronics. For this reason, it is useful an asynchronous sampling 
operation. An Asynchronous all optical Sampling Oscilloscope based on FWM in HNLF 
(ASOF) has been also implemented. The asynchronous solution, based on the knowledge of 
the mean frequency of the signal under test, avoids the use of a clock recovery circuit, with 
strong advantages in terms of complexity and cost. This kind of sampler has not only the 
advantage of not requiring synchronization circuits, but also the capability of describing 
both signal eye diagram and long bit sequences (several ns), thanks to the asynchronous 
operation. Moreover, a sub-ps resolution can be obtained due to the exploited ultra fast non 
linear Kerr effects in fiber. A short refresh time was obtained using a commercial 
oscilloscope able to directly acquire and process a large amount of data. The working 
principle of the implemented asynchronous sampler is shown in Fig. 13. As in the previous 
schemes, the asynchronous optical sampling oscilloscope exploits the non linear interaction 
between the signal under test and the sampling signal. The signal under test was periodic 
with a frequency fS = 1/TS, where TS is its period. 
 

 
Fig. 13. ASOF working principle. 

The sampling frequency fC is not correlated to fS, meaning that there is no need for any fixed 
relation between the two frequencies. Every pulse of the sampling signal generates a pulsed 
FWM component, whose energy is proportional to the instantaneous power of the signal 
under test in the corresponding interaction time. Since the frequencies of the involved 
signals are not correlated, two consecutive samples do not correspond to two consecutive 
instantaneous power values of the signal; on the opposite the temporal sequence of the 
samples appears as shuffled sampling of the analyzed signal. Besides, the sample sequence 
can be stored through an acquisition board, and then the sampled signal can be correctly 
reconstructed, if the difference of the period TS - TC is known. Therefore a post processing 
can be applied to the sample sequence for re-ordering the collected points and 
reconstructing the original signal shape. In more details, the position of the i-th sample, with 
respect to the period of the signal under test, is defined by the following equation: 

 0
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where t0 is a reference initial time that can be set to zero. The samples can not be equally 
spaced depending on the relationship between TS and TC, and on the acquisition time. 
Consequently a mean resolution R of the ASOF can be defined as: 

 TR
N

=  (5.2) 

where T is the signal time interval to be resolved, and N is the number of acquired samples. 
One of the most critical issue of an asynchronous sampling technique is the phase noise that 
can be introduced by the sampling process. For this reason an analytical study of the phase 
noise generated in the implemented scheme was made. Due to the asynchronous behavior 
of the sampling operation, the introduced phase noise strongly depends on the phase noise 
of the signal under test and of the sampling pulse train. For the implemented scheme, it is 
possible to neglect the phase noise of the sampling pulse since its value was verified to be 
one order of magnitude lower than the phase noise of the considered signal. The analysis 
was made considering a sinusoidal waveform at 39.9 GHz as signal to be resolved. In this 
case, being S(t) the signal under test, it can be modelled in the time domain as the sum of 
two components: the first one represents the noise-free sinusoidal signal Snf(t), and the 
second one H(t) includes all amplitude and phase noise contributions: 

 ( ) ( ) ( )nfS t S t H t= +  (5.3) 

Considering the signal electrical spectrum P(f), the noise term can be modelled as the sum of 
the sinusoidal functions that represent all the components of the sideband noise of P(f): 
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where the sideband noise of the electrical spectrum has been divided in M slices with a 
frequency step equal to Δf , while flow and fhigh = ( flow+MΔf ) are the upper and lower bounds 
of the noise bandwidth to be considered; ai is the spectral power associated to the frequency 
fi = (f0+flow+iΔf) being f0 the carrier frequency of the signal, and δi is a random variable 
uniformly distributed in the range 0÷2π accounting for the phase of the noise spectral 
components. The bandwidth fhigh - flow, depends on the time needed for the acquisition of all 
the optical samples allowing the desired resolution of the signal under test. In the 
implemented scheme, all the acquisition times are shorter than 10 ms and consequently it is 
possible to neglect all the noise components at frequencies lower than flow = 10 KHz. The 
upper limit of the bandwidth to be considered was fixed to fhigh = 1 MHz, since all higher 
spectral components present negligible amplitude. H(t) includes both amplitude and phase 
noise, but it can be demonstrated (Von der Linde, 1986), that for flow ≥ 10 KHz the phase 
noise is dominant. Consequently all the contribution of H(t) can be assumed as phase noise, 
thus making a worst case approximation. The phase noise can be estimated in terms of 
timing jitter. The jitter can be extracted from the sideband noise of the signal electrical 
spectrum according to: 
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where PC is the mean power of the sinusoidal waveform Snf(t), and Psb in the integral of the 
sideband of the electrical spectrum of S(t): 

 
0

0

( )
1.2

high

low

f f

sb
f f

P fP df
B

+

+

= ∫  (5.6) 

As explained in the previous chapter, the factor 1.2 normalizes the filter response of the 
electrical spectrum analyzer to a rectangular function, and B is the resolution bandwidth of 
the electrical spectrum analyzer. In the analytical investigation, H(t) was obtained from the 
experimental sideband noise of the electrical spectrum reported in Fig. 14 (left), concerning a 
sinusoidal clock at 39.9 GHz. 

 
Fig. 14. Frequency distance from signal carrier (left) and analytical time jitter of the sampled 
signal as a function of the time jitter of the signal to be sampled (right).  

The timing jitter of this signal, measured in the range 10 KHz ÷ 1 MHz, is equal to 70 fs. The 
sampling signal was considered to be a train of ideal delta functions with a repetition rate of 
500 MHz, the acquisition time was set to 1 ms, and the time interval to be measured was 
fixed to 25 ps. The mean resolution can be estimated to be R = 50 fs. An analytical tool 
extracts the sequence of the instantaneous powers of the signal S(t) corresponding to the 
interaction times between the signal and the delta function train. The tool then calculates the 
correct time position for each sample, with respect to the period of the signal to be 
measured, exploiting eq. 5.1. The timing jitter of the signal measured by the asynchronous 
sampling operation, could not be evaluated exploiting the previous equations since it was 
obtained by a data post processing, and its electrical spectrum was not available. Therefore 
the timing jitter was evaluated directly in the time domain, as it is for any commercial 
oscilloscope, considering the sampled curve as the sum of an ideal curve and a random 
variable with a gaussian time distribution. The timing jitter was then measured as the 
standard deviation of this time distribution, evaluated at half maximum of the curve 
displayed by the optical sampler. For the implemented scheme, a signal timing jitter of 
156 fs was estimated, about two times higher then the timing jitter of the signal under test 
(76 fs). Consequently, it is possible to assert that the phase noise introduced by the 
asynchronous sampling operation does not compromise the measure of this 40 GHz signal 
with a sub-ps resolution. In Fig. 14 (right) the estimated timing jitter of the signal as 
visualized by the ASOF is plotted as a function of the timing jitter of the signal under test, 
obtaining a clear parabolic behavior. The increasing timing jitter of the signal to be sampled, 
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was obtained considering in all cases the sideband noise of the electrical spectrum reported 
in Fig. 14(left), but with a decreasing mean power PC of S(t). For an input signal with a 
timing jitter lower than 100 fs in the range 10 KHz÷1 MHz, the implemented asynchronous 
sampler allows to describe the signal time evolution with a timing jitter lower than 200 fs. 
For higher values up to 600 fs, the timing jitter of the sampled curve as displayed by the 
ASOF does not exceed a value of 2 ps. Therefore this analysis has verified that the 
asynchronous sampling technique, despite avoiding the clock recovery operation, 
introduces a low amount of additional phase noise, allowing to measure ultra fast signal 
with high accuracy. The experimental setup for the ASOF implementation is shown in 
Fig. 15.  

 
Fig. 15. ASOF experimental setup. 

In order to generate the sampling signal, a 10 GHz active ML laser source was exploited, 
producing sub-ps pulses at a tunable wavelength λC. The pulse train repetition rate was then 
reduced down to 500 MHz by a Mach Zehnder (MZ) intensity modulator. The choice of the 
sampling rate depends on many factors: the upper value is limited by the bandwidths of the 
receiver and the electrical oscilloscope used for the acquisition of all the samples. On the 
other hand, low sampling rates, increase the acquisition time needed to obtain a fixed 
number of samples, and then require a higher memory capacity in the acquisition board. A 
sampling rate equal to 500 MHz represented the best trade off, using a 1 GHz receiver and 
an acquisition board with a memory capacity of 10 MPoints at a rate of 10 GSample/s. The 
sampling pulses were coupled with the signal under test in a 250 m long span of HNLF 
(with γ = 10W-1Km-1) generating the FWM components. An optical tunable filter was then 
used to extract the FWM components spectrally closer to λC thus obtaining a sample power 
linearly dependent on the instantaneous power of the signal under test. The optical samples 
were then detected through a 1 GHz bandwidth photo-receiver and measured on a 3 GHz 
bandwidth oscilloscope working at 10 Gsample/s. The oscilloscope used for the experiment 
was able to directly acquire and process the data exploiting MatLab scripts. The 
implemented sampler has the capability to analyze a signal for very long time intervals with 
high resolution and low refresh time. Considering the measure of a 10 ns long time interval 
with a desired resolution of 1 ps, the corresponding refresh frequency is about 1 Hz. The 
accuracy of the sampling technique, depends on the stability of the frequencies fS and fC 
whose mean values have to be measured and used as parameters in the data post 
processing. As described before, the phase noise was considered in the range 
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10 KHz÷1 MHz. The lower limit was due to the acquisition time (lower than 10 ms) and 
assuming that the mean frequency values, which are measured at each acquisition, are not 
affected by noise components lower than 10 KHz. On the other hand the phase noise 
components higher than 1 MHz present negligible amplitude and then can be neglected. The 
resolution of the ASOF is determined by the difference TS - TC, by the maximum number of 
acquired samples, and by the length of the analyzed time interval. According to eq. 5.1, the 
possibility to finely change the period of the sampling signal allows to significantly modify 
the sampling resolution. For this purpose, The ML source was provided with a variable 
optical delay line into the cavity, in order to vary the length of the fibre ring, thus finely 
changing the repetition rate of the generated sampling pulse train in the range 
500 MHz÷1.5 MHz. The previous analytical investigation about the sampler phase noise was 
validated sampling a Continuous Wave (CW) signal modulated with an electrical 39.9 GHz 
sine. The sideband phase noise of the electrical spectrum of the clock is reported in 
Fig. 14 (left) and compared with the curve related to the sampling signal in the range of 
interest. The corresponding clock timing jitter, measured according to eq. 5.5, was 70 fs, 
considerably higher than the 5 fs timing jitter of the ML source used as sampling signal. This 
comparison justifies the assumption of neglecting the phase noise of the sampling signal in 
the analytical investigation. In Fig. 16 the curve of the optical sinusoidal waveform as 
measured through the analytical tool and as visualized by the implemented sampler. 
In both analytical and experimental cases, the acquisition time was 1 ms and the resolution 
of 50 fs. The timing jitter, directly measured in the time domain, as described before, was 
156 fs and 188 fs in the analytical and experimental cases respectively. In the analytical case, 
the sampling signal was an ideal delta function train and the amplitude noise, due to the 
FWM generation, was not considered. Consequently, the comparison in terms of timing 
jitter of the resolved curve, shows a good agreement between analysis and experiment, 
confirming the accuracy of the proposed analytical investigation. The potentialities of the 
ASOF, has been investigated considering a 40 Gbit/s optical NRZ signal. In this case, the 
optical CW was modulated through the Mach Zehnder modulator driven by a 40 Gbit/s 
data sequence supplied by a pattern generator. 
 

 
Fig. 16. 40 GHz optical sinusoidal waveform analytically and experimentally sampled. 

The electrical clock, as in the previous case, was the 39.9 GHz sinusoidal waveform, whose 
sideband noise is reported in Fig. 14 (left). In this experiment, the acquisition time was 2 ms. 
Fig. 17 shows a 32 bit-long sequence (top) and its relative eye-diagram (center), of a signal as 
visualized by the proposed scheme (right) and by a commercial oscilloscope with a 
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bandwidth of 53 GHz (left). The same comparison is reported also for the eye-diagram 
modulating the signal with a (231 - 1)-long Pseudo Random Bit Sequence (PRBS) (bottom). In 
the case of the 32 bit sequence, the time interval to be resolved was 800 ps and consequently 
the mean resolution of the ASOF, was 0.8 ps. The comparison demonstrates the higher 
resolution obtained with the ASOF, that can better resolve the isolated ones and zeroes. The 
slight increase of the amplitude noise on the mark level in the ASOF traces, was mainly due 
to the FWM term generation and amplification. For both the 32 bit sequence and the PRBS, 
the higher resolution of the ASOF, allowed to obtain a good eye opening, especially close to 
bit transitions. The suitability of the ASOF, to measure ultra fast signals in the whole C-
band, has been also demonstrated. Depending on the signal wavelength, the sampling pulse 
train wavelength can be moved in different spectral regions, in order to optimize the FWM 
generation.  

 
Fig. 17. 40 Gbit/s NRZ signal, visualized by a 53 GHz commercial oscilloscope (left) and by 
the ASOF (right); Bottom: eye-diagram of a (231 - 1)-long PRBS. The wavelength of the signal 
under test was 1561 nm, while λC = 1552.5 nm. 

The tunability of the pulse train source has been obtained inserting into the ML cavity, a 
tunable optical filter. The main specifications of the laser, such as the pulsewidth and the 
time jitter, were independent on the selected wavelength in the whole C-band. Fig. 18 (left) 
shows the optical spectrum at the output of the HNLF for three different wavelengths of the 
40 Gbit/s signal under test: 1544 nm, 1556 nm, and 1561 nm. In all cases, the pulse train 
wavelength was fixed at 1553 nm, corresponding to 9 nm, 3 nm, and 8 nm signal detuning 
respectively. The same 32 bit-long sequence in the three different cases is reported in 
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Fig. 18 (right). It can be noticed that the quality of the resolved curves is comparable, 
making the proposed scheme suitable for applications in the whole C-band. Moreover, the 
detuning between the signal under test and the sampling pulse train was not a big issue for 
the FWM generation, for signal spacing up to 9 nm. This value allows to process also ultra 
fast signals with many frequency components. 
As last measure, the high resolution of the ASOF, was demonstrated characterizing the 
optical pulse generated by a second 10 GHz ML source at 1561 nm. In Fig. 19, the generated 
optical pulse resolved by the ASOF, is reported. In this case, the timing jitter of the input 
signal in the range 10 KHz÷1 MHz, was 10 fs. The acquisition time was 800 ns, and the time 
span was 100 ps; consequently, the mean resolution was equal to about 0.25 ps. The 
measured 3 dB pulsewidth was 4.2 ps, very close to the value of 4 ps given by a commercial 
autocorrelator. The accuracy in the sampling of this short pulse, confirmed the high 
performance of the proposed ASOF measuring signals with bandwidth up to 1 THz. 
 

 
Fig. 18. Optical spectrum at the output of the HNLF (left) and corresponding 32 bit-long 
sequence resolved by the ASOF (right) in the case of signal wavelength equal to 1544 nm 
(top), 1556 nm (center), and 1561 nm (bottom). 
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Fig. 19. trace of a 4 ps optical pulse generated by a 10 GHz ML laser source, as resolved by 
the ASOF. 

6. Quasi-Synchronous optical sampler 
As shown in the previous sections, synchronous sampling methods can typically reach sub-
picosecond resolution, but they are able to analyze limited time intervals allowing to resolve 
only the eye-diagram of a data signal. Asynchronous optical sampling methods can describe 
long time intervals (> 1 ms), but with longer refresh time due to data post-processing. 
Moreover they introduce a higher jitter, intrinsic in the asynchronous operation. A 
possibility to obtain the advantages of both synchronous and asynchronous solutions is to 
exploit quasi-synchronous sampling (QS). In particular, the implemented sampler was 
based on the effect of Four Wave Mixing in high non linear fiber. It exploits the nonlinear 
interaction between the signal to be resolved and a sampling ultra-short pulse train whose 
frequencies are locked to a fixed difference. With this solution long bit sequences and eye-
diagram for a 640 Gb/s data-frame can be displayed without the need of data post-
processing and consequently with a very low refresh time (< 1.6 ms), exploiting low-
bandwidth electronics. A double PLL scheme able to maintain a fixed frequency mismatch is 
described. Finally, sub-ps-resolution has been demonstrated by comparisons with a 
commercial autocorrelator. 
The working principle and the setup of the QS optical sampling oscilloscope are shown in 
Fig. 20 (a,b). The sampling signal is an ultra-short pulse train at low repetition rate; when a 
frequency mismatch is imposed between the repetition rates of the signal under test and the 
sampling signal, a shift of the sampling signal on the signal under test is induced, as shown 
in Fig. 20(a). If the signal under test is periodic with T=NTs (being Ts the bit time) and N the 
sequence bit number, the period of the sampling signal can be chosen as TC = NTs + Δt, 
where Δt is the desired temporal resolution. This way samples are collected consecutively, 
and no post processing is required. Due to the low repetition rate, it is possible to 
reconstruct the sampled signal using a slow PhotoDiode and a low-bandwidth oscilloscope, 
acquiring just the samples sequence envelope. A piezoelectric delay line inside the optical 
sampling source cavity makes the source acting as an Optical VCO (OVCO), allowing to 
finely tune the sampling frequency fC. Through a double PLL scheme, the difference 
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between the Nth sub-multiple of the signal frequency fS and the sampling frequency fC 
(fLO=fS/N-fC) is maintained constant. The frequency mismatch is imposed using a local 
oscillator and is determined by the desired resolution, according to the formula reported in 
Fig. 20(a). Therefore, it is possible to tune the desired resolution Δt just changing the value 
fLO. Furthermore, exploiting a wavelength-tunable sampling signal, we obtain a QS sampler 
working within whole C-band. If N=128, every bit pattern with a period of 2n bit and n ≤ 7 
can be resolved. For example, when fS = 10 GHz, choosing a sampling signal repetition rate 
fC = 78.124 MHz and a frequency mismatch fLO ~ 600 Hz, a 100 fs temporal resolution can be 
reached. This solution provides a refresh time of ~ 1.6 ms. At last, tuning the sampling 
signal repetition rate, it is possible to resolve also bit pattern with a standard length of 2n-1 
bit.  
The optical sampler exploits the FWM nonlinear interaction between the signal under test 
and the sampling signal (that acts as a pump). The two optical signals are coupled together 
and launched into a Highly Nonlinear Fiber (HNLF). The FWM-generated signal 
corresponds to the sequence of samples. The FWM effect is maximized by means of 
Automatic Polarization Controllers (APC) that polarization align the two signals. An optical 
BPF (Band-Pass Filter) centred at the FWM wavelength is used to isolate the samples. Each 
APC includes an electro-optical feedback, making the scheme polarization insensitive. 
 

Signal
under test

Sampling
Signal

t

t

T

TC

t0 t1 ti
………

Signal
under test

Sampling
Signal

t

t

T

TC

t0 t1 ti
………

SftN ⋅Δ>>2
2

2

S

S

S

LO fN
t

ftN
fN

t
f ⋅Δ≅

⋅Δ+

⋅Δ
=

SIGNAL UNDER
TEST

SAMPLING 
SIGNAL ODLODL

fLO

PZT
controller

fS

fC

fS /N - fC

50/50
coupler
50/50
coupler

SCOPE

Optical VCO

50 m
HNLF

λFWM

Double PLL

÷N

APC

Trigger

APC

Signal
under test

Sampling
Signal

t

t

T

TC

t0 t1 ti
………

Signal
under test

Sampling
Signal

t

t

T

TC

t0 t1 ti
………

SftN ⋅Δ>>2
2

2

S

S

S

LO fN
t

ftN
fN

t
f ⋅Δ≅

⋅Δ+

⋅Δ
=

SIGNAL UNDER
TEST

SAMPLING 
SIGNAL ODLODL

fLO

PZT
controller

fS

fC

fS /N - fC

50/50
coupler
50/50
coupler

SCOPE

Optical VCO

50 m
HNLF

λFWM

Double PLL

÷N

APC

Trigger

APC

 
Fig. 20. Working principle of quasi-asynchronous sampling operation and Schematic of the 
quasi-asynchronous sampling oscilloscope. 

Experimental measurements have been carried out using a 640 Gb/s RZ signal as signal 
under test. Such signal has been obtained time-multiplexing a RZ 10 Gbit/s one (4x10 Gb/s 
channels spaced 1.56 ps each other), produced by a 10 GHz Actively Mode-Locked Fiber 
Laser (AMLFL) and modulated by a Mach Zehnder modulator with a N = 8 bit pattern. A 

(b) 

(a) 



Evolution of Optical Sampling  

 

311 

pulse compression stage is required to reduce the pulsewidth from the original 4 ps of the 
AMLFL down to 550 fs. The sampling signal is obtained with a second AMLFL acting as an 
OVCO, followed by a compression stage to reach a pulsewidth of 500 fs. A Δt of 50 fs is 
imposed setting a frequency mismatch fLO = 80 KHz. The sampling pulses are then coupled 
with the signal under test into 50 m of HNLF. The average power of the sampling signal and 
the signal under test was 11 dBm and 9 dBm respectively. The wavelengths of the two 
signals have been set at 12 nm distance (λS=1560 nm, λC=1548 nm) due to their large 
bandwidth; the FWM signal generated at 1536 nm is filtered by a 1.2 nm BPF, then the 
sampled signal is photo-detected and viewed on a 600 MHz real-time oscilloscope. When 
the oscilloscope is directly triggered by fLO the bit pattern is visualized (Fig. 21 (a)), while 
eye diagram evaluation can be performed using a xN frequency multiplier at the trigger 
(Fig. 21 (b)). To confirm the accuracy of the acquired trace, a comparison between the 
autocorrelation supplied by a commercial autocorrelator and the one measured from the 
optical sampler trace has been carried out (Fig. 21 (c)). The good agreement between the two 
traces confirms the effectiveness of the sampler in terms of shape and pulsewidth 
measurement; the measured pulsewidth is 550 fs.  
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Fig. 21. 640 Gb/s 550 fs RZ pulses sequence evaluated using the optical sampler, visualized 
on the low-bandwidth oscilloscope after time rescaling (a). Eye-diagram evaluation (b) and 
comparison between autocorrelation measured through the optical sampler (red thin line) 
and the one supplied by a commercial autocorrelator (blue thick line) (c). 

7. Conclusion 
A general view of the optical digital sampling evolution has been reported. Most used 
optical sampling techniques are described in terms of solutions to obtain timing information 
and nonlinear interaction to generate sampling gate. In particular the implementation of 
synchronous, quasi-synchronous and asynchronous schemes exploiting fiber nonlinearities 
for the sampling gate generation has been described in details. 
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1. Introduction 
The performance of any quantum communication system is limited by its transmission loss 
and detection efficiency, both of which must be balanced for optimal overall system 
performance. For current fiber-optic based systems, the transmission loss is small in the near 
infrared (NIR) range, and many fiber-based communication systems and devices tend to use 
this wavelength range. Therefore, the 1310 nm and 1550 nm bands, both of which are in the 
NIR range, have become mainstream in the telecom industry. However, the most efficient 
and low cost single photon detectors, such as silicon based avalanche photodiodes (APD), 
do not work in the NIR wavelength range. Bridging this gap is, of course, essential for an 
optimal quantum communication system. 
In current systems, the preferred types of single photon detectors include 
photocathodebased detectors, APD-based detectors and superconducting-based detectors. 
Photocathodebased detectors use an InGaAs/InP photomultiplier tube (PMT) or an InGaAs 
Microchannel plate (MCP) for single photon detection in the NIR range. APD-based 
detectors, on the other hand, may only use InGaAs/InP APDs when detecting NIR single 
photons. Almost all superconducting-based detectors work in the NIR and can be described 
by two main types, including the Transition Edge Sensor (TES) and Superconducting Single-
Photon Detectors (SSPD). In addition to these mainstream detectors, single photon detection 
at NIR can be achieved using a technique known as frequency up-conversion. We discuss 
this alternative technique in detail in this chapter. 

1.1 Single photon detectors 
PMTs, first invented in the 1930’s, are used in many scientific applications, especially in 
those that require very large photosensitive areas. The wavelength sensitivity of PMTs is 
determined by an electron multiplying coating on the photocathode. While many suitable 
materials are available for visible light and UV-sensitive photocathodes, NIR sensitivity is 
not easily attainable. Currently, only InGaAs/InP based PMTs can operate in the NIR range, 
and its performance is limited by very low quantum efficiency (QE) (1 % at 1600 nm) and 
large timing jitter (1.5 ns) [Hamamatsu, 2005]. MCPs are micro-capillary electron multipliers 
coated with an electron-emissive material and multiply photon-excited electrons from a 
photon cathode [Wiza, 1979]. MCPs usually have faster rise times and lower timing jitter 
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than is achievable with PMTs. However, similar to PMTs, MCPs are most suitable for the 
visible light range, and only InGaAs MCPs can work in the NIR range. These MCPs, like 
PMTs, are limited by low QE (~1 %) [Martin, J. & Hink P. 2003]. 
APDs, initially studied in the 1960s [Goetzberger et al, 1963], are the solid-state counterpart 
of PMTs. In an APD, a photon is absorbed in a bulk semiconductor, where it generates an 
electron-hole pair. With a sufficiently high electric field, carriers are accelerated to speeds 
where they can generate more electron-hole pairs though impact ionization, resulting in an 
avalanche multiplication. The silicone based APDs (Si-APD) are the most practical and 
widely used single photon detectors in recent years. Si-APDs have high QE with low noise 
levels in the visible light range and can work at room temperature. However, its QE 
decreases rapidly at wavelengths approaching NIR (i.e. longer than 1000 nm) and it does not 
work at the two telecom bands (1310 nm and 1550 nm). InGaAs/InP based APDs do work in 
NIR but with significant limitations. The ionization coefficient for electrons and holes in 
InGaAs are comparable, which leads to higher dark counts, a measure of the noise level in 
the detector [Lacaita et al., 1996]. To reduce this noise, the APD should be operated at very 
low temperatures. However, the cut-off wavelength of InGaAs shortens as the temperature 
decreases and the device loses sensitivity to 1550 nm photons at around -100 °C. 
Furthermore, trapped carriers in the device cause severe afterpulsing in this type of APD, 
especially at lower temperatures as the trapping lifetime becomes longer. Therefore, the 
operating temperature for this type of APD is set between -100 °C and -20 °C where the total 
dark count rate (combining those due to thermal generation and those due to afterpulsing) 
remains low and sensitivity to the desired wavelengths still exists. To overcome the severe 
influence of afterpulsing, commercial single photon counting modules based on 
InGaAs/InP APDs use active quenching and gated, or Geiger, mode operation to suppress 
the noise. However, with the gated rate limited to the MHz range, this does not satisfy the 
requirement of high-speed quantum communications. Recently, a self-difference technique 
has been developed for InGaAs APDs that suppresses the afterpulsing noise, and it has been 
successfully applied to a GHz quantum communication system [Yuan et al., 2007]. The 
InGaAs APD has about 10 % detection efficiency, but also about a 6 % afterpulse probability 
which contributes extra errors to the quantum communication system.  
For some time now, superconducting technology has been used to implement single photon 
detectors in the NIR [Gol’tsman et al., 2001; Korneev et al., 2004; Hadfield et al., 2007; 
Takesue et al., 2007; Lita et al., 2008; Ma et al., 2009]. These types of detectors can have 
extremely low dark count rates and flat wavelength sensitivity extending far into 
theinfrared (IR) range. A TES, or TES microcalorimeter, consists of a piece of wolfram film, 
which is cooled below 100 mK. The film is kept at the transition edge of superconducting to 
normal conduction by Joule heating provided by the current from an associated circuit. In 
the TES detector, a photon is absorbed in the film producing a photoelectron which heats 
the electron system, raising its resistance and causing a drop in the current. TES detectors 
have no intrinsic limitation on QE, and currently achieve almost 100 % QE at the 1550 nm 
wavelength. However, the timing jitter of a TES detector is quite large (~ 100 ns), and 
therefore it is not suitable for high speed quantum communication systems. SSPD, or 
SNSPD (superconducting nanowire single-photon detectors), consists of a thin 
superconducting nanowire, which is meandered into a certain pattern. The detector is 
cooled to about 3 ºK while the current in the nanowire is biased slightly lower than the 
critical current. When a photon is absorbed into the detection area, it will generate a hot 
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spot. The current is forced to flow though a smaller cross-section of the nanowire around the 
hot spot, causing the current density to exceed the critical current density, which results in 
the loss of superconducting. After a few picoseconds, the hotspot disappears and the 
detector is restored to the original sate. SSPDs have the advantages of very small timing 
jitter and a high counting rate in excess of a gigahertz. It also works in free-running mode, 
which is preferred for the optimal performance of a quantum communication system. 
However, because it must operate at very low temperatures, the bulky and costly SSPD 
systems become a considerable impediment for practical applications. 

1.2 Up-conversion detectors 
A single photon detector using frequency up-conversion technology, also simply called an up-
conversion detector, is not a direct detection method. It uses a non-linear optical media to up-
convert the frequency of photons in the NIR range to a shorter wavelength by a process 
known as sum frequency generation (SFG). The emerging photons, at visible wavelengths, are 
then detected using visible region single photon detectors. Single photon detectors at the 
visible light region, such as the Si-APD, typically have high efficiency, low noise, can be 
operated in ambient temperatures, and are compact, inexpensive and practical. While up-
conversion technology for strong light is not new [Midwinter & Warner 1967; Gurski, 1973], 
the up-conversion for single photon levels of light was achieved at the beginning of this 
century [ Kim et al., 2001], and highly efficient up-conversion at single photon levels has only 
recently been demonstrated by using bulk periodically poled lithium niobate (PPLN) crystals [ 
Vandevender & Kwiat, 2004] or PPLN waveguides [Xu et al., 2007; Diamanti et al., 2005; 
Langrock et al.,  2005; Thew et al., 2006; Tanzilli et al., 2005]. Upconversion detectors work at 
room temperature, though the non-linear media is usually heated to satisfy a phase matching 
condition, described later, that is required for optimal conversion within the waveguide. The 
internal conversion efficiency of the waveguide can reach as high as 100 %, and the total QE 
for this type of detector is about 20 % ~ 35 %. The frequency up-conversion process does not 
contribute any significant timing jitter to the system. Instead, the timing jitter for this type of 
detector is influenced mainly by the Si-APD, and is usually in the region of 40 ps ~ 100 ps. 
Furthermore, the frequency up-conversion process provides some unique characteristics to the 
detector, such as narrow-band wavelength acceptance and polarization sensitivity, both of 
which are very useful for fiberbased quantum systems. To date, several groups have 
successfully developed highly efficient up-conversion detectors for the NIR range and have 
employed them in high speed quantum communications systems.  
Table 1 summarizes the performance and characteristics of the various single photon 
detectors in the NIR range and an up-conversion detector, including their working 
temperature, maximum count rate, QE, dark count rate (DCR) and timing jitter. 
In this chapter, we offer a general overview of the theoretical principles and experimental 
results of single photon detectors using frequency up-conversion technology, and its 
applications in quantum information systems. We begin with a brief introduction of nonlinear 
optics and its phenomena, especially the sum frequency generation in a quasi-phase matching 
(QPM) grating that is the basis of up-conversion technology. We then describe an up-
conversion single-photon detector developed at the National Institute of Standards and 
Technology (NIST), and some key techniques used to implement the detectors with high 
efficiency, low noise, and low dark count rate. Finally, we introduce an existing quantum 
information, or quantum key distribution, system using up-conversion detectors. 
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Table 1. Performance of single photon detectors responsive in the NIR range. The data are 
from [Hamamatsu, 2005; Martin & Hink 2003, Ma et al., 2009; Takesue et al., 2007; Yuan et 
al., 2007; Xu et al., 2007; Lita et al. 2008].  
* Although the up-conversion system itself is operated at room temperature, the non-linear 
crystal is heated locally to satisfy the phase matching condition required for optimal 
conversion. 

2. Frequency up-conversion 
2.1 Sum frequency generation 
Frequency up-conversion technology is based on a second-order non-linear sum frequency 
generation process, in which two input photons (a signal and a pump photon) at different 
frequencies annihilate and another photon at their sum frequency is simultaneously 
generated in a second-order non-linear media as shown in Fig. 1(a). According to non-linear 
optics theory, this process can happen only if the following two conditions are satisfied: 

 (1a)

 (1b) 

where ωs, ωp and ωo are the angular frequencies of the signal, pump and the output light, 
respectively. s, p and o are the wave vectors of the signal, pump and the output light. 
Eq. 1(a) specifies conservation of energy and Eq. 1(b) specifies conservation of momentum. 
The frequency sum generation process is illustrated in Fig. 1. 
 

 
                               (a)                                                   (b)                                              (c) 

Fig. 1. Frequency up-conversion. (a) Geometry of the interaction. (b) Energy conservation 
condition. (c) Momentum conservation condition. 

The nonlinear field evolution of the SFG process in a non-linear optical media can be 
described by: 
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(2a)

 
(2b) 

 
(2c)

where Es, Ep, and Eo are the electric field strengths of the signal, pump and output light, 
respectively; ns, np and no are the indices of refraction at the three wavelengths; deff is the 
effective nonlinear coefficient of the crystal; c is the speed of light, and z is the longitudinal 
position along the propagation direction of the output light within the crystal. Δk represents 
the phase mismatch, which is defined by: 

 
(3) 

At perfect phase-matching condition, Δk equals zero. 
Single-photon up-conversion devices use the principle of SFG to convert the single photon 
signal light to a wavelength that is efficiently detectable by single photon detectors such as a 
Si-APD. Because the signal light is at single photon levels and the pump power is much 
stronger than the signal (Ep>>Es), the pump power intensity does not deplete significantly in 

the up-conversion process, resulting in the approximation . Therefore, Eq. 2(a-c) can 

be reduced to two coupled first-order differential equations. 
There is no input at the sum wavelength (Eo(z=0)=0), which is the initial condition for the 
equations. By solving the equations with this initial condition, the probability of 
upconversion (or its transfer function response in general) is given as follows: 

 (4a)

where Ip is the intensity of pump light. α is the conversion coefficient of the non-linear 
media and can be estimated by the following equation: 

 
(4b) 

From Eq. 4 (a, b), one can see that the up-conversion efficiency is a sinusoidal oscillation 
with respect to pump power. There is an optimal pump power, at which the conversion 
efficiency reaches its maximum. For perfect phase-matching, the conversion efficiency can 
be as high as 100%. 
According to Eq. 4 (a, b), in order to obtain high conversion efficiency, we need to increase 
the pump intensity while maintaining or even reducing the optimal pump power since 
stronger pump power can lead to more noise. Furthermore, it can be seen from Eq. 4 (a) that 
a longer interaction length, z, will increase the conversion efficiency. Choosing materials 
with high non-linear coefficients is another option for increasing the conversion efficiency. 
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2.2 Birefringent phase matching 
From Eq. 1(a, b), we can write the phase matching conditions as: 

 (5a)

 (5b) 

Because all non-linear crystals have dispersion, (i.e. the refractive index is wavelength 
dependent), it is impossible to satisfy the Eq. 5(a, b) simultaneously if the three light beams 
have the same polarization. In practice, we can use the birefringence of the crystal to satisfy 
the phase matching condition. A beam of light may be decomposed into two rays (the 
ordinary ray, or o-ray and the extraordinary ray, or e-ray) when it passes through a 
birefringent material. Many optical materials are birefringent, which means the refractive 
index depends on the polarization of the light beam. In that case, one can select beams with 
different polarization direction and align the crystal to satisfy the Eq. 5 (a, b) and thus 
implement phase matching. The main two types of birefringence phase matching are Type I 
( e.g. o-ray+o-ray→e-ray) and Type II ( o-ray+e-ray→e-ray). 
The advantage of birefringence phase matching is that it is perfect phase matching (Δk is 
zero). However, birefringence phase matching has several limitations, including: 
1. Wavelength selection is limited by the materials birefringent refractive index and 

orientation angles. Therefore, not all wavelengths can find a suitable material and 
orientation angle to implement phase matching. 

2. The most severe problem for birefringent phase-matching is walk-off in which the e-ray 
and the o-ray travel in different directions. This walk-off limits interaction length and 
reduces the internal conversion efficiency. 

3. The nonlinear coefficients for the birefringent phase-matching conversion process are 
relatively low. For example, the largest coefficient for the birefringent phasematching in 
lithium niobate crystal is only -4.64 pm/V (d31) [Dmitriev et al, 1999]. 

Due to these limitations, birefringent phase matching can not implement high efficiency 
frequency conversion, and is therefore not suitable for up-conversion detectors. 

2.3 Quasi-phase-matching 
To overcome the limitations associated with birefringent phase matching, a new approach 
has been developed. Having the pump beam, signal beam and output beam all be collinear 
and aligned to the same polarization orientation will overcome the problem of walk-off and 
will also take advantage of larger non-linear coefficients. Specifically, all beams are in the 
extraordinarily polarization mode, and therefore the highest nonlinear coefficient, d33 = -40 
pm/V [Dmitriev et al, 1999], can be used, which is an order of magnitude higher than d31. 
However, in that case, it is impossible to satisfy the perfect phase-matching condition shown 
in Eq. 5 (a, b), and therefore we need to use another scheme called quasi-phase-matching. 
To explain the quasi-phase-matching technique, we must go back to Eq. 2 (a-c). If all light 
beams are collinear and have the same polarization orientation, birefringent phase-matching 
is not achieved and ΔkQ ≠ 0. In this case, the “sign” of dEo/dz is flipped when z changes by  
π/ΔkQ , resulting in the periodic cancellation of the electrical filed strength of the output 
beam Eo. By reversing the domain poles every π/ΔkQ , the quasi-phase-matching technology 
contributes an alternating “sign” component over the same period, ensuring that there is a 
positive energy flow from the signal and pump frequencies to the output frequencies, even 
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though all the frequencies involved are not phase locked with each other. The electrical field 
strength of the output beam versus the longitudinal position along the waveguide, with and 
without periodical poling, is shown in Fig. 2. Since the typical period for complete 
conversion to the output electrical field is on the order of thousands of poling periods, the 
evolution of the output field is well characterized by a sine function of the longitudinal 
position. Therefore, we can ignore the small fluctuations illustrated in Fig. 2 and 
approximate the full up-conversion process for the poled system with Eq. 4 (a, b) 
 

 
Fig. 2. Electric field strength of the output light versus the longitudinal position with poling 
and without periodic poling. 

In terms of the phase, the periodic “sign” change results in an extra term (2mπ/Λ) in Eq. 3. 
Λ is the poling period for the mth order quasi-phase-matched condition of the nonlinear 
PPLN waveguide. Because all three beams are collinear, their wavevectors have the same 
direction and we are able to show the phase relation in one dimension in Fig. 3. 
 

 
Fig. 3. Phase-match condition in quasi-phase-matching. 

The phase mismatching is determined by the Eq. 6: 

 
(6) 
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where ks ,kp ,ko are the wave numbers of the signal, pump and output beams in the crystal. 
By properly selecting Λ, the poling period of the crystal, the quasi-phase-matching is 
satisfied such that Δk =0. In the most desirable first-order (m=1) quasi-phase-matching 
condition, the ideal period can be calculated by using the following equation: 

 (7) 

Once the ideal period, Λ, is calculated, a suitable mask can be designed with the ideal period 
imprinted and a photo-lithographic technique may then be used to make a periodic pattern 
on a nonlinear material substrate. When the substrate is heated and an intense electric field 
applied to the region exposed by the mask, the electrical field flips the direction of the 
nonlinear susceptibility of the crystal. After annealing, the periodically poled material is 
ready to use. Fine tuning of the Λ is achieved by adjusting the crystal temperature since the 
refractive index of the crystal is a function of temperature. 
In quasi-phase-matching, the phase is not perfectly matched in each poling period but it 
ensures that positive energy is converted from the signal and pump frequencies to the 
output frequencies throughout the whole optical length of the crystal. Due to the imperfect 
phase matching in each poling period, the effective nonlinearity is reduced and can be 
estimated by the following equation: 

 
(8) 

All even number orders (m=2, 4, 6…) of the quasi-phase-matching technique will have no 
output since periodical cancellation of the electrical filed strength of output light will occur. 
For all odd number orders (m=1, 3, 5…), according to Eq. 8, the first-order (m=1) 
quasiphase- matching has the highest effective nonlinear coefficient, though it is relatively 
hard to fabricate since the periods are shorter. Third-order (m=3) quasi-phase-matching, on 
the other hand, is often used as the longer periods are easier to fabricate. Because d33 is much 
larger than d31 in lithium niobate, the effective nonlinear coefficient in third order 
quasiphase matching is larger than that in birefringent phase matching. 
Quasi-phase-matching can remove constraints on finding wavelengths and beam orientation 
angles to satisfy phase matching, and allow use of the highest nonlinear coefficient. The 
greatest advantage of the quasi-phase-matching technique is the elimination of walk-off and 
subsequently, the longer allowable interaction distance within the crystal. Furthermore, all 
three beams can be coupled together into a crystal waveguide, in which a higher beam 
intensity and longer interaction distance leads to significantly higher conversion efficiency. 
As mentioned, the quasi-phase-matching in periodically poled lithium niobate allows us to 
take advantage of the larger d33 nonlinear coefficient. With a waveguide implementation of 
the PPLN, a higher intensity of pump can be provided and a longer interaction distance 
becomes possible. Currently, PPLN waveguides are the most suitable devices to implement 
frequency up-conversion with almost 100% internal conversion efficiency achievable with 
relatively low noise. 

3. NIR Up-conversion detector 
Recently, several highly efficient up-conversion single photon detectors for the NIR range 
have been demonstrated using PPLN waveguides [Xu et al., 2007; Diamanti et al., 2005; 
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Langrock et al., 2005; Thew et al., 2006; Tanzilli et al., 2005] and bulk PPLN crystals 
[Vandevender & Kwiat, 2004]. In this section, we will describe in detail an up-conversion 
detector developed at NIST [Xu et al., 2007] and analyze its characteristics. 

3.1 NIST Up-conversion detector configuration 
The NIST detector uses an up-conversion device to convert single photons at 1310 nm, with 
a pump at 1550 nm, to photons at 710 nm that are then efficiently detected by a Si-APD. 
The configuration of the NIST up-conversion detector is shown in Fig. 4. A 1550 nm 
continuous wave (CW) laser provides the pump seed. If needed, the seed light can be 
modulated to an optical pulse train by a synchronized signal. This feature is similar to an 
optical gate, which is very useful for noise reduction or high speed gating operation in a 
communications system. The modulated 1550 nm pump seed is then amplified by an 
erbium-doped fiber amplifier (EDFA) (IPG: EAR-0.5K-C). Two 1310/1550 wavelength 
division multiplexer (WDM) couplers with a 25 dB extinction ratio are used to clean up the 
1550 nm pulsed pump, specifically suppressing any EDFA noise that may extend to 1310 
nm. The amplified 1550 nm pump light is then combined with a weak 1310 nm signal by 
another WDM coupler and the combined pump and signal are then coupled into the PPLN 
waveguides. The waveguide is a reverse-proton-exchange PPLN waveguide with 
magnesium oxide doping. The input polarization state of both the signal and the pump are 
adjusted by the polarization controllers, PC1 and PC2 respectively, to align with the 
polarization of a waveguide before entering the coupler. From Eq. 2, we know that a longer 
waveguide will require less pump power to reach the maximum conversion efficiency. The 
PPLN waveguide in the NIST up-conversion detector is 5 cm, the longest possible with 
current fabrication capability. The input of the PPLN waveguide is fiber coupled, while the 
output is free-space with a 710 nm anti-reflection (AR) coating to increase transmission of 
the converted output signal. The output light of the PPLN waveguide, including the newly 
generated photons at 710 nm (SFG), the pump at 1550 nm and its second harmonic 
generation at 775 nm, are separated by two dispersive prisms. The pump light (1550 nm) is 
clearly separated after the first prism and blocked by a beam block. Because the 775 nm 
beam is close to the 710 nm being detected, a second dispersive prism is used to further 
separate them, and an adjustable iris is used to block the 775 nm photons. Because all the 
light beams are linearly polarized and their polarization is aligned with the p-polarization 
direction of the prisms, there is no intrinsic loss when the incident angle of the 710 nm light 
is close to the Brewster’s angle. A 20 nm band-pass filter (Omega Optical, Inc.: 3RD700-720) 
is used to reduce other noise, such as photons leaked into the system from any external 
sources. The 710 nm photons are then detected by a Si-APD (PerkinElmer: SPCM-AQR-14). 

3.2 Detection efficiency 
Detection efficiency is the one of the most important metrics in single photon detectors. The 
overall detection efficiency of an up-conversion detector is determined by the internal 
conversion efficiency in the PPLN waveguide, the coupling and component insertion losses, 
as well as the detection efficiency of the Si-APD at the converted wavelength. The overall 
detection efficiency of an up-conversion detector can be estimated by the following formula: 

 (9) 
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Fig. 4. Schematic diagram of the up-conversion detector. EOM: Electric-optic modulator; 
EDFA: Erbium-doped fiber amplifier; WDM: Wavelength-division multiplexing coupler; 
PC: Polarization controller; PPLN: Periodically-poled LiNbO3 waveguides; IF: Interference 
filter. Solid line: Optical fiber; Dash line: Free space optical transmission. 

where ηo  is the overall detection efficiency of the up-conversion detector; ηloss  is the total loss 
in the detector, including the component insertion loss and waveguide coupling loss; ηcon  is 
the internal conversion efficiency in the PPLN, and can be estimated by Eq. 4; and ηdet is the 
detection efficiency of the Si-APD at the converted wavelength, which at 710 nm is specified 
to be about 65 %. 
When the insertion and coupling losses, the detection efficiency of the Si-APD and the 
structure of the waveguide are fixed, the overall conversion efficiency of the detector is 
determined by the internal conversion efficiency of the waveguide, which is dependent on 
the pump intensity with a sin2( ) relationship according to Eq. 9. The measured 
conversion efficiency versus pump power in a CW mode and in a pulsed pump mode is 
shown in Fig. 5. The measured results are in agreement with the estimated value from Eq. 9. 
The maximum detection efficiency is 32 % for both pump modes, which corresponds to 100 
% internal conversion efficiency after excluding the insertion loss and the Si-APD detection 
efficiency. 
In many quantum information systems, the photons arrive along with a classical signal that 
is synchronized to the photon transmission. That transmission clock can be recovered from 
the classical signal and used to operate the up-conversion detector in a pulse pump mode. 
The detection efficiency measured here is from a 625 MHz synchronized classical signal 
with 600 ps (FWHM) pulses. The quantum optical pulse is pumped with the same 
synchronized signal but has a shorter 300 ps (FWHM) pulse width. The detector operating 
in pulse pump mode can reach the maximum conversion efficiency with a lower average 
pump power, which helps to reduce the noise (discussed in detail in the next section). In 
cases where there is not a synchronized signal, a CW pump is needed. For pulse pump and 
CW pump modes, the optimal pump power (average) is about 38 mW and 78 mW, 
respectively. 

3.3 Noise reduction 
For a single photon detector, the noise level, or dark count rate, is the most important 
performance parameter since a higher dark count rate can cause more errors in the quantum 
information system and degrade the system’s fidelity. 
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Fig. 5. The detection efficiency as a function of pump power. Two cases are shown: CW 
pump (triangle) and pulsed pump (square). 

The dark count rate has been extensively studied in frequency up-conversion technology 
[Xu et al., 2007; Diamanti et al., 2005; Langrock et al., 2005; Thew et al., 2006]. The dark 
counts are contributed mainly by three parts: the intrinsic dark counts of the Si-APD, dark 
counts caused by the noise in the pump tail at the signal wavelength, and dark counts 
caused by the Raman scattering. The intrinsic dark count rate is constant, about 100 c/s in 
the NIST system. The dark counts caused by the noise in the pump tail occur as the pump 
noise at 1310 nm is up-converted to 710 nm and detected by Si-APD. About a 20 kHz dark 
count rate caused by the noise from the pump is observed at the maximum conversion 
efficiency. We use two WDM couplers (a 50 dB extinction ratio in total) to greatly suppress 
this noise. The dark counts caused by the Raman scattering occur as 1310 nm photons are 
generated by Raman scattering with the strong pump light in the transmission fiber and 
waveguide, and then up-converted to 710 nm and detected by Si-APD. In this up-conversion 
detector unit, we use a 1550 nm laser as a pump, whose wavelength is longer than that of 
the quantum signal we want to measure. Because the anti-Stokes component of the Raman 
process is much weaker than the Stokes component, a dark count rate of less than 2400 c/s is 
achieved when the conversion efficiency is maximized. 
As shown in the Fig. 6, the pulse pump generates more dark counts than the CW pump for a 
given average power, because the peak power of the pulse pump is higher than the average 
power. However, the pulse pump needs less average power than the CW pump to achieve a 
given detection efficiency, see Fig. 5, and in the end, the pulse pump can achieve a given 
detection efficiency with less dark counts than the CW pump. As an example, the maximum 
detection efficiency is reached at 38 mW pulse pump resulting in a dark count rate of 2400 
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c/s. For the CW pump, on the other hand, a pump power of 78 mW is required to achieve 
the maximum detection efficiency, which incurs a dark count rate of 3100 c/s. 
 

 
 

Fig. 6. The dark count rate as a function of pump power at the PPLN input. Two cases are 
studied: CW pump (triangle) and pulsed pump (square). 

3.4 Wavelength and temperature response 
When the quasi-phase matching condition in a PPLN waveguide is satisfied at a particular 
signal wavelength, the maximum up-conversion efficiency is achieved. When the signal is 
shifted from that wavelength the up-conversion efficiency is reduced. Therefore, the 
upconversion detectors have a narrow wavelength acceptance width, similar to a narrow 
band pass filter. While it helps to filter out noise at wavelengths other than the signal 
wavelength, this may be a drawback when the detector is used to measure photons with 
wider spectrums. The acceptance spectral width of the up-conversion detector is determined 
by the transfer function response of the PPLN waveguide. The transfer function response of 
a finite-length uniform QPM grating in the waveguide is a function of a sinc2( ) as follows 
[Fejer et al, 1992; Micheli 1997]: 

 (10)

where Po, Pp, Ps are the powers of SFG output, pump, and signal beam; A is a constant; L is 
the waveguide length; and ΔkQ is the phase-mismatch, which can be calculated by the 
following relation with the system wavelengths: 

 
(11)
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where λo, λ p and λs are the wavelengths for output, pump, and signal, respectively, and no  np 

and ns are the reflective index for the three wavelengths. Λ is, as described earlier, the poling 
period for the mth order quasi-phase-matched condition of the nonlinear PPLN waveguide. 
From Eq. 2 and 3, the acceptance spectral width is dependent on the length of the 
waveguide, the longer the waveguide, the narrower the acceptance spectral width will be. 
Fig. 7 shows the measured detection efficiency as a function of the signal wavelength at a 
fixed pump wavelength and temperature. From the figure, we can see that the spectrum is 
similar to the sinc2( ) function and the acceptance spectral width of the main peak is about 
0.25 nm (FWHM). If we use a short waveguide or a pump light with a wider spectrum, the 
acceptance spectral width can be broadened. 
The up-conversion wavelength peak is also temperature sensitive. Therefore, one or both of 
the pump and signal wavelengths, or the waveguide temperature, must be accurately tuned 
to achieve the maximum up-conversion efficiency. To investigate the temperature sensitivity 
of the up-conversion, we sent a 1 mW CW 1310 nm laser beam with a linewidth of less than 
10 MHz into the PPLN waveguide. Moreover, we turned off the pump seed laser so that the 
amplified spontaneous emission (ASE) noise from the EDFA acted as the pump. Using an 
optical spectrum analyzer, we measured the spectrum at the output of PPLN waveguide at 
different temperatures from 50 °C to 70 °C. The resulting output spectrum is shown in Fig. 
8, normalized to the peak power after we subtracted the ASE spectrum. 
 
 

 
 

 

Fig. 7. The normalized detection efficiency as a function of signal wavelength, when the 
pump wavelength and temperature of the waveguide are fixed. 

As shown in Fig. 8(a), the spectral width of the sum frequency at 710 nm is about 0.15 nm. 
The result is consistent with the spectral width of 0.25 nm for the signal at 1310 nm as shown 
in Fig. 7. Also from Fig. 8(a), the peak wavelength is shifted as the temperature changes, 
which means that the quasi-phase matching condition can be achieved by either varying the 
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converted wavelength (via tuning of the pump wavelength and/or signal wavelength), or 
by varying the waveguide temperature, as shown in Fig. 8 (b). Within a temperature 
variation range of 20 degrees, the central wavelength for maximum efficiency linearly varies 
by approximately 1.1 nm. The temperature response of the waveguide can provide a 
method to fine tune the up-conversion detector, even if the signal and pump wavelengths 
are fixed. 
 
 

 
 

Fig. 8. (a) The normalized output spectrum of the PPLN at different temperatures. (b) The 
up-conversion wavelength peak as a function of temperature. 

3.5 Polarization characteristic 
Because the PPLN waveguide is based on proton-exchange, it is effective only for guiding 
the e-wave, and the o-polarized light is not transmitted. In effect, the device is therefore 
polarization sensitive. If its polarization extinction ratio is sufficiently high, the device can 
be used as a polarizer. This feature is very useful in a polarization-encoding quantum 
communications system. Fig. 9 shows the dependence of the detection efficiency on the 
polarization direction of an input signal at 1310 nm. The deviation angle is the angle (in 
Jones space) between the given input polarization state and the one at which the 
conversion efficiency is maximized. We also compared this measurement result with a 
cos2( ) curve, the function which represents an ideal polarizer. The curve is in good 
agreement with the measured data and we believe that the slight difference is caused by 
the measurement uncertainty of the polarimeter. As shown in Fig. 9, the polarization 
extinction ratio of the PPLN is over 25 dB. Therefore, an up-conversion detector can be 
used as a polarizer in a polarization-based quantum information system, eliminating the 
need for an otherwise required polarizer and avoiding the additional insertion loss that a 
polarizer would add. 
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Fig. 9. The normalized conversion efficiency of the PPLN waveguide as a function of 
deviation angle of the input signal at 1310 nm. The deviation angle is the angle between the 
given polarization state and the state at which the conversion efficiency is maximized. 
Triangle: Measurement results; Solid line: cos2() curve 

4. Application in quantum communication systems 
Quantum key distribution (QKD) is an important application of quantum communication, 
which is a technique for developing shared secret keys over unsecured communication 
channels that is guaranteed by the fundamental quantum properties of single photons 
instead of mathematical complexity [Gisin et al., 2002]. It is not possible to make a perfect 
copy (clone) of an unknown quantum state, thus precise measurement by an eavesdropper 
is not achievable. The Heisenberg uncertainty principle states that pairs of quantum 
properties cannot be precisely measured simultaneously; for example, position and 
momentum. Horizontal-vertical and diagonal polarization of photons is another such pair. 
QKD systems use quantum states, such as polarization, to encode information on single 
photons. An initial random key is established by randomly encoding quantum state 
information on these photons, transmitting the photons and recovering the encoded state 
information at the other end of the link. After sifting, error correction and privacy 
amplification, the three conventional processing procedures required to complete the QKD 
protocol, the initial (raw) keys become secure keys and are ready for use. 

The idea to use quantum states to securely encode information originated with Stephen 
Wiesner in 1983 [Wiesner, 1983]. This idea was taken forward by Charles Bennett and Gilles 
Brassard in 1984 [Bennett & Brassard, 1984] who developed the famous QKD protocol called 
BB84, which uses four quantum states. In 1992, Charles Bennett proposed a simplified 
version of the protocol, named B92, [Bennett, 1992] that uses only two quantum states. These 
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two protocols are commonly used in most QKD systems today. The first demonstration of a 
QKD system was completed in 1989, in which the quantum channel was a 30 cm long path 
of air in a laboratory [Bennett & Brassard, 1989]. Since then, a number of groups have 
successfully developed many experimental QKD systems, which are described in a 
comprehensive review article by Nicolas Gisin [Gisin et al., 2002]. 
Single photon detectors are one of the key elements for a QKD system since information is 
encoded as the quantum state of single photons. Among the available types of single photon 
detectors, up-conversion detectors are quite suitable for QKD systems due to their high 
detection efficiency, low dark count rate and unique characteristics, such as narrow 
acceptance spectral width and polarization sensitivity. Specifically, the advantages offered 
by up-conversion detectors include: 
1. High detection efficiency: many QKD systems use a narrow linewidth attenuated laser 

light as the single photon source, which is much narrower than the acceptance 
bandwidth of up-conversion detection. Therefore, an up-conversion detector can reach 
its maximum detection efficiency, resulting in a higher secure key rate. 

2. Low dark count rate: many QKD systems recover the clock signal from their classical 
channel, which can also be used as the synchronized trigger for the pulse pump 
operation in an up-conversion detector. As described earlier, the pulse pump operation 
of the up-conversion detector can lead to a lower dark count rate and, therefore, a lower 
system error rate. 

3. Narrow acceptance spectral width: each up-conversion detector has a relatively narrow 
acceptance spectral width that functions as a band-pass filter, rejecting the noise due to 
crosstalk from strong signals in classical channel that share the same fiber in many QKD 
systems. 

4. Polarization sensitivity: as described earlier, this feature can be used as a polarizer, 
which avoids the additional insertion loss that an otherwise required polarizer would 
add. 

Because of these outstanding performance characteristics, several research groups have 
successfully demonstrated fiber-based QKD systems using up-conversion single photon 
detectors. By way of an example, we introduce a fiber-based QKD system developed at 
NIST[Xu et al., 2007]. The system uses the B92 protocol [Bennett, 1992] with 1310 nm 
photons that share a single optical fiber with bi-directional classical signals at the 1550 nm 
band. 
A QKD system using the B92 protocol requires two detectors to detect the photons emerging 
from the two different measurement bases. Fig. 10 outlines a compact dual up-conversion 
detector system, and is an all fiber system rather than the free-space output configuration 
described in Fig. 3. A weak pump seed laser is amplified by an EDFA and split into two 
parts, each of which will provide the pump for one of the detectors. Each detector in this 
dual detector system consists of a 5 cm PPLN waveguide, whose input and output are fiber 
coupled. The detectors use in-line narrow band-pass filters to suppress noise from the pump 
light and its SHG component. This all fiber detector is easy to use and more compact 
compared to the free space output detector described earlier, however its overall detection 
efficiency is reduced to 15~20 %, due to output coupling loss from the waveguide to the 
fiber and the insertion loss associated with the narrow band-pass filters. 
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Fig. 10. The configuration of compact dual up-conversion detectors. LD: Laser diode; EOM: 
Electric-optic modulator; EDFA: Erbium-doped fiber amplifier; FLT: Optical filter; PC: 
Polarization controller; WDM: Wavelength-division multiplexer for 1310 nm and 1550 nm; 
PPLN: PPLN waveguide. 

The configuration of the QKD system using the up-conversion detector is shown in the Fig. 
11. The system is designed to generate a secure key between a sender (Alice) and a receiver 
(Bob). The QKD system uses a custom printed circuit board with a field-programmable gate 
array (FPGA) [Mink et al., 2006] to generate a random stream to encode the photon with 
quantum state information and to transmit and receive classical data. The classical data is 
carried by a conventional optical signal at 1550 nm. 
To polarization-encode the quantum channel with the random data, we first modulate a 
1310 nm CW beam into a 625 MHz pulse train which is evenly split into two polarization 
channels. Each pulse train is further modulated by one of two complementary 625 Mbit/s 
quantum channel data streams. The two quantum channels are then combined by a 45- 
degree polarization-maintaining combiner and attenuated to a mean photon number of 0.1 
per bit, and then multiplexed with the classical channel before being coupled into a standard 
single-mode fiber for transmission. 
At the receivers end, another WDM is used to demultiplex the quantum and the classical 
channels. A clock signal is recovered from classical channel and it is sent into the 
upconversion detectors as the synchronized trigger for the pulse pump operation. Photons 
in the quantum channel are randomly split into two non-orthogonal measurement bases by 
a coupler and are then sent to their respective up-conversion detectors. The up-conversion 
detector’s polarizer-like characteristic performs a polarization measurement on the photons 
which are then converted and detected. For each detection event, the bit position, but not 
the bit value, of the detected photon is returned to Alice over the classical channel. Alice’s 
FPGA matches each detection event with the corresponding event of the stored bit-stream. 
The matched positions, again without the bit values, are returned to Bob. Both Bob and 
Alice send the bit values to their respective CPUs for reconciliation and privacy 
amplification to generate their shared secret keys, which are then used in a conventional 
security application. 
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Fig. 11. The B92 polarization coding QKD system. LD: Laser diode; EOM: Electric-optic 
modulator (LiNbO3); PC: Polarization controller; PMC-45º: Polarization maintaining 
combiner that combines two light signals that are separated by 45 degrees; VOA: Variable 
optical attenuator; WDM: Wavelength-division multiplexer; SMF: Standard single-mode 
fiber; TRCV: Optical transceiver; CR: Clock recovery module; FPGA: Custom printed circuit 
board controlled by a field-programmable gate array; PCI: PCI connection; Up-conversion 
detector: See Fig. 8; Dotted line: Electric cable; Solid line: Optical fiber. 

In theory, the security of a QKD system is guaranteed by the fundamental principles of 
physics and cannot be broken. However, in practice its security is limited by its noise level. 
The noise level, or dark count rate, is therefore the main concern for QKD system 
development and implementation. Although the up-conversion detector has a low 
darkcount rate, other sources of noise must be identified when the detector is integrated into 
a system. In the QKD system, the quantum channel (1310 nm) and the bi-directional classical 
channel (1510 nm & 1590 nm) share a single standard telecom fiber, so there is a concern that 
the quantum channel may suffer from noise from the classical channel. In a QKD system 
that uses up-conversion detectors, the crosstalk from the strong signal in the classical 
channel (1510 nm & 1590 nm) will be blocked by the narrow acceptance spectral width of 
the up-conversion detector. In the classical channel, there are two noise sources including a 
small amount of noise around 1310 nm emitted from the transceivers and noise due to 
nonlinear effects, which is widely believed to be from Raman scattering. This is similar to 
the 1550 nm pump noise in the up-conversion detector discussed in section 3.3. The strong 
signals at 1510 nm and 1590 nm interact with the fiber and, in a nonlinear anti-Stokes 
process, generate photons around 1310 nm. These 1310 nm fiber generated photons enter the 
PPLN waveguides and are up-converted to 710 nm. Fig. 12(a) shows the extra dark count 
rate induced by the classical channel at various fiber link distances. We first measure the 
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dark count rate when one or both of the classical transceivers are on, and then subtract the 
dark count rate measured when both transceivers are off. The photon leakage can be 
evaluated by the extra dark counts in a back-to-back (0 km) connection while the 
nonlinearly induced dark photon effect will vary over the transmission distance. As shown 
in the Fig. 12(a), the photon leakage noise is small and the dark counts are mainly induced 
by the Raman anti-Stokes process, particularly from the classical signals at 1510 nm 
propagating from Alice to Bob (forward anti-Stokes). The backward anti-Stokes noise is 
generated by the classical signals at 1590 nm propagating from Bob to Alice and is much 
weaker than the forward anti-Stokes because of the greater separation between the 1590 nm 
light and the nm signal photons. In general, the classical channel induces a non-negligible  
 
 

 
 

Fig. 12. (a) The extra dark count rate induced by the classical channel in one of the PPLN 
detector in three cases: Diamond, only the transceiver at Alice is on; square, only the 
transceiver at Bob is on; triangle, both transceivers are on. The other PPLN detector exhibits 
similar behaviors. (b) The system performance of the B92 polarization-based QKD system 
with the 1550 nm pumped up-conversion detector. 

dark count rate into the QKD system, particularly from 1510 nm. A longer wavelength 
transceiver would greatly help to reduce the dark count rate further, but care must be taken 
to keep it within the standard telecom band. 
The system performance is shown in Fig. 12(b). During our measurements, the pump power 
was fixed at 40 mW. The sifted-key rate is 2.5 Mbit/s for a back-to-back connection, 1 
Mbit/s at 10 km, and 60 kbit/s at 50 km. The quantum bit error rate (QBER) is 
approximately 3 % for the back-to-back configuration, remains below 4 % up to 20 km, and 
reaches 8 % at 50 km. The finite extinction ratio of the modulator and timing jitter of the 
system induces a background QBER of approximately 2.5 % and the remaining QBER 
results from dark counts generated by both the pump light and the classical channel, as we 
described earlier. We also calculated the theoretical sifted-key rate and QBER and they agree 
with the measured results. Although we fixed the pump power close to the maximum up-
conversion efficiency, the QBER remains small until 20 km due to the low dark count rate of 
the 1550 nm up-conversion detector. The QKD system can generate sufficient secure keys in 
real time for one-time-pad encryption of continuous 200 kbit/s encrypted video 
transmission over 10 km. 
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5. Conclusion 
Frequency up-conversion single photon detectors use the principle of sum frequency 
generation to up-convert single photons in the near IR range to a shorter wavelength for an 
efficient detection by low cost detectors, such as Si-APDs. The up-conversion detectors are 
usually operated at room temperature with high detection efficiency and a low dark count 
rate. The detectors have a very narrow acceptance spectral width and polarization 
sensitivity, properties that can be exploited in certain applications requiring narrow 
linewidth or polarization specific detection. These unique characteristics can be used to 
enhance system performance in some applications, including fiber-based quantum 
communications systems. 
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1. Introduction 
All-optical signal processing has been and is receiving more and more attention all over the 
world because it can increase the capacity of the optical networks greatly in avoiding of  the  
Optical-Electrical-Optical (O/E/O) conversion process, and it can also reduce the system 
power consumption to a great extend and then increase the system stability. All-optical 
signal processing can be widely used in optical signal regeneration and switching in next-
generation optical networks (Yoo 1996; Danielsen et al. 1998; Saruwatari 2000), such as 
Optical Time Division Multiplexing (OTDM), Optical Orthogonal Frequency Division 
Multiplexing (OOFDM), Optical Code Division Multiplexing Accessing (OCDMA), Optical 
Packet Switching (OPS) and so on. There are many different elemental functions in all-
optical signal processing: all-optical wavelength conversion, all-optical logic operation, all-
optical 3R regeneration, all-optical format conversion, all-optical sampling, all-optical time 
demultiplexing, all-optical buffering, etc. It should be mentioned that all-optical wavelength 
conversion is one of the most important technologies, and it is the basis of other functions. 
In past two decades, many schemes have been proposed to demonstrate all-optical signal 
processing functions, and nonlinearities in passive and active waveguides, such as high 
nonlinear fiber (Olsson et al., 2001), periodic-poled LiNbO3 (Langrock et al., 2006), silicon-
based waveguides (Haché & Bourgeois 2000), chalcogenide-based waveguides (Ta'eed et al., 
2006) and  semiconductor optical amplifiers (SOAs) (Liu et al., 2006; Stubkjaer 2000) , are 
elemental mechanisms for these schemes. SOA is one of powerful candidates for all-optical 
signal processing because of its various nonlinear effects, low power consumption, small 
footprint and possibility to be integrated, therefore, SOAs have been receiving the most 
widely attention and have been exploited to realize nearly all functions for all-optical signal 
processing. 
In SOAs, nonlinear effects such as cross-gain modulation (XGM), cross-phase modulation 
(XPM), four-wave mixing and transient cross-phase modulation can all be exploited to 
demonstrate all-optical signal processing functions (Durhuus et al., 1996; Stubkjaer 2000). 
Taking all-optical wavelength conversion as an example, XGM wavelength conversion has 
some advantages such as simple structure, large dynamic optical power range, high 
conversion efficiency and large operation wavelength range, but it also has some problems 
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such as extinction ratio degradation and chirp (Durhuus et al., 1996); XPM wavelength 
conversion has some characteristics such as good output performance but small dynamic 
range and difficult to control and fabricate (Durhuus et al., 1996); FWM wavelength 
conversion (Kelly et al., 1998) is bitrate and format transparent but low conversion efficiency 
and narrow operation wavelength range; transient XPM conversion is inherent high 
operation speed but low conversion efficiency. 
While used in all-optical signal processing, the input probe signals of SOAs will experience 
amplitude and phase variations which are induced by carrier density or distribution 
variations taken by other input pump signals. The optical spectra of the input signals will 
experience broadening and shifting processes in which the information to be processed is 
included. Therefore, the SOA can be regarded as spectrum transformer. Combing with 
appropriate filtering process, all-optical signal processing function can be realized 
correspondingly. For different filtering processes, we can demonstrate different signal 
processing functions. 
Regarding filtering processes, there are many schemes to realize and demonstrate, such as 
BPF filters, microring resonators, delay interferometers (fiber-based, silicon waveguide 
based, LiNbO3 waveguide based, PMF loop mirror, etc.), FP etalons, dispersive fibers, 
arrayed waveguide grating (AWG) and so on. Usually we should cascade two or more 
different kinds of filters to get better output results. It is very important to choose and 
optimize the filtering processes to realize desired functions and improve the output 
performance. 
In this chapter, we theoretical and experimental analyzed all-optical signal processing with 
SOAs and tunable filters where SOAs were regarded as spectrum transformers and tunable 
filters were used to realize different filtering processes and then different signal processing 
functions. In section 2, complicated theoretical model for SOA is presented, and many 
nonlinear effects are taken into consideration, such as carrier heating, spectral hole burning, 
etc. On the other hand, a theoretical model for optimizing the filtering process is also 
presented. These two theoretical models are value for any different signal processing 
functions. In section 3, experimental research on all-optical wavelength conversion is 
discussed and analyzed. In section 4, experimental results for all-optical logic operation are 
presented. Finally, multi-channel all-optical regenerative format conversion is experimental 
investigated in section 5. Some remarks are also given in final conclusions. 

2. Theoretical model 
In order to represent the generality for different kinds of signal processing functions, we 
establish a general theoretical model based on SOA’s model and filter’s model. As shown in 
Fig.1, a SOA is cascaded with two basic filters: an optical bandpass filter (OBF) and a delay  
 

 
 
Fig. 1. Schematic diagram for signal processing with SOA and filters 
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interferometer (DI). These two filters are the most possible to be used to realize signal 
processing functions. The theoretical model corresponding to Fig. 1 can be exploited to 
analyze any kinds of signal processing functions. The key point of this model is calculating 
out the output signal spectrum after the SOA based on a complicated SOA model. Only all 
kinds of nonlinear effects are taken into account, the accuracy of the output spectrum can be 
believed. The final output signal spectrum can be analyzed with the help of transmission 
functions of the cascaded two filters. With iFFT tool, we can get output signal waveform in 
time domain. 

2.1 Theoretical model of SOAs 
Based on theoretical models in literatures (Mork & Mark 1995; Mork, et al., 1994; Mork & 
Mark 1992; Agrawal & Olsson 1989; Mork & Mecozzi 1996), we can derive theoretical model 
for SOAs in which ultrafast nonlinear effects are taken into account. Firstly, the propagation 
equation for the input signal in the SOA can be derived as the following equation: 
 

{ 2
2 2 2 int

A(z, ) 1 1 1 1 1( , ) (1 ) ( , ) ( , ) ( , )
2 2 2 2 2v vg z i A z n z n zc cz

τ τ β α τ β τ β τ α∂ = Γ − Γ + − Γ − Γ −
∂

 

 [ ( , ) ( , ) ( , )] ( , )
2 N CH CH SHB SHB
i g z g z g z A zα τ α τ α τ τ⎫

⎬
⎭

+ + Δ + Δ   (1) 

 
In Eq.(1), the first to fifth terms on the right hand side represent the linear gain, two-photon 
absorption (TPA), FCA in conduction band, FCA in valence band and linear absorption loss  
respectively. The last three terms represent phase modulation process accompanied with 
linear gain variation, carrier heating and spectral hole burning, which are corresponding to 
parameters α, αCH and αSHB respectively. 
In order to calculate the gain coefficient, the local carrier densities should be calculated  
out firstly. The local carrier densities satisfy the following two equations (Mork, et al.,  
1994):  
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The first terms on the right hand sides of Eq. (2)and (3) describe the relaxation process of the 
electrons and holes to their quasi-equilibrium  values ( , )cn z τ   and ( , )vn z τ , respectively. 
These relaxation processes are driven by the electron-electron and hole-hole interaction with 
time constant of τ1c, τ1v. The second terms describe carrier consumption due to stimulated 
emission, and the last terms corresponding to carrier consumption due to two photon 
absorption. 
In this theoretical model, the gain can be expressed as the following equations: 
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where a(ω0) is the differential gain coefficient, and N0 is the transition density of states in 
optically coupled region. g is total gain dynamics, gN the gain changes accompanied with 
carrier density variation due to interband recombination, ΔgCH the gain changes due to CH, 
ΔgSHB the gain changes due to SHB. 
In order to solve Eqs. (2) ~ (4), ( , )Rn z τ , * ( , )Rn z τ , [ , ]R c v∈  should be got firstly, and they can 
be defined as: 

 0( , ) ( , ( , ), )R fR R Rn z N F E T z Eτ τ=   (5) 

 *
0( , ) ( , , )R fR L Rn z N F E T Eτ =   (6) 

where Efc and Efv  are the quasi-Fermi level in the conduction band and the valence band, 
respectively. TC and TV  are the temperature of the carriers in the conduction band and the 
valence band. TL is the lattice temperature. ECand EV are the corresponding transition 
energies in the conduction band and the valence band. F is the Fermi-Dirac distribution 
function shown as follows: 

       1( , , )
1 exp( )

b

F T E E
k T

μ μ= −+
  (7) 

To calculate instantaneous carrier temperature (TR) and quasi-Fermi level (EfR), we need 
calculate the total electron-hole pair density N and the energy state densities U. The total 
electron-hole pair density satisfies the following equation: 

 2
2

( , ) ( , ) g
s

N z I N v g z S v SgeV
τ τ β

τ τ
∂ = − − +

∂
  (8) 

It should be noted that, N(z,τ) counts all the electron-hole pairs, including those that are not 
directly available for the stimulated emission.  
The energy state densities satisfy the following two questions:  

 2
0 2 2

( , ) ( , ) ( , )( , ) cc c
c c c g c g

hc

UU z U z zn S E v g z S E v Sτ τ τβ ω τ β
τ τ

∂ −= − + −
∂

=   (9) 

 2
0 2 2

( , ) ( , ) ( , )( , ) cv c
v v v g v g

hv

UU z U z zn S E v g z S E v Sτ τ τβ ω τ β
τ τ

∂ −= − + −
∂

=   (10) 
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In these equations, the first terms describe the change in energy density due to the stimulated 
emission. The second terms depict the changes due to FCA and the third terms account for the 
TPA. The last terms represent the relaxation to equilibrium due to carrier-phonon interactions 
with time constant of τhc and τhv. The equilibrium energy densities are defined as: 

 
2 21 ( ( , ), ( , ), )

2 2c c

k kU F E z T zc fc LV m mk
τ τ∗ ∗= ∑

= =   (11) 

      
2 21 ( ( , ), ( , ), )

2 2

k kU F E z T zv fv LV m mk v v
τ τ= ∑ ∗ ∗

= =   (12) 

The total carrier density and total energy density need to be self consistently calculated in 
each time step. We can calculate the quasi-Fermi level and instantaneous temperature of the 
electrons in conduction band based on self consistently theory. 

 

21( , ) ( ( , ), ( , ), )
2

2 21( , ) ( ( , ), ( , ), )
2 2

kN z F E z T zfc cV mk c
k kU z F E z T zc fc cV m mk c c

τ τ τ

τ τ τ

⎧
⎪ = ∑ ∗⎪
⎪
⎨
⎪

= ∑⎪ ∗ ∗⎪⎩

=

= =  (13) 

Similarly, we can also obtain the instantaneous Fermi levels and temperatures in the valence 
band. 

 

22( , ) ( ( , ), ( , ), )
2

2 22( , ) ( ( , ), ( , ), )
2 2

v

v v

kN z F E z T zfv vV mk
k kU z F E z T zv fv vV m mk

τ τ τ

τ τ τ

∗

∗ ∗

⎧
⎪ = ∑
⎪⎪
⎨
⎪

= ∑⎪
⎪⎩

  (14) 

It should be noted that, the factor of 2 on the right hand of Eq.(14) is observed, because we 
consider two sub-bands in valence band including heavy hole band and light hole band. 
Using Eqs(1-14),we can numerically simulate the dynamics characterization in SOA active 
region and the signal propagation. 

2.2 Theoretical model for filtering 
OBFs and DIs are typical filters for all-optical signal processing, especially in ultrahigh 
speed operation scheme. The transmission function of the BPF and the DI can be described 
as the following two expressions. 

 
1

2
0

1( ) [exp( ) exp( 2 )]
2

2( ) exp[ 2ln 2 ( ) ]

F i i

fF
B

ω φ πτω

ω ω
ω

⎧ = +⎪
⎪
⎨ −
⎪ = −⎪⎩

i
  (15) 
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where F1 and F2 are the transmission function of DI and band-pass filters, respectively. φ is 
the phase difference between two arms of the DI, τ is the time delay of two arms of the DI. ωf 
is the central angle frequency of the BPF, B0 is 3 dB bandwidth  of the BPF. 
The optical field after SOA can be described as: 

 0( ) exp[ ( ( ))]out out NLE t P i t tω= + Φ   (16) 
 

Based on Fast Fourier Transformer (FFT), the optical spectrum of the output signal after the 
SOA can be obtained as 

 ( ) [ ( )]out outE FFT E tω =   (17) 

After optical filtering process, the optical spectrum of the output signals after the two 
cascaded filters can be described as: 

    1 2( ) ( ) ( ) ( )opt oE E F Fω ω ω ω= i i   (18) 

 

Then, based on inverse Fast Fourier Transformer (iFFT), the output signal waveform in time 
domain can be calculated out.  

 
21( ) [ ( )]opt optP t F E ω−=   (19) 

It should be noted that sometimes we should exploit more filters to optimize the output 
performance, but, the analytical process is identical, adding the transmission function of the 
new filter in Eq. 17 can get the correct output results. 

2.3 Applications in all-optical signal processing 
For some applications, the configuration and mechanism are fixed and known to us, we can 
analyze the output performance based on above theoretical model. The analytical process 
based on the above SOA model and filter model can be illustrated as the following flow 
diagram. 
As shown in Fig.2, based on above SOA theoretical model, we can get output signal 
waveforms in time domain from SOA and phase variation information is also included in 
the output signal filed. Using FFT tool, we can calculate out the signal spectra. Combing 
with the filter model iFFT tool, we can simulate out the output signal field. We can optimize 
the SOA parameters or filter parameters to improve the output performance. This process 
can be used to optimize the SOA structure and filter shape for special applications. 
On the other hand, we can also use the above theoretical model to explore some novel 
schemes for special signal processing functions. The analytical process can be illustrated as 
following flow diagram. As shown in Fig.3, for special signal processing functions, input 
signal and output signal are fixed and known to us, their spectra can be calculated out based 
on FFT tool, so the transmission functions of the potential schemes can be determined by 
input spectra and output spectra. Usually, the spectrum transformation process of the SOA 
is fixed and can be determined by the above SOA model. Using some iteration algorithms, 
the filtering process and related filters can be optimized. 
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Fig. 2. Analytical process for all-optical signal processing schemes with fixed configurations 
  

 
Fig. 3. Analytical process diagram for exploring novel schemes 
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3. All-optical wavelength conversion with SOAs and filters 
All-optical wavelength conversion can be regarded as the most important signal processing 
function because it is the basis of other signal processing functions. In this section, inverted 
and non-inverted wavelength conversion at 40Gb/s based on different filter detuning were 
investigated firstly (Dong et al., 2008), then, experimental results on 80Gb/s wavelength 
conversion and related filtering optimization process are discussed (Huang et al., 2009). 

3.1 Bi-polarity wavelength conversion for RZ format at 40Gb/s 
Fig. 4 shows the schematic diagram of both inverted and non-inverted wavelength 
conversion (Dong et al., 2008). A CW probe signal and a data signal with RZ format are 
launched into an SOA. The following OBF has some detuning to the probe signal with the 
central wavelength detcλ λ+ Δ , where detλΔ  is the detuning value from probe wavelength at 

cλ . The input 40Gb/s RZ signal will induce transient nonlinear phase shifts and intensity 
modulation to the probe signal via cross phase modulation (XPM) and cross gain 
modulation (XGM) in the SOA. The nonlinear phase shifts will result in a chirped converted 
signal with the broadened spectrum. The leading edges of the converted probe light are red-
shifted, whereas the trailing edges are blue-shifted. Whether the output converted signal is 
inverted or non-inverted depends on the detuning value.  
 

 
Fig. 4. (a) Operation principle of the bi-polarity wavelength conversion, (b) variation of 
probe spectrum in the non-inverted wavelength conversion 

On the one hand, the wavelength shift of the chirped probe occurs only in the 
leading/trailing edges of input RZ signals. When the data signal is mark, the probe 
spectrum will be broadened with sideband energy. If the OBF is detuned far away from the 
probe wavelength so as to select the sideband energy at detcλ λ+ Δ , the OBF output will be 
mark. When the data signal is space, there is no instantaneous frequency shift, and then the 
OBF output is space, as shown in Fig. 4(b). Therefore, the converted signal will keep in-
phase to the input RZ signal. That is non-inverted wavelength conversion.  
On the other hand, the XGM will result in the inverted wavelength conversion with 
relatively slow recovery without the OBF detuning. However, the amplitude recovery can 
be accelerated and the pattern effects can be eliminated if the OBF is slightly blue shifted. 
The reason can be explained in Fig. 5. The dotted and dashed lines are the SOA gain and 
chirp, respectively. When the pulse starts at point A, the SOA carrier depletes and the gain 
reaches the pit at point B. In time slot from A to B, the probe experiences red chirp and the 
blue shifted OBF attenuates the probe power. After the pulse duration stops, the gain starts 
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to recover slowly. Assume that the probe signal gets its maximum blue chirp at point C. 
After point C, the chirp decreases toward zero, then the blue shifted OBF decreases the 
transmittance. But the gain recovery is going on. Therefore, the blue shifted OBF can balance 
the power of blue chirped component and the probe power during gain recovery. As a 
result, the net power at the OBF output is approximately constant (see time slot from C to 
D). If the SOA and the OBF are treated as a whole system, the amplitude recovery of the 
system is much faster than the SOA gain. The fast amplitude recovery technique is also 
suitable for NRZ format. The detail explanation can be found in reference (Liu et al., 2006). 
 

 
Fig. 5. Principle of accelerating the amplitude recovery.  

The experimental setup for bi-polarity wavelength conversion is shown in Fig. 6. Tunable 
laser diode (LD1) generates a CW probe light at 1557.32nm with the power of 0dBm. 
Tunable LD2 generates another light source at 1563.5nm, which is modulated by two 
LiNbO3 Modulators at 40Gb/s to form a 231-1 RZ pseudo random binary sequence (PRBS) 
signal, then an erbium-doped fiber amplifier (EDFA) and an attenuator (ATT) are used to fix 
the RZ output average power at -1.8dBm. The 40Gb/s RZ signal with 8ps-wide pulses is 
combined with the probe light, and launched into the SOA. The SOA (Kamelian NL-SOA) is 
biased at 200mA, and its 90%~10% recovery time, defined as the time needed for the gain 
compression to recover from 90% to 10% of the initial compression, is about 60ps, which is 
longer than one bit period. The small signal gain@1550nm is 22dB. A tunable OBF1 with 
bandwidth of 0.32nm follows the SOA. The OBF1 has somewhat detuning to the probe 
signal to obtain high speed wavelength conversion. Another EDFA and an OBF with 1nm 
 

 
Fig. 6. Experimental setup for bi-polarity wavelength converters at 40Gb/s. BPG: bit pattern 
generator; ATT: attenuator; OC: optical coupler; OSA: optical spectrum analyzer; CSA: 
communication signal analyzer.  
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bandwidth are used to amplify the converted signal power and eliminate the crosstalk. 
Finally, the optical spectrum analyzer (OSA) and communication signal analyzer (CSA) are 
used to observe the optical spectrum and waveform of the converted signal. 
Fig. 7 shows the experimental results of both inverted and non-inverted wavelength 
conversion. The left column is the captured waveforms whose time scale is 52ps/div, and 
the right column is the corresponding eye diagrams whose time scale is 20ps/div. Fig. 7(i) 
shows the waveform of input 40Gb/s RZ signal. When the OBF1 detuning is -0.3nm (blue 
shifted) and +0.4nm (red shifted) respectively, the non-inverted wavelength conversion is 
observed in Fig. 7(ii) and (iv). Good eye diagram is shown in Fig. 7(ii) while some pattern 
effects occur in Fig. 7(iv). We can see the consecutive marks 1, 2, 3 show a decreasing 
amplitude. When the OBF1 is slightly blue shifted by 0.1nm, the output waveform becomes 
inverted and no pattern effects occur, shown in Fig. 7(iii). When the OBF1 has the same 
central wavelength to the probe carrier, the output waveform has very serious pattern 
effects, shown in Fig. 7(v). Therefore a slightly blue shifted OBF can accelerate the amplitude 
recovery in the inverted wavelength conversion. 
 

 
Fig. 7. Waveforms of converted signal with different detuning, (i) the input RZ waveform, 
(ii)-(v) are the output waveforms of converted signal when the OBF1detuning is -0.3nm, -
0.1nm, +0.4nm, and 0nm, respectively. The left column and right column are the captured 
waveforms and eye diagrams.  

The experimental results can be explained from the spectrum. Fig. 8 shows the spectra of 
converted signal when the OBF1 is detuned. The probe spectra before and after the SOA are 
shown in Fig. 8(a). At the SOA output, the probe spectrum is broadened asymmetrically due 
to the XPM. The output spectra of converted signals are shown in Fig. 8(b)-(e) 
corresponding to the OBF1 detuning -0.3nm, -0.1nm, +0.4nm, and 0nm, respectively. In Fig. 
8(b), the blue sideband of converted signal becomes dominant with the assistance of the blue 
shifted OBF1, therefore good eye diagram could be observed.  While in Fig. 8(d), the OBF1 
cannot suppress the probe carrier. The crosstalk between red sideband peak and probe 
carrier will result in the pattern effects in time domain. In Fig. 8(b) and (d), the OBF1 
detuning is different for achieving the best non-inverted wavelength conversion because of 
the asymmetric probe spectrum at the SOA output. Besides, the negative slope of OBF1 is 
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larger than the positive slope, so the blue shifted OBF is easy to suppress the probe carrier, 
but red shifted OBF is not. In Fig. 8(c), the probe carrier keeps dominant, so the output 
waveform becomes inverted. 
The non-inverted wavelength conversion with blue shifted OBF shows better performance 
than red shifted OBF. This can be explained with the chirp characteristics. Fig. 9(a) shows 
the input RZ signal with four consecutive bits “1”, and Fig. 9(b) shows the probe phase 
variation at the SOA output. One can see that the phase increases fast in the leading edge, 
which corresponds to carrier depletion. However the phase decreases slowly in the trailing 
edge, which results from the carrier recovery. Fig. 9(c) shows the probe chirp, which is the 
first order derivative of the phase variation by contrariety. With consecutive “1” pulses 
injection, the carrier depletion decreases, then the red peak chirp decreases as well. This 
leads to the decreasing amplitude of the converted pluses by means of the red OBF transfer 
function (see 1, 2, 3 of the red OBF), and the converted pulses show serious pattern 
effects. On the other hand, one notices that the blue peak chirp increases very slowly, and 
remains constant approximately. This results from the similar carrier recovery under 
consecutive “1” pulses injection. By means of the blue OBF transfer function, the amplitude 
of converted pulses remains constant (see 1, 2, 3  of the blue OBF). Therefore, the non-
inverted wavelength conversion performance is better with blue shifted OBF than with red 
shifted OBF. 
 

 
Fig. 8. Spectra of converted signal with different detuning, (a) the probe spectrum before 
and after SOA, (b)-(e) are the output spectra of converted signal when the OBF1 detuning is 
-0.3nm, -0.1nm, +0.4nm, and 0nm, respectively. 
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Fig. 9. Comparison of blue shifted OBF and red shifted OBF by frequency-amplitude 
conversion at the OBF slopes, (a) consecutive “1” pulses, (b) phase evolution, (c) chirp 
evolution, (d) frequency-amplitude conversion. 

The wavelength tunability is further investigated in our experiment. For ease of discussion, 
we only adjust the wavelength of tunable LD2. We investigate the output extinction ratio 
(ER) under the optimal OBF1 detuning, as shown in Fig. 10. The output ER fluctuates 
around 7dB in the whole C-band (1528-1563nm), except the near region of RZ wavelength. 
The inset of Fig. 10 shows the SOA amplified spontaneous emission (ASE) spectrum, which 
reveals that the SOA gain is low at the shorter wavelength. Therefore the ER decreases at 
shorter wavelength. Our experiment scheme cannot complete the wavelength conversion of 
the same wavelength since the OBF cannot separate the probe and signal channels at the 
same wavelength.  
 

 
Fig. 10. Output ER as a function of the input signal wavelength when the OBF1 detuning is -
0.3nm, -0.1nm, and +0.4nm, respectively. The inset is the SOA ASE spectra at different bias 
currents.  



All-Optical Signal Processing with Semiconductor Optical Amplifiers and Tunable Filters  

 

349 

From Fig. 10, we can see that the output ER is not very high in the three kinds of wavelength 
converters. The reasons resulting in low ER are quite different between inverted wavelength 
conversion and non-inverted wavelength conversion. For non-inverted wavelength 
conversion, the OBF1 does not have a sharp slope, which could not separate the sideband 
signal from the probe spectrum completely, as shown in Fig. 8(b) and (d). Therefore, the 
crosstalk between the sideband signal and the probe carrier will degrade the output ER. For 
inverted wavelength conversion, we need ultrashort pulse injection to enhance the T-XPM 
effect and to generate large chirp of the probe signal. However, the 8ps-wide input pulses 
are not narrow enough to obtain inverted wavelength conversion with large ER. We believe 
the output ER could be improved if the OBF slope is optimized and the input RZ pulses are 
compressed as narrow as possible. 

3.2 80Gb/s wavelength conversion with SOA and cascaded filters 
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Fig. 11. Experimental setup for 80Gb/s wavelength conversion with SOA and cascaded 
filters: PC: Polarization controller, EDFA: Erbium-doped fiber amplifier, OSA: optical 
spectrum analyzer; CSA: communication signal analyzer. 

The experimental setup is shown in Fig.11 (Huang et al., 2009). A 40GHZ 1.0-ps wide 
(FWHM) optical pulse is modulated by an external amplitude modulator (MOD) at 
40Gbit/s to generate a 27-1 RZ-PRBS signal. This data stream is then optical time 
multiplexed (MUX) to 80Gbit/s. After amplification, the average optical power of the 
80Gbit/s data stream is 4.8mW and the continuous wave (CW) probe signal is 3mW. After 
the polarization controller, the 80Gbit/s signal is combined with the CW probe and fed into 
an SOA via 3 dB coupler. As shown in Fig.12, the cascaded filtering model is consisted of a 
3.125 ps delay LiNbO3-DI, an optical band-pass filter 1 with bandwidth of 3 nm and the 
tunable optical band-pass filter 2 with bandwidth of 1 nm which is detuned 1.2 nm to the 
blue side of the probe carrier wavelength. An inverted 80Gbit/s signal can be obtain at the 
output of the SOA. The converted signal is subsequently injected into the LiNbO3 DI, where 



 Advances in Lasers and Electro Optics 

 

350 

the inverted signal is converted into a non-inverted signal. At the output of the tunable 
optical band pass filter 2, the non-inverted probe signal is monitored by using an optical 
sampling scope; the optical spectrum is analyzed by using an optical spectrum analyzer 
(OSA) with a resolution of 0.050 nm, simultaneously. In our experimental setup, the SOA is 
biased at 250mA. 
It should be noted that, the sampling frequency of the OSA used in our experiment is 
40GHz, while the data stream is modulated at 80 Gb/s. Thus the short pulse monitored by 
the OSA is broadened. However, we are still able to distinguish the eye opening and ER of 
the output waveform which are shown in Fig.13 (b), (c), (d). 
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Fig. 12. Transmission spectra the DI (a-1), the band pass filter 1(a-2), the band pass filter2 (a-3). 

The operation principle for optical spectrum filtering base on SOA is described as follows. 
An ultra-fast pulse-stream is combined with a CW probe light and launched into the SOA. 
The pump signal will induce nonlinear phase shift to the probe signal via T-XPM in the 
SOA, As a result, the spectrum of the probe signal is broadened. To obtain the high output 
quality, we optimize the spectrum filter using the LiNbO3 DI and band-pass filters. As seen 
curve (a) in Fig.12, the “notch” characteristic of LiNbO3 DI is clearly visible. An important 
feature to be noted is that for the non-inverted output, the wavelength of the notch is set to 
be the center wavelength of the converted probe signal, ensuring a high attenuation of DC 
component corresponding to the “1”level in the inverted signal and a larger transmittance of 
the “0”level.On the other hand, the LiNbO3 DI modifies the spectrum of the output probe of 
SOA. The central wavelength of the filter 1 is fixed at carrier wavelength of the probe signal 
.Thus, the pump signal is suppressed and the power ratio of the probe and pump signal is 
about 30dB (seen in Fig.13 (A-3)).Another low-noise EDFA 2 is applied to amplify the 
output signal. Then, we use the filter 2 to extract out the component at the central 
wavelength λC+Δλ, where λC is the central wavelength of the probe signal, Δλ is the 
detuning value from λC. In this experiment, probe wavelength λC is 1559.89nm, and the 
wavelength detuning Δλ is -1.2nm.  
Fig.13 (a) depicts the optical spectrum measurement at the different position of the 
experimental setup.Fig.13 (b-d) shows the measured eye diagrams. Fig.13 (b) is the input 
pump signal at 1541nm, Fig.13(c) shows the eye diagram of the output signal after the OBF1, 
and Fig.13 (d) depicts output signal after OBF2. They all show good eye-opening 
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performance, the ER of input pump signal is 13.529dB, while the ER of output signal after 
the BPF 1 is only 3.291dB, and the ER of output signal after the OBF 2 is as high as 20.00dB.  
 

 
Fig. 13. Experimental results for 80Gb/s wavelength conversion (a) the optical spectrum 
measurement at different position corresponding to Fig.11; Eye diagram for (b) input pump 
signal at 1552nm, (c) output probe signal after OBF 1, (d) output probe signal after OBF 2 

For wavelength conversion with SOAs, XGM, XPM, FWM and Transient XPM effects can all 
be exploited. However, for different operation conditions, one main effect dominates over 
other effects which maybe improve or degrade the output signal performance. Therefore, 
optimization of SOA parameters, filtering parameters and operational conditions is very 
important to get better output performance, and this optimization process can be achieved 
based on theoretical model presented in section 2.  

4. All-Optical logic operation with SOAs and filters 
In this section, we will focus on experimental study for all-optical logic operation based on 
SOAs and filters. Three schemes for all-optical logic operation were introduced. Firstly, All-
optical logic AND gate at 40Gb/s based on XGM in cascaded SOAs was presented (Xu et al., 
2007), and operation condition and output performance were analyzed. Secondly, based on 
single SOA and different filtering processing, five different logic gates were demonstrated 
(Dong(b) et al., 2007; Dong et al., 2008; Wang et al., 2007), different nonlinear effects such as 
XGM, FWM, Transient XPM are exploited in different logic gates respectively. Thirdly, a 
flexible scheme for all-optical minterms generation was proposed and demonstrated (Xu(a) 
et al., 2008; Xu(b) et al., 2008). Based on DI and XGM of SOAs, all-optical minterms for two 
input signals and three input signals were realized respectively. 

4.1 All-optical logic AND gate based on cascaded SOAs 
It is known that the logic function of inverted wavelength conversion can be written as A B⋅  
given that data signal A and B are used as pump and probe light respectively. Particularly, it 
degenerates into a NOT gate when a continuous-wave (CW) serves as the probe light. 
Therefore, AND gate can be realized by cascading two sets of SOA and filter and 

configuring the first one as a NOT gate, i.e. ( )A B A B⋅ = ⋅ (Zhang et al., 2004).  
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Fig. 14. Schematic diagram for all-optical logic AND gate with cascaded SOAs 

As shown in Fig. 14 (Xu et al., 2007), a continuous wave (CW) beam is used as an 
intermediate wavelength connecting two stages. As probe light at the first stage, it is 
converted into the negated signal of data A at the output of first stage and serves as pump 
light at the second stage. Note that the optical filter mentioned above particularly refers to 
the one who effectively reshapes the spectrum of the modulated probe light. If pump 
wavelength can not be blocked by such OF, additional optical filter should be used to set the 
pump and probe wavelength apart. 
The experimental setup for the ultrafast AND gate is shown in Fig. 15. In this experiment, 
three wavelengths generated by LD1, LD2, LD3 are 1560nm(λ1), 1549.32nm(λ2) and 
1555.75nm(λC) respectively. λ1, λ2 are modulated by Transmitter simultaneously with 27-1 
pseudo-random binary sequence (PRBS) RZ data streams at 40Gb/s. The duty cycle of these 
RZ pulses is 33%. Two wavelengths are separated by a demultiplexer (DMUX) and the 
optical delay line (ODL) is used to synchronize the input data sequences at the second stage. 
Thus, two quasi-independent data signals at λ1and λ2 are obtained at the input of SOAs. λC is 
used as intermediate wavelength. The time delay of DI is 25ps which equals to the single bit 
period of 40Gb/s data rate. The optical BPF following the DI is used to extract the probe 
light. The filtered probe light is amplified before coupled into the second SOA. The 3dB 
bandwidth of the Tunable BPF is 0.32nm. The average optical power measured at the input 
of SOA1 are 7.93dBm(λ1) and 5.92dBm(λ2), while 3.10dBm(λ2) and -17.92dBm (λC) at the  
 

 
Fig. 15. Experimental setup for all-optical logic AND gate at 40Gb/s with cascaded SOAs 
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input of SOA2. AND logic results can be achieved through properly tuning the notches of 
DI and the center wavelength of tunable BPF. In our experiment, the transmission spectrum 
of the DI can be tuned by adjusting the operational temperature of DI. 
Fig. 16 shows the AND logic results (R6) of data signal R7 and R5. R3 is the negated signal 
of R7, which is NRZ format due to the equivalency between the time delay of DI and the 
single bit period. The ER of measure AND results is 8.8dB. The bottom trace shows the eye 
diagram of derived AND results which display open and clear eyes. The QF of the 
measured eyes is 6.3. 
 

 
Fig. 16. Output experimental results for all-optical logic AND gate 

It should be noted the the SOA1 is a slow recovery bulk material SOA which carrier 
recovery time is about 500ps. In this SOA, XPM effect is very strong which dominate the 
output performance. The DI is used to demodulate the phase modulation process, the time 
delay equals to the bit period, therefore, RZ input signal is wavelength converted to a NRZ 
signal. The SOA2 is a fast recovery ultrafast SOA which carrier recovery time is about 60ps. 
The followed the narrow bandpass filter is detuning from the signal B, the detuning process 
can be optimized to get the best output performance according to the theoretical model in 
section 2 and analysis of accelarating mechanism in section 3. On the other hand, the most 
important factor for good AND results is the extinction ratio of the converted signal from 
stage 1. If we want to improve the output performance or increase the operation speed, the 
parameters of SOAs and filtering processes should be optimized. 

4.2 Configurable all-optical logic gates based on single SOA and tunable filter  
In this subsection, we propose and experimentally demonstrate reconfigurable all-optical 
logic gates based on various nonlinearities in single SOA (Dong(b) et al., 2007; Dong et al., 
2008). The operation principle of the configurable logic gates is described in Fig. 17. Data A 
and B are the data signals to be processed, whose wavelengths are λA and λB, respectively. 
The probe signal is a CW at wavelength λC, which will be gain- and phase-modulated by the 
data signals through the SOA. Thus the output optical spectrum of the probe signal will be 
broadened. Different logic gates can be realized at different OBF setting.  
When both data signals are presented in the SOA, the conjugated light is generated due to 
FWM effect. The converted signal can be optically filtered out to implement AND logic. 
When either data A or B, or both are presented, the probe signal is gain-modulated with 
polarity-inverted output, which is logic NOR gate. Whereas, the slow gain recovery of SOA  
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Fig. 17. Illustration of operational principle of the configurable logic gates 

degrades the output logic with serious pattern effects. In order to accelerate the SOA gain 
recovery, the blue shifted OBF with small detuning to the probe carrier is necessary. On the 
other hand, when the OBF is blue shifted by properly large detuning (i.e., 1cλ λ+ Δ ), the OBF 
is used to reject the probe carrier and select the blue-shifted spectrum. Either data A or B or 
both launched into the SOA will induce blue shifted spectrum, which fits in the OBF 
passband. If both data signals are absent, the OBF will block the probe carrier. Therefore the 
output is logic OR gate, which is based on the principle of SOA T-XPM. The XNOR can be 
obtained by coupling the AND output and NOR output with proper power equalization. 
The NOR logic gate can be simply changed to NOT logic, merely turning off one data signal. 
 

 
Fig. 18. Experimental setup of the configurable logic gates 

The experimental setup for configurable logic gates are described in Fig. 18. The 
wavelengths of three CW beams generated by LD1, LD2, and LD3 are 1549.3nm (λA), 
1550.7nm (λB), and 1557.3nm (λC), respectively. The data signals (λA and λB) are modulated 
by two Mach-Zehnder Modulators (MZMs) at 40Gb/s to form 231-1 return-to-zero (RZ) 
pseudo random binary sequence (PRBS) signals. The duty cycle of these RZ pulses is 33%.  
Two data signals will be separated by the wavelength division multiplexer (WDM) and one 
of them is delayed for several bits by an optical delay line (ODL), therefore, two data signals 
with different data pattern are obtained. The employed SOA is the same to that of Fig. 6. A 
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tunable narrow OBF1 with 0.32nm bandwidth is used to filter the OR logic and AND logic. 
Another 1nm-bandwidth tunable OBF2 is used to filter the probe signal with NOR/NOT 
output, or filter the data A with AB output, or filter data B with AB output. Both AB  and 
AB  should be obtained with large power contrast between data A and B. EDFA2 is used to 

amplify the AND power, and the coupler (OC5) can combine it with NOR power to realize 
XNOR logic. Finally, the optical spectrum analyzer (OSA) and communication signal 
analyzer (CSA) are used to observe the optical spectrum and waveform of the converted 
signal. 
 

 
Fig. 19. Output waveforms for different logic gates, (i) and (ii) are input data signals, (iii)-(ix) 
are logic AND, NOR, XNOR, NOT, AB , AB , and OR, respectively. 

The input data A and B before entering the SOA are shown in Fig. 19(i) and (ii), respectively. 
Both waveforms have a peak power of 2.6mW with extinction ratio (ER) over 13dB. The 
probe signal has a power of 0.6mW. The conjugated light appears at 1548nm at the SOA 
output. The conjugated light is filtered out by OBF1 and amplified by EDFA2, then the 
output signal is the logic AND with good eye pattern, as shown in Fig. 19(iii). The output ER 
is 8.04. In fact, the input probe signal has additional function to accelerate gain recovery 
speed of SOA and eliminate pattern dependent distortions. When the central wavelength of 
OBF2 is blue-shifted by 0.1nm with respect to the probe wavelength, the output signal is 
NOR logic, as shown in Fig. 19(iv). The ER of NOR logic operation is 10dB. The AND output 
has a low power level due to low conversion efficiency of FWM, while the NOR output has 
a high power level. With the assistance of EDFA2, the AND output and NOR output have 
an equal power level with peak power of 1.7mW, which are combined by optical coupler 
(OC5), thus the mixed signal is XNOR logic, shown in Fig. 19(v). We can observe much 
noise appears in level “one”, which is caused by different modulation intensity in the NOR 
and AND outputs. As a result, there is a small eye opening ratio with ER of 6dB. When LD2 
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is turned off, the NOR gate can be simply changed to the NOT gate, as shown in Fig. 19(vi). 
Good eye pattern can be observed and the ER reaches 11.5dB. 
Based on these five logic gates, all-optical digital encoder and comparator could be 
demonstrated (Wang et al., 2007). As shown in Fig. 20(a) and Fig. 20(c), digital encoder 
consists of four logic outputs Y0, Y1, Y2, Y3, which are corresponding to four different input 
conditions. These four different outputs are achieved by four different logic gates: A B⋅ , 
AB , AB  and AB, respectively. For input signal A and B with bits “00”, “01”, “10” and “11”, 

output bit “1” appears only at port Y0, Y1, Y2 and Y3, respectively.  
For digital comparator, three logic outputs are needed to represent three results after 
comparing the two digital signals. When A is bit “0” and B is bit “1”, only the A<B output 
port is bit “1”, and this operation can be represented by AB logic. When A and B are both bit 
“0” or bit “1”, only A=B output port is bit “1”, and this operation can be represented by 
A B: or XNOR logic. When A is bit “1” and B is bit “0”, only the output A>B port is bit “1”, 

this operation can be represented by AB logic. From above discussions, we can find that Y1 
output in digital encoder is identical with A<B output in comparator and Y2 output is 
identical with A>B output. In other words, all-optical digital encoder and comparator can be 
achieved by five different logic functions: A B⋅ , AB , AB , AB and A B: .  
Fig. 20(b) shows the principle diagram of proposed scheme for all-optical digital encoder 
and comparator. Three SOAs are exploited in this scheme. Signal A and B are input signals 
with wavelength λA and λB, respectively. SOA1 is used to achieve AB logic function at 
wavelength λB based on XGM effect while the optical power of signal A is much larger than 
signal B. Contrarily, SOA2 is used to achieve AB  logic function at wavelength λA while 
signal B is much stronger than signal A. Signal A and B are injected into SOA3 together with 
a continuous wave λcw. FWM and XGM effects occur simultaneously in SOA3. Based on 
XGM effect, we can get NOR logic at wavelength λcw. On the other hand, we can achieve 
 

 
Fig. 20. Concept and operation principle of digital encoder and comparator, (a) digital gate-
level diagram of encoder/comparator;  (b) optical implementation of encoder/comparator; 
(c) logical truth table for the encoder/comparator 
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logic AND at the new generated channel based on FWM effect while the optical power of 
two data signals is nearly equal. Based on the output AND and NOR gates, we can get the 
XNOR gate by coupling the two outputs together with proper power equalization. 
Therefore, we can obtain five different logic gates based on XGM or FWM effects in three 
SOAs, which can be exploited to achieve all-optical digital encoder and comparator 
simultaneously. 

4.3 All-optical minterms generation based on delay interferometer and SOAs  
In this sub-section, a general scheme for reconfigurable logic gates for multi-input DPSK 
signals with integration possibility is proposed (Xu(a) et al., 2008; Xu(b) et al., 2008). 
Benefiting from the optical logic minterms developed by two kinds of optical devices, i.e., 
optical delay interferometers and SOAs, target logic functions can be realized by combining 
specific minterms together. The scheme is reconfigured by changing the phase control of the 
delay interferometers or the input wavelengths. 
In our scheme, DIs and SOAs are used to develop NOT gates and NOR gates, respectively. 
A DI is a Mach-Zehnder interferometer which has a differential delay τ in one arm and a 
tunable phase controller Φ0 in the other, as shown in Fig. 21. τ must equal the bit interval of 
the given bitrate in order to correctly demodulate DPSK signals while Φ0 must be tunable to 
ensure accurate demodulation. 
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Fig. 21. Logic evolution of two DPSK signals in the generation of optical logic gates from 
optical minterms based on DIs and SOAs. 
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In order to explain the operation principle of the scheme, the logic evolutions of DPSK 
signals through the entire system is briefly described, as shown in Fig. 21. In the first stage 
(I), two DPSK signals are generated from two absolute binary data A and B respectively. The 
coding rule is assumed that ‘1’ is encoded as no phase shift between adjacent bits while ‘0’ is 
encoded as π shift. After transmission, as shown in the second stage (II), DIs are used to 
demodulate DPSK signals and recover the original binary data (i.e., A or B in this case). Note 
that either the original data or its inversion can be obtained at a certain output of the DI, 
depending on whether the interference at that port is constructive or destructive. This can be 
seen from the frequency domain by checking whether the signal wavelength is located on 
the transmission peak or notch of the spectrum of the concerned output. If the signal 
wavelength is located on the transmission notch, the spectrum will features as two main 
peaks with a noticeable notch at its central wavelength. On the other hand, only one main 
peaks is observed. Based on the illustrated locations of the signal wavelengths on the 
transmission spectra of the DI (as shown in Fig. 21), A (orignial data) shows up in the upper 
output port of DI1 and A  (inverted data) in the lower output. Oppositely, B is obtained in 
the lower output of DI2 and B in the upper output. In fact, DIs offer a large degree of 
flexibility of the scheme besides carrying out NOT operation, as will be shown later. 
The demodulated signals are combined by optical couplers before launching into the SOAs. 
It is well known that the cross-gain modulation (XGM) of SOA can be used to carry out 
NOR operation of nonreturn-to-zero (NRZ) OOK signals. Fig. 22 shows the output probe 
(λ2) power of the SOA versus the input pump (λ1) power. Due to the gain-saturation 
characteristics of the SOA, the CW probe light will be switched off at the output of the SOA 
if the input signal power is larger than Pin, H, corresponding to ‘0’ in the output. On the other 
hand, CW probe light is switched on at the output of the SOA if the input pump power is 
smaller than Pin, L, corresponding to ‘1’ in the output. For input power between Pin, L and Pin, 

H, error logic results will occur. Note that SOA can carry out multi-input NOR operation as 
well. This is because when one tributary is at ON-state, no matter what states other 
tributaries are, the total input power during that bit period will exceed Pin, H and saturate the 
gain of the SOA to generate ‘0’ at the output. The case that the input DPSK signals are 
return-to-zero (RZ) format needs to be mentioned. Although the logic integrity is kept, the 
NOR logic results given by the SOAs will be in dark-RZ pulses due to the characteristics of 
XGM. To avoid this, other kinds of NOR gates that can process RZ signals can be utilized 
instead, such as logic gates based on SOAs and optical filtering. In the third stage (III), an 
SOA can carry out NOR operation of data A and B , creating logic result AB . Similarly, the 
other SOA generates AB  by executing NOR operation of A and B in stage (IV). In stage (V), 
final logic AB AB+  is derived by combining the output of stage (III) and (IV) through an 
optical coupler which functions as an OR gate due to the fact that the probability of 
concurrence of ‘1’ in different minterms is zero. Therefore, an exclusive-OR (XOR) logic 
result has been derived. If we change the connection of the optical couplers before stage (III) 
and (IV) so that the low output port of DI1 is connected to the upper output port of DI2, an 
XNOR logic ( AB AB+ ) can be obtained. However, the same result can be achieved without 
changing any physical connections. This is because the DIs can provide a way to exchange 
the output signals between its two output ports. That is, we can adjust the location of the 
signal wavelength on the transmission spectra of the DIs to exchange the interference 
conditions of their two output ports. This can be achieved by tuning Φ0 of the DIs or 
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adjusting the wavelengths of the input signals. Note that unlike doing proof-of-concept 
experiments as what we have done, it is difficult to change the input signals in practical 
situations. In that case, tuning Φ0 is the only choice.  
 

Pin, L Pin, H

Pout

Pin ( )1λ

( )2λ

 
Fig. 22. Output probe power of the SOA versus the input pump power. 

Simplified setups are adopted in the experimental trials. That is, a single DI can perform 
NOT operation for several DPSK signals simultaneously if the input wavelengths can be 
adjusted. Fig. 23 shows the experimental setup for realizing two-input minterms. Fig. 24 
shows the setup for realizing three-input minterms. To facilitate description, important 
measuring points, i.e., Do1, Do2, Si1, Si2, So1, So2 and So3, are marked on Fig. 23 and Fig. 24. 
 

 
Fig. 23. Experimental setup for two-input NRZ-DPSK logic minterms or logic gates 

 
Fig. 24. Experimental setup for three-input NRZ-DPSK logic minterms. 

Two-Input Minterms  

Due to energy conservation, 2
1m and 2

2m  appear simultaneously and so does 2
0m and 2

3m . The 
signal spectra STO2 shown in Fig. 25(a) are measured at Si1 when two-input minterms 2

2m  
are derived at So1. Simultaneously, 2

1m are obtained at So2 and the spectrum measured at Si2 

are shown by STO1. In this case, signal at λA and λB are destructively and constructively 
demodulated at Si1, respectively. Using the same setup but shifting λA downwards by 0.4nm, 
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both λA and λB are constructively demodulated at Si1. 
2
0m and 2

3m  are derived at the same 
time and the spectrum measured at Si1 and Si2 are shown by STO3 and STO0 in Fig. 25(b).   
 

 
Fig. 25. STO0~STO3: signal spectra measured at Si1 or Si2 in Fig. 23 when two-input 
minterms ( 2 2

0 3~m m ) are derived at So1 or So2. 

 Fig. 26 shows the measured trace of 2 2
0 3~m m  (MTO0 ~MTO3), observed at So1 (MTO1 and 

MTO2) and So2 (MTO0 and MTO3), respectively. Also shown in Fig. 26 are combined traces 
CTO0~CTO3 measured at Do1 or Do2, corresponding to ( ),A B∑ , ( ),A B∑ , ( ),A B∑ , and 

( ),A B∑ , respectively. The symbol ∑ stands for power superposition. Note that 
2
0m equals NOR logic and 2

3m equals AND logic. Since 2
0m  and 2

3m  appear at the same time, 
a simultaneous AND and NOR logic operation can be obtained.  
 

 
Fig. 26. Measured 2 2

0 3~m m  (MTO0~MTO3) as well as the corresponding combined signal 
measured at Do1 or Do2 in Fig. 23 (CTO0~CTO3). 



All-Optical Signal Processing with Semiconductor Optical Amplifiers and Tunable Filters  

 

361 

Three-Input Minterns 

Using the set up shown in Fig.24, eight minterms for three-input DPSK signals are obtained. 
The temporal waveforms of 3 3

0 7~m m  are shown by MTE0~MTE7 in Fig. 26. The temporal 
waveforms of combined signals measured at Do1 when 3

7m  are derived at So1 are shown by 
CTE7 in Fig. 26 as well. As shown by STE7, ( ), ,A B C∑  are derived at the input of the 
RSOA, resulting in 3

7m after the NOR operation which can be verified by comparing CTE7 
and MTE7 in Fig. 26. The full logic integrity of the scheme can be verified by calculating the 
logic results manually. 
 

 
Fig. 26. MTE0~MTE7: measured temporal waveforms of 3

0~7m  

In this section, different logic operation functions were demonstrated. Especially, all-optical 
minterms generation is very important for arbitrary logic functions. On the other hand, 
these schemes all have potential to be integrated based on SOA and filters. Further 
investigation should be carried out in order to improve the output performance, increase the 
operation speed, increase the optical power dynamic range and enhance the stability.  
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5. Multi-channel regenerative pattern conversion based on SOA and DI 
As we know, based on SOA and filter, NRZ-to-RZ conversion for signal channel can be 
realized while the filter is a little detuning from the central wavelength of the probe NRZ 
signal (Dong(a) et al., 2007). As shown in Fig.27(a), if multi input channels aim to the 
transmission spectrum of the DI and are all detuning from the transmission peaks of the 
comb-like filter (DI) simultaneously, multi-channel NRZ-to-RZ conversion can be realized. 
As shown in Fig.27(b), the SOA, acting as nonlinear element, causes the broadened 
spectrum of input NRZ signal due to the XPM effect, and the DI is used to extract the 
specific spectra from the broadened spectra, for all the 16 channels at the same time. An 
additional tunable filter with 0.3nm bandwidth is used to filter out one of the converted 
channels for evaluation (Yu et al., 2008). Simply speaking, the NRZ signals will generate a 
transient frequency shifts within the control signal duration, and the filter with proper 
detuning will only transmit frequency shifted components caused by the XPM. For multi-
channel operation, in order to minimize the XGM induced inter-channel crosstalk, the SOA 
should be deeply saturated by the control signal (clock signal). 
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Fig. 27. Operation principle of the multi-channel format conversions: (a) parallel processing 
principle based on comb filter; (b) schematic diagram for multi-channel pattern conversion 
scheme. 

The experimental setup is shown in Fig. 28 (Yu et al., 2008). 16 channel CW lights from 
tunable lasers (wavelength from 1547.79 to 1559.79nm with spacing of 0.8nm) are coupled 
into two MZMs with two AWGs. The odd channels are driven by the RF data (PRBS 231-1) 
from Anritsu 10G pattern generator; while the even channels are driven by data . An optical 
delay line is added for odd channels to ensure the decorrelation for two data streams. 
Another CW light (1546.99 nm) is fed into a third MZM, which is driven by the 10GHz RF 
sine clock signal, to obtain an optical clock signal as the control signal. The delay of the RF 
clock can be adjusted to synchronize the NRZ signals. Then, the signals are lunched into 
SOA via a WDM coupler. The average powers of the NRZ signals and the clock signal are 
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about 3 and 13 dBm before the SOA. The SOA is Kamelian pre-amplifier bias at 160mA. A 
fiber based DI with free spectral range (FSR) of 0.8nm is used to extract part of each of the 
broadened DWDM channel spectra. By controlling the operating temperature, its 
transmission peaks are adjusted to be offset from each carrier wavelength with optimal 
detuning. Thus, the chirp induced on each channel is passed, while the original spectral 
components are suppressed to some extent, and hence format conversions from NRZ to RZ 
can be achieved. A subsequent tunable filter with a 0.3nm 3dB bandwidth is used to filter 
out one of the converted channels for evaluation. 
 

S OA
F ilter

MZM

MZM

B E R T

odd 
channel

LD 1

LD 15

AWG

LD 2

LD 16

AWG

even 
channel

MZM

      DATA
C LOC KPattern 

Generator
      DATA

τ

LD 

C oupler

V ariable delay E ven channel

Odd channel

C lock

P C

P C

P C

C lcok

DI

 
Fig. 28. Experimental setup for 16 channels pattern conversion with SOA and DI 

For practical all-optical format conversion, the clock can be recovered from one of the NRZ 
signals as we have demonstrated in reference (Yu et al., 2006). Since clock extraction is not 
the purpose of this experiment, for simplicity we obtained the optical clock by modulating a 
MZM with the RF clock signal directly from the pattern generator. 
Since the SOA is deeply saturated by the clock signal, input NRZ signals are only 
modulated by the XPM, almost without amplitude modulation. Thus, the 16 channels can be 
with different patterns, which has confirmed by simulation. However, for experimental 
convenience, only two patterns are used here. 
The insets in Fig. 28 show the measured bit stream, both odd and even channels with 
optimal filter detuning. Results show that the proposed converter works well for different 
bit pattern simultaneously. The measured spectra before the SOA, after the SOA, after the DI 
and one of the converted spectra (channel 4) are shown in Fig. 29. It is obvious that all the 
NRZ spectra are broadened due to the modulation of the clock signal after the SOA, 
regardless of the spacing between the clock signal and each NRZ signal. The DI filters out 
the specific part of the spectra periodically. 
Taking one of the 16 channels (channel 4) for example; Fig. 30 shows the evolution of the 
obtained duty cycle as the increase of the DI and the following filter detuning. It can be seen 
clearly that the pulse width of the converted RZ without detuning is 78 ps, which is wider 
than the pulse width of the pump clock signal. In other word, the modulation induced by 
the clock signal is very slight. The pulse width can be significantly compressed to 46 ps with 
filter detuning of 0.25nm. Although larger detuning can further compress the pulse width, 
the cross talk from adjacent channel becomes serious. 
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Fig. 29. Spectra of 16 DWDM channels (a) before SOA (b) after SOA (c) after DI and (d) one 
of the converted channels. 

Fig. 31 plots the BER measurements for the format conversions, which are taken for channel 
1 (odd channel) and 16 (even channel) and both for three different duty cycles. We can see 
that negative power penalty can be achieved, for obtained RZ signals with duty cycles of 46, 
58 and 69%, respectively. The eye diagram of one channel NRZ signal at back to back is also 
shown in Fig. 31. 
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Fig. 30. Duty cycle evolution versus filter detuning   



All-Optical Signal Processing with Semiconductor Optical Amplifiers and Tunable Filters  

 

365 

-18 -17 -16 -15 -14 -13 -12 -11 -10 -9

-10

-9

-8

-7

-6

-5

-4

Lo
g 

(B
ER

)

Received power (dBm)

 NRZ Ch.3
 NRZ Ch.16
 RZ Ch.3 (47ps)
 RZ Ch.16 (47ps)
 RZ Ch.3 (58ps)
 RZ Ch.16 (58ps)
 RZ Ch.3 (70ps)
 RZ Ch.16 (70ps)

 
Fig. 31. BER measurements for the conversions 
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Fig. 32. Measured timing jitter reduction before and after the conversions 
Since the clock signal is introduced in the scheme, our proposed converter is regenerative 
with suppression of timing jitter. To further investigate the retiming performance, the input 
16 channel NRZ signals are distorted by attenuating their power and passing them through 
an EDFA. Fig. 32 presents the RMS timing jitter measurements, more than 3 times jitter 
reduction can be found for all channels. 

6. Conclusions 
All-optical signal processing functions are key enabling technologies for signal regeneration 
and switching in next generation optical networks. SOA has been receiving much attention 
in all-optical signal processing for its various nonlinear effects and potential to be 
integrated, and it has been exploited to realize all-kinds of signal processing functions such 
as all-optical wavelength conversion, all-optical logic operation, all-optical 3R regeneration, 
all-optical pattern conversion, all-optical sampling, all-optical demultiplexing, etc.  
In this chapter, all-optical signal processing based on SOAs and filters was experimental and 
theoretical investigated. Complicated theoretical model for SOAs is presented, in which 
besides those conventional effects such as XGM and XPM related to interband 
recombination process, those ultrafast nonlinear effects such as carrier heating, spectral hole 
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burning, two-photon absorption are also taken into account. Based on FFT and iFFT tool, 
filtering process based on different filters can be theoretical analyzed. For those applications 
with fixed schemes and mechanism, the theoretical model can be used to analyze the output 
signal performance and optimize the related parameters and operational conditions. 
Simultaneously, this model can also be used to explore some novel schemes for special 
signal processing functions. All-optical wavelength conversion for 40Gb/s conventional RZ 
signals and 80Gb/s RZ signal with ultra-short pulse were experimental realized with SOA 
and filters. For different filtering process, we can get different wavelength conversion 
output results, and filtering optimization is very important for improving the output 
performance. Three schemes for all-optical logic operation were analyzed. Based on 
cascaded SOAs and related filters, 40Gb/s logic AND gate was demonstrated, in which a 
slow recovery SOA was exploited in the first stage. Based on various nonlinear effects and 
different filtering process, configurable five logic gates were achieved. This scheme 
demonstrated powerful function of SOA with the assistance of filters. Based on 
demodulation process of DIs and XGM in SOAs, all-optical minterms for two input signals 
and three input signals were generated. It is possible to demonstrate arbitrary logic 
functions based on these minterms. Finally, with SOA and comb filter DI, 16 channels 
pattern conversion at 10Gb/s were effectively demonstrated. Multi-channel signal 
processing functions are very important for signal regeneration in DWDM optical networks.  
In further and future investigation, there exist some key points to be noted. First is SOA 
device optimization, we should find effective and feasible way to accelerate the carrier 
recovery and enhance the ultrafast nonlinear effects which are the basis for high speed 
operation, decreasing the needed input power and increasing the flexibility of the scheme. 
Second is device integration, especially for the scheme based on SOA and DI. InP-based DI 
is possible to be fabricated, so monolithically integrated SOA and DI structure can be 
fabricated out, which has potential to be used in multi-channel signal regeneration and all-
optical minterms generation. On the other hand, we should pay much attention to all-optical 
signal processing functions for novel modulation formats, such as DPSK or DQPSK signals. 
Multi-channel signal processing functions should also receive much more attention because 
multi-channel optical signal are transmitted in DWDM optical networks. 

7. Acknowledgements  
Related researches on all-optical signal processing based on SOAs and filters were 
supported by the National High Technology Developing Program of China (Grant No. 
2006AA03Z414) and the National Natural Science Foundation of China (Grant No. 60407001 
and 6087705), the Science Fund for Distinguished Young Scholars of Hubei Province (Grant 
No. 2006ABB017) and the Program for New Century Excellent Talents in Ministry of 
Education of China (Grant No. NCET-04-0715). I would also express great thanks to many 
graduates for their fruitful works, many professors for their helpful discussions, Vera for her 
encouragement and my family for their support and love.  

8. References 
Agrawal, G. & Olsson, N. (1989).  Self-Phase Modulation and Spectral Broadening of Optical 

Pulses in Semiconductor Laser Amplifiers. IEEE Journal of Quantum Electronics, vol. 
25, No.11, pp 2297-2306, ISSN 0018-9197. 



All-Optical Signal Processing with Semiconductor Optical Amplifiers and Tunable Filters  

 

367 

Danielsen, S.; Hansen, P. & Stubkjaer, K. (1998). Wavelength conversion in optical packet 
switching. IEEE Journal of Lightwave Technology, Vol. 16, No.12, pp2095～2108, ISSN 
0733-8724. 

Dong(a), J.; Zhang, X.; Xu, J.; Huang, D.; Fu, S. & Shum, P. (2007). 40 Gb/s all-optical NRZ to 
RZ format conversion using single SOA assisted by optical bandpass filter. Optics 
Express, Vol. 15, No.6, pp2907-2914, ISSN 1094-4087. 

Dong(b), J.; Zhang, X.; Wang, Y.; Xu, J. & Huang, D. (2007). 40Gb/s reconfigurable photonic 
logic gates based on various nonlinearities in single SOA. Electronics Letters, Vol.43, 
No.16, pp884-886, ISSN 0013-5194. 

Dong, J.; Zhang, X. ; Fu, S.; Xu, J.; Shum, P. & Huang, D. (2008). Ultrafast all-optical signal 
processing based on single semiconductor optical amplifier and optical filtering. 
IEEE Journal of Selected Topics in Quantum Electronics, Vol.14, No.3, pp770-778, ISSN  
1077-260X. 

Durhuus, T.; Mikkelsen, B.; Joergensen, C.; Lykke D. & Stubkjaer, K. (1996). All-optical 
wavelength conversion by semiconductor optical amplifiers. IEEE Journal of 
Lightwave Technology, Vol.14, No.6, pp942-954, ISSN 0733-8724. 

Haché,  A. & Bourgeois M. (2000). Ultrafast all-optical switching in a silicon-based photonic 
crystal. Applied Physics Letters Vol.77, No.25, pp4089-4090, ISSN 0003-6951. 

Huang, X.; Zhang, Y.; Zhang, Y.; Huang, D. & Zhang, X. (2009). Extinction ratio enhanced 
80-Gbit/s wavelength conversion based on optimization of spectrum filtering. 
ECOC’2009, Hongkong, Jul. 2009, FE4.  

Kelly, A.; Ellis, A. & Nesset, D. (1998). 100Gbit/s wavelength conversion using FWM in an 
MQW semiconductor optical amplifier. Electronics Letters. Vol. 34, No. 20, pp1955-
1956, ISSN 0013-5194. 

Langrock, C.; Kumar, S.; McGeehan, J.; Willner, A. & Fejer, M. (2006). All-optical signal 
processing using χ(2) nonlinearities in guided-wave devices. IEEE Journal of 
Lightwave Technology, Vol.24, No.7, pp 2579~2592, ISSN 0733-8724. 

Liu,Y.; Tangdiongga, E.; Li, Z.; Zhang, S.; DeWaardt, H.; Khoe, G. & Dorren,  H. (2006), 
Error-free all-optical wavelength conversion at 160 Gb/s using a semiconductor 
optical amplifier and an optical bandpass filter. IEEE Journal of Lightwave 
Technology, Vol. 24, No. 1, pp230-236, ISSN 0733-8724. 

Mark, J. & Mørk, J. (1992). Subpicosecond gain dynamics in InGaAsP optical amplifiers: 
Experiment and theory. Applied Physics Letters, Vol. 61, No.19, pp 2281-2283, ISSN 
0003-6951. 

Mork, J. & Mecozzi, A.(1996). Theory of the ultrafast optical response of active 
semiconductor waveguide. J. Opt. Soc. Am. B., Vol.13, No.8, pp1803-1816, ISSN  
0740-3224. 

Mork, J.; Mark, J. & Seltzer, C. P. (1994). Carrier heating in InGaAsP laser amplifiers due to 
two-photon absorption. Applied Physics Letters, Vol. 64, No. 17, pp 2206-2208, ISSN 
0003-6951. 

Mork, J. & Mark, J. (1995). Time-resolved spectroscopy of semiconductor laser devices: 
experiments and modeling. Proceeding of SPIE, Vol. 2399, pp146-159, Physics and 
Simulation of Optoelectronic Devices III, Marek Osinski; Weng W. Chow; Eds. 
Monday 06 February 1995, San Jose, CA, USA. 



 Advances in Lasers and Electro Optics 

 

368 

Olsson, B. & Blumenthal, D. (2001). All-optical demultiplexing using fiber cross-phase 
modulation (XPM) and optical filtering. IEEE Photonics Technology Letters, Vol.13 
No.8, pp875~878, ISSN 1041-1135. 

Saruwatari M. (2000). All-optical signal processing for terabit/second optical transmission. 
IEEE Journal of Selected Topics in Quantum Electronics, Vol.6, No. 6, pp1363~1374,  
ISSN 1077-260X. 

Stubkjaer K E. (2000). Semiconductor optical amplifier-based all-optical gates for high-speed 
optical processing. IEEE Journal of Selected Topics in Quantum Electronics, Vol.6, No. 
6, pp1428~1435, ISSN 1077-260X. 

Ta'eed, V.; Shokooh-Saremi, M; Fu, L; Littler, I.; Moss D.; Rochette, M.; Eggleton, B.; Yuan, Y. 
&Luther-Davies B. (2006). Self-phase modulation-based integrated optical 
regeneration in chalcogenide waveguides. IEEE Journal of Selected Topics in Quantum 
Electronics, Wol.12, No.3, pp360-370, ISSN 1077-260X. 

Wang, Y.; Zhang, X.; Dong, J. & Huang, D.(2007). Simultaneous demonstration on all-optical 
digital encoder and comparator at 40 Gb/s with semiconductor optical amplifiers. 
Optics Express, Vol.15, No.23, pp15080-15085, ISSN 1094-4087. 

Xu, J.; Zhang, X.; Dong, J.; Liu, D. & Huang, D. (2007). Ultrafast all-optical AND gate based 
on cascaded SOAs with assistance of optical filters. Electronics Letters, Vol. 43, No. 
10, pp 585-587, ISSN 0013-5194. 

Xu(a), J.; Zhang, X.; Dong, J.; Liu, D. & Huang, D. (2008). Simultaneous All-Optical and and 
nor Gates for NRZ Differential Phase-Shift-Keying Signals. IEEE Photonics 
Technology Letters, Vol.20, No.8, pp596-598, ISSN 1041-1135. 

Xu(b), J.; Zhang, X.; Dong, J.; Liu, D. & Huang, D. (2008). All-optical minterm generator for 
three-input NRZ-DPSK signals based on SOAs and delay interferometers. 
OFC/NFOEC. USA, San Diego, 2008. JWA78. 

Yoo S. (1996). Wavelength conversion technologies for WDM network applications. IEEE 
Journal of Lightwave Technology,, Vol.14, No.6, pp955~966, ISSN 0733-8724. 

Yu, Y.; Zhang, X. & Huang, D. (2006). All-optical clock recovery from NRZ-DPSK signal. 
IEEE Photon. Technol. Lett., Vol.18, No.11, pp 2356-2358, ISSN 1041-1135. 

Yu, Y.; Zhang, X.; Rosas-Fernández, J.; Huang, D; Penty, R. & White,  I. (2008) Single SOA 
based 16 DWDM channels all-optical NRZ-to-RZ format conversions with different 
duty cycles. Optics Express, Vol.16, No.20, pp16166- 16171, ISSN 1094-4087. 

Zhang, X.; Wang, Y.; Sun, J.;  Liu, D. & Huang, D. (2004). All-optical AND gate at 10 Gbit/s 
based on cascaded single-port-coupled SOAs. Optics Express, 2004, Vol. 12, No.3, pp 
361-366, ISSN 1094-4087. 



17 

Nonlinear Photonic Signal Processing 
Subsystems and Applications 

Chi-Wai Chow1 and Yang Liu2 
1Department of Photonics, National Chiao Tung University,  

2Material and Packaging Technologies Group, Hong Kong Applied Science and Technology 
Research Institute Company limited,  

1Taiwan  
2Hong Kong 

1. Introduction 
Over the last decade, the world has seen a great transformation in telecommunication, 
storage, multimedia, and entertainment. This is mainly due to the advances in computers 
and Internet, which were made possible by the various advances in lasers and high-capacity 
optical communication technologies. Without the invention of lasers and fiber optic 
communication systems, current global telecommunication infrastructure and Internet 
would have been impossible. The deployment of the optical communication systems started 
at the 1970s. The bit rate of the early stage fiber optic communication systems in 1980 was 
~100 Mb/s, increasing to 1.25 Gb/s, 2.5 Gb/s and 10 Gb/s over the past three decades. By 
using the wavelength division multiplexing (WDM) technology developed in the 1990s, 
systems supporting > 100 wavelength channels increase the total capacities up to 1 Tb/s 
(Kehayas, 2009). Recently, commercial deployments of WDM and dense WDM (DWDM) 
systems with 40 Gb/s per wavelength channel have started. 
This increase in traffic capacity will generate problems. One of them is the huge power 
consumption required by the network equipments. The DWDM requires optical-toelectrical 
(O/E) and electrical-to-optical (E/O) signal conversions with the same number as that of the 
wavelength, resulting in an increase in power consumption. Besides, the high speed 
electrical signal processing of packet routing and switching at the router consumes huge 
amounts of power. Apart from the huge power consumption, recent advances in optical 
signal generations, modulation formats, detections and post-detection signal processing 
have made the single channel bit rate > 100 Gb/s. This creates the so-called “electronic 
bottle-neck” between the data transmission rate of optical systems and the limited 
processing speed of electronic systems. The mismatch between the processing speeds of 
electronics and photonics stimulates many researches and developments of the nonlinear 
photonic signal processing technologies in an attempt to remove the electronic bottle-neck. 
Ultra-fast optical switching using a nonlinear fiber-loop mirror (NOLM) has been 
demonstrated as early as 1988. And the research activities of the nonlinear photonic signal 
processing have been continued with the aims to reduce the switching energy and increase 
the processing speed. Although the processing speed of electronic circuit has increased a lot 
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in the past decades, nonlinear photonic signal processing still plays an important role 
(Willner, 2008). Nonlinear photonic signal processing techniques, such as alloptical 
demultiplexing, all-optical sampling, all-optical signal regeneration and all-optical 
wavelength conversion are more effective (particularly at high speed) and require less 
power than their electronic counterparts. Owing to the envision of high capacity optical time 
division multiplexing (OTDM)/WDM networks with transparent connectivity in the future, 
recently an European Union funded project TRIUMPH (http://www.ihq.unikarlsruhe. 
de/research/projects/TRIUMPH/) has been established. This project is to develop systems 
and switch node with optical grooming and multi-wavelength regeneration functionalities 
for transparent metro and core networks interconnection. Internet has provided a huge 
impact on our daily life. We have gained the benefit of networks; however, we are also 
facing the problem of increased power consumption and limited processing speeds of the 
electronics. We are required to establish new technologies, such as nonlinear photonic signal 
processing, that enable transmission of huge capacity data with minimum power 
consumption. 
This chapter is organized as following: In Section 2, we will discuss various functions of 
nonlinear photonic signal processing that may be needed inside the switch node in the 
future Internet, including wavelength conversion, WDM-to-OTDM and OTDM-to-WDM 
conversions, all-optical de-multiplexing, and all-optical regeneration. In Section 3, we will 
discuss the nonlinear photonic signal processing using silicon-on-insulator (SOI). The 
potential for low cost mass production using complementary metal oxide semiconductor 
(CMOS) fabrication techniques makes SOI an attractive platform for the monolithic 
integration of optical waveguides and photonic signal processing functional devices. Finally, 
a conclusion will be given in Section 4. 

2. Functions of photonic signal processing 
2.1 Wavelength conversion 
Wavelength conversion is one of the most important functions of photonic signal processing 
in future optical networks. All-optical wavelength routing is a technique which allows 
optical signals to be routed according to their wavelength, without the need of O/E and 
E/O conversions. The realization of all-optical networks (AON) can potentially introduce 
significant cost savings for high speed data networks (Ramaswami & Sivarajan, 1994, 
Raghavan & Upfal, 1994, Birman & Kershenbaum, 1995). In 2000, field trials of all-optical 
networks in North America (Froberg et al., 2000) and Europe (Berthelon et al., 2000) have 
been carried out. All-optical wavelength converters can allow data at one wavelength to be 
transferred to another wavelength, in order to resolve collisions which would block the 
routing of a channel which has already been occupied by a wavelength. Besides, wavelength 
conversion is also important in the trans-multiplexing between the WDM-to-OTDM and 
OTDM-to-WDM systems (Willner, 2008). In this sub-section, we will discuss several 
wavelength conversion schemes based on semiconductors and fibers. 
Here, we first start with the wavelength conversion scheme using semiconductor laser 
diode, such as Fabry-Perot laser diode (FP-LD). FP-LD is the simplest and low-cost laser that 
can be used as the nonlinear medium for all-optical wavelength conversion. Dual-
wavelength injection locking (DWIL) technique can be used for this purpose. Injection 
locking is a way of synchronizing one (or several) free-running oscillator(s) to a stabilized 
master oscillator. The technique was described in the classical papers of (van der Pol, 1927) 
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and (Adler, 1946) for the case of electrical oscillators. Injection locking of microwave 
oscillators was reported by (Kurokawa, 1973) and injection locking of gas lasers was 
demonstrated by He-Ne laser (Stover & Steier, 1966) and CO2 laser (Buczek & Frejberg, 
1972). The injection locking technique has been widely used to improve the static and 
dynamic performances of semiconductor lasers (Lang, 1982, Mogensen et al., 1985, 
Murakami et al., 2003). The waveform of the laser output response to a modulated current 
can be greatly improved with light injection because the transient relaxation oscillation can 
be severely damped (Lang & Kobayashi, 1977). Single mode operation can be achieved 
(Kobayashi, 1980), a reduction of the spectral linewidth (Mogensen, 1985) can also be 
observed. A reduction of frequency chirping of an injection locked laser is theoretically 
analyzed (Piazzolla et al., 1986) and demonstrated (Lin et al., 1985), and the mode partition 
noise can be suppressed (Iwashita & Nakagawa, 1982). The dispersion penalty for a signal 
generated by a current modulated laser can be greatly reduced by injection locking 
(Cartledge, 1990) and the crosstalk tolerance is also improved (Caspar et al., 1996). 
Moreover, the modulation bandwidth of the injection locked laser is enhanced (Chen, et al., 
2000, Simpson & Liu, 1997, Simpson & Liu, 1996, Simpson & Liu, 1995, Liao et al., 2009). 
Although the injection locking of semiconductor laser has been studied for two decades, 
new aspects and applications have only become apparent with recent advances in fiber optic 
technology. Recently, injection locked lasers have been used for different kinds of nonlinear 
photonic signal processing, including signal regeneration (Weich et al., 1994, Kakagawa et 
al., 2001, Inoue & Oda, 1995, Yamashita & Suzuki, 2004, Kuramoto & Yamashita, 2003, Chan 
et al, 2002), optical repolarization (Chung et al., 2002, Chan et al., 2002), optical packet 
demultiplexing (Chan et al., 2003), modulation format conversion (Chow et al., 2003, Chow 
et al., 2003, Chow et al., 2002, Chang et al., 2004, Chow et al., 2004, Yeh et al., 2009). Injection 
locking also shows promising applications in optical packet switched networks (Chow et al., 
2004), Cable-TV networks (Lu et al., 2006), passive optical networks (PONs) (Lu et al., 2006, 
Wang et al., 2009) and radioover- fiber (ROF) networks (Lu et al., 2008). 
 

 
Fig. 1. Schematic of DWIL of FP-LD for all-optical wavelength conversion. (a) Longitudinal 
mode spectrum of the free-run FP laser, (b) spectrum under injection of only the probe 
signal, and (c) spectrum under injection of both probe and data signals (Horer & Patzak, 
1997). 

In the scheme of DWIL (Horer & Patzak, 1997), the slave laser was a FP-LD. The probe 
wavelength was a continuous-wave (CW) signal injected to an FP-LD longitudinal mode; 
and the pump wavelength was a modulated signal injected to another longitudinal mode. 
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The output signal at the wavelength of the CW light was switched by the modulated signal, 
and thereby the information can be transferred from one wavelength to the other. Fig. 1 
shows the schematic of DWIL using a single, direct current (dc) biased FP-LD. First, the CW 
probe light was injection locked one of the longitudinal modes of the FP-LD (Fig. 1(a-b)). 
Strong amplification took place if the wavelength of the probe light (λp) was tuned to one of 
the laser modes, e.g., the λm mode. Then the mode comb was slightly red-shifted compared 
to its position when no light was injected and other laser modes were strongly suppressed. 
The data-bearing pump signal with wavelength λd was adjusted within the locking range of 
another FP-LD longitudinal mode. Fig. 1 (c) shows the situation when the pump (λd) was 
switched “ON”. That laser mode was then resonantly amplified. This process further 
decreased the carrier density by stimulated emission, and further increased the refractive 
index in the active area of the FP-LD. The increase in refractive index led to the decrease in 
the FP cavity resonance frequency. The FP mode comb and simultaneously the transmission 
curve for the probe signal were further red-shifted. Now the probe frequency was outside 
the high transmission range resulting in low probe output power. Hence, the probe light can 
be switched “ON” and “OFF” by the data signal, and a logically inverted wavelength 
conversion can be achieved. The modes λm and λn used for conversion can be freely chosen 
within the gain spectrum of the FP-LD. Non-inverting operation can also be achieved. For 
this purpose, in the absence of data light, the probe light was adjusted with a small red-shift 
relative to its transmission maximum. Then, an incoming data pump signal shifted the mode 
toward the maximum. The amplification of the probe light increased simultaneously with 
the power of the data signal so that the logically non-inverting wavelength conversion was 
achieved. 
Due to the red-shift of the laser longitudinal modes, the injection locking rang was 
asymmetric (Horer & Patzak, 1997). During light injection, the laser output of a slave laser 
increased, and the carrier density in the active area of the laser diode decreased 
correspondingly. Decrease in the carrier density will increase the refractive index of the 
active area, resulting in the lowering of the cavity resonance frequency or red-shift of the 
longitudinal modes of the slave laser. When the injected signal wavelength was detuned 
towards the shorter wavelength side from the cavity resonance wavelength, the laser output 
decreased. The carrier density increasing and the refractive index decreasing caused the 
down-shift of the resonance wavelength, resulting in a partial compensation of the 
wavelength detuning. The FP-LD was still locked when the injected light wavelength was 
detuned towards the shorter wavelength side of a mode. On the other hand, as the injected 
wavelength was detuned towards the longer wavelength side, it first enhanced the laser 
output power due to the further depletion of carrier and further red-shift of the laser mode. 
Subsequent, when the injected light was outside the locking range, the downshift of the 
resonance wavelength of the FP-LD happened, resulting in a rapid decrease of locked 
output and the slave laser became unlocked. 
DWIL is potentially capable of high speed all-optical switching. The speed is related to the 
relaxation oscillation frequency. We can increase the relaxation frequency by increasing the 
biased current; however for high bias current, the dynamically stable locking range is very 
small. This drawback can be overcome by using high external injected optical power. Hence, 
by using appropriate injection of optical pump, probe signal and bias current, the speed of 
all-optical wavelength conversion can be increased. Since injection locking is polarization 
sensitive, configuration using TWINS-FP (Two Wavelength Injection locked slave Fabry- 
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Perot) (Chow et al., 2003) has been proposed to solve the polarization sensitivity issue of the 
DWIL. 
 

 
Fig. 2. Experimental setup of all-optical multicasting using a FP-LD. MOD: modulator, PC: 
polarization controller, AWG: arrayed waveguide grating, Rx: receiver (Chow et al., 2004). 

Fig. 2 shows the experimental setup of the 8 x 10 Gb/s all-optical multicasting wavelength 
conversion using a FP-LD. The pump signal (λ0: 1547.38 nm) was encoded with 231-1 pseudo 
random binary sequence 10 Gb/s non-return-to-zero (NRZ) data. Eight CW probe signals 
(from λ1: 1549.03 nm to λ8: 1560.38 nm, 200 GHz spacing) were wavelength-multiplexed by 
an arrayed waveguide grating (AWG). They were launched into the FP-LD, which was dc 
biased at 17 mA (2Ith) and had a central wavelength of 1545.7 nm with the longitudinal 
mode spacing of about 1.6 nm. Fig. 3 shows the optical spectrum of the multicasting 
wavelength conversion obtained at the output port. The side-mode suppression ratio 
(SMSR) of the converted signals was ~30 dB. Bit-error rate (BER) performance of the 
wavelength converter was performed for the 8 x 10 Gb/s as shown in Fig. 4. The average 
power penalty was about 2.5 dB at BER of 10-9, with channel-to-channel variation by about ± 
0.4 dB. The eye diagrams of the multicast channel are shown in the insets of Fig. 4. A larger 
number of output channels may be possible; and the maximum number of wavelength 
channels is determined by the gain spectrum of the FP-LD. 
 

 
Fig. 3. Optical spectrum of the all-optical multicasting wavelength conversion using a FPLD 
(Chow et al., 2004). 
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Fig. 4. Plot of 10 Gb/s BER measurements for the back-to-back and each wavelength 
converted channel (channel 1-channel 8 represents λ1 – λ8 respectively) (Chow et al., 2004) 

Besides using FP-LD, semiconductor optical amplifier (SOA) is another essential 
semiconductor device for nonlinear photonic signal processing (Yoo, 1996), due to its high 
gain, compact size and possibilities for integration. Before studying the wavelength 
conversion characteristics of a SOA, we first study the SOA carrier dynamics. When an 
optical pulse is injected into a SOA, the majority of the electrons in the excited state are 
depleted due to stimulated emission. The reduction in the density of excited electrons has 
two consequences. First, the SOA gain is reduced, and consequently the refractive index 
changes as described by Kramers-Kronig relations. This causes a change in wavelength of 
the output pulse as a function of time (frequency chirp). The gain recovery processes 
following depletion by an injected optical pulse are described in this sub-section. 
 

 
Fig. 5. Gain recovery of an SOA with the electron density versus electron energy. 

Fig. 5 shows the gain recovery process of a SOA. When an optical beam is injected into a 
SOA, electrons in the excited states are depleted, leading to a reduction in gain. Spectral hole 
burning (SHB) is a localised reduction in gain at the lasing wavelength (Gomatam & 
DeFonzo, 1990) as shown in Fig. 5(b). The magnitude of gain compression generated by this 
effect depends on the intraband relaxation times of the carriers. There is a subsequent 
redistribution of carrier energies due to carrier-carrier scattering as shown in Fig. 5(c), 
having time scales of < 100 fs. For wavelength conversion using a SOA, the probe 
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wavelength will not be affected by SHB as the pump signal is located at a different 
wavelength. 
When a pump pulse is transmitted through a SOA, it reduces the carrier population but 
“heats” the plasma (by removing “cool” carriers), thus the gain reduces. This process is 
called carrier heating (CH), which is a transient heating of electron and hole temperatures 
(Willatzen, 1991). Thus carriers are excited into the high momentum states. The carrier 
temperatures will then relax towards the lattice temperature by electron-phonon scattering 
on the time scales of 1-2 ps as shown in Fig. 5(c-d). The main mechanism of CH within the 
lattice structure is stimulated emission; however there are other contributions such as 
freecarrier absorption (FCA) and two-photon absorption (TPA). FCA is an effect where a 
free carrier (arising from lattice vibrations) can absorb a photon and move to a higher 
energy level within the band, thus increasing the temperature of the lattice (Stix et al., 1986). 
TPA is a process where two photons are absorbed in the generation of a single electron-hole 
carrier pair. It becomes dominant when the input power of the signal is high (Mork & Mark, 
1994). 
Finally, interband carrier recovery takes place. It is the carriers depleted from the 
conduction band replenished by the applied bias current, as shown in Fig. 5(d-e). It has a 
time scales of tens to hundreds of ps. The interband carrier recovery time is dependent on 
the SOA length, the bias current and the injected optical power (Manning et al., 1994, 
Girardin et al., 1998). 
 

 
Fig. 6. Cross gain modulation (XGM) in a SOA. 

After studying the carrier dynamics of a SOA, we discuss the simplest wavelength 
conversion using a SOA: the cross gain modulation (XGM). XGM requires a power data 
signal (pump) and a CW signal (probe), as shown in Fig. 6. The pump modulates the gain of 
the SOA; and the probe is then modulated by the gain variation of the SOA. The optical 
filter used will be positioned at the centre of the probe wavelength in the XGM. XGM is 
simple and polarisation insensitive; but the converted signal is logic inverted, having a 
relatively high frequency chirp, and limited extinction ratio. The speed of XGM is limited by 
the interband gain recovery time of SOA. The extinction ratio of the converted signal 
depends on the variation of the differential gain (Durhuus et al., 1996). When the SOA gain 
is saturated, the gain peak of the amplifier shifts to longer wavelengths, resulting in a higher 
slope on the shorter wavelength side of the gain peak. Hence, the probe channels at the 
shorter wavelengths will experience larger gain variations. As a result, down-conversion 
(translation from longer wavelength to shorter wavelength) can produce higher output 
extinction ratio in the converted signal. The extinction ratio can also be improved by 
increasing the input pump signal power, since this will induce a larger gain modulation of 
the CW probe signal. 
Due to the speed limitation of XGM, modifications of the setup in Fig. 6 can be made to 
achieve cross phase modulation (XPM) in a SOA. As described in previous paragraph, the 
refractive index of a SOA is dependent on the gain, and this will cause a phase shift of the  
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probe signal first to the longer wavelength side (red-shift) and then to the shorter 
wavelength side (blue-shift). Fig. 7 shows the probe signal has a positive phase shift 
corresponding to the generation of red-chirped components owing to the SOA gain 
depletion. Then, the SOA gain recovers resulting in a negative phase shift and the 
generation of blue-chirped components. Using offset filtering of wavelength converted 
signal in the SOA can greatly enhance the operation speed (Ellis et al., 1998). Recently, 
improved performance has been demonstrated up to 320 Gb/s (Liu et al., 2006, Liu et al., 
2007, Tangdiongga et al., 2006). The disadvantage of this scheme is that large portion of the 
optical spectrum is lost due to the offset filtering. Similar effect can also be achieved by 
using an asymmetric Mach–Zehnder interferometer (MZI), which is commonly referred to 
as a delayed-interference signal converter (DISC) (Ueno et al., 1998, Leuthold et al., 2001). It 
has been demonstrated that a wavelength converter based on a delayed-interferometric 
configuration can achieve 168 Gb/s (Nakamura et al., 2001). A theoretical analysis for this 
concept of the delayed-interferometric configuration has been given in (Leuthold et al., 
2004). The delayed-interferometer acts as an optical filter, and (Ueno et al., 2002, Nielsen & 
Mørk, 2004, Nielsen et al., 2006) show theoretically how the optical filtering can increase the 
modulation bandwidth of SOA-based switches. The speed of the wavelength conversion can 
also be enhanced by using two cascaded SOAs, called ‘Turbo-Switch’ (Manning et al., 2006). 
Wavelength conversion can also be achieved by arranging two or more SOAs in the MZI 
configuration (Ratovelomanana et al., 1995, Durhuus et al., 1994, Idler et al., 1995), as shown 
in Fig. 8. In this scheme, the CW input is split to each arm of the MZI by a coupler. The 
databearing signal induces different phase shift in the input CW signal via carrier density 
induced refractive index changes. The output coupler then recombines the split CW signals, 
where they can interfere constructively or destructively. Commercial wavelength converter 
based on this structure has been available, such as from Alcatel (Idler et al., 1996). 
 

 
Fig. 7. The change in gain and chirp of the probe signal in a SOA when injected by a short 
picosecond pump pulse (Liu et al., 2006). 

The mechanism of cancelling out the slow relaxation of the carrier density change can be 
implemented in other configurations. Using one SOA and the interference of orthogonally 
polarized probe light beams, called an ultrafast nonlinear interferometer (UNI) (Patel et al., 
1996). Other nonlinear photonic signal processing applications using an SOA in a NOLM; 
also known as a semiconductor laser amplifier in a loop mirror (SLALOM) (Eiselt et al., 
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1995) and terahertz optical asymmetric demultiplexer (TOAD) (Sokoloff et al., 1993) have 
also been reported. 
 

 
Fig. 8. Cross phase modulation wavelength conversion using SOAs in MZI configuration. 

 
Fig. 9. (a) Spectra of the NWQW-SOA at the bias current from 40 mA to 400 mA, (b) and its 
dimensions (Wan et al., 2005). 

Wavelength conversion based on a SOA can also be implemented by using cross 
polarization birefringent switching (XPolS). Fig. 9(a) shows the optical spectra of a 
nonidentical multiple quantum well (NMQW) SOA, and its photo and dimensions is shown 
in Fig. 9(b). Due to a more uniform carrier distribution in the quantum well sequence, the 
NMQW-SOA exhibits an extremely broadband spectrum (1300 nm to 1600 nm). Fig. 10(a) 
shows the experimental setup of XPolS using the NMQW-SOA. The pump signal (λs: 
1557.38 nm) and the probe signal (λp: 1439.60 nm) were first launched into the SOA. The 
probe signal was initially coupled into the SOA at 45° with respect to the transverse-electric 
(TE) axis of the SOA. The probe was minimized and blocked by the polarizer at the output 
of the SOA. The pump signal was then injected into the SOA at TE or transverse-magnetic 
(TM) polarization. The pump depleted the carriers in the SOA and caused refractive index 
change, which induced a change in birefringence for the probe beam in the SOA and the 
probe beam was switched “ON” after the polarizer (Wan et al., 2005), as shown in the 
experimental optical spectra in Fig. 10(b). 
Four-wave-mixing (FWM) wavelength conversion can preserve phase information of the 
input pump signal; and it is an ultrafast process suitable for bit rates beyond 100 Gb/s 
(Kelly et al., 1998). When optical waves mix within the SOA, carrier density pulsation (CDP) 
occurs due to the beating between the two optical waves which are detuned by less than the 
frequency response of the carriers (Agrawal, 1988). The conversion efficiency of 
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conventional FWM in SOA drops rapidly with wavelength detuning and it is polarization 
dependent. The drop in conversion efficiency with detuning can be solved by using the 
broadband orthogonal pump (BOP) FWM (Contestabile et al., 1998, Morgan et al., 1998). 
One pump beam (P1) is polarized parallel to the signal and detuned by a small amount from 
the signal wavelength (to generate CDP), and another pump beam (P2) is polarized 
orthogonal to P1 and interacts with the CDP to produce the desired output wavelength. The 
problem of polarization dependence in BOP FWM was solved by the polarization diversity 
loop (Mak et al., 2000). It is possible to eliminate both external laser sources in the BOP 
FWM by placing the SOA in a double-ring fiber cavity (Chow et al., 2002). High speed 
wavelength conversion at 160-Gb/s using FWM in quantum dot (QD) - SOA has been 
demonstrated (Otsubo et al., 2005). 
 

 
Fig. 10. (a) Experimental setup of XPolS in NMQW-SOA. PC: polarization controller. (b) 
Optical spectra of the probe signal after the polarizer (1439.60 nm) with and without the 
pump signal (1557.38 nm) (Wan et al., 2005). 

Fiber based devices are also promising candidates for nonlinear photonic signal processing. 
High-speed switching is possible because of the non-resonant nature of the fiber 
nonlinearity. Due to its passive in nature, the fiber length needed to produce the nonlinear 
effect is usually much longer that that of a semiconductor devices. Commonly used 
specialty fibers for nonlinear photonic signal processing include dispersion-shifted fiber 
(DSF), highly nonlinear fiber (HNLF), photonic crystal fiber (PCF) and bismuth oxide fiber. 
The potential of using specialty fibers for all-optical signal processing have been reviewed 
(Lee, 2008). 
 

 
Fig. 11. Experimental setup for the S-, C-, and L-band wavelength conversion us XPolS in a 
PCF. Inset: cross section of the PCF (Kwok et al., 2006). 
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Fig. 12. BER performance of the S-, C-, and L-band wavelength conversion us XPolS in a 
PCF. Inset: eye diagrams of converted signals at 1480 nm, 1560 nm and 1600 nm (Kwok et 
al., 2006). 

Here, we describe the XPolS in a dispersion-flattened PCF for ultra-broadband (> 100 nm) 
all-optical wavelength conversion (Kwok et al., 2006). The 64 m dispersion-flattened PCF 
(inset of Fig. 11) has a mode field diameter of 3.5 mm and a non-linear coefficient of 11.2 (W 
km)-1 with dispersion of about -3 ps/(km nm) in the range 1500-1600 nm. The dispersion 
variation is less than 1 ps/(km nm) in the range of 1465-1655 nm with dispersion slope less 
than 10-3 ps/(km nm2). A CW probe light was launched at an angle of 45° with respected to 
the pump signal. At the output of the PCF, a polarizer was used to block the linearly 
polarized CW probe light in the absence of the pump signal. The linearly polarized pump 
signal introduced nonlinear phase shifts to the two orthogonal components of the CW probe 
light with different XPM efficiency. The difference in the overall phase shifts of the two 
orthogonal components changed the state of polarization of the probe light, and it will turn 
into a power change at the output of the polarizer. Hence, the intensity modulated pump 
signal will modulate the intensity of the probe signal after the polarizer. The BER 
performances of the 1550 nm back-to-back and the converted signals are shown in Fig. 12. 
Figs. 12 also show the experimental eye diagrams of the converted signal at 1480 nm, 1560 
nm and 1600 nm. It was estimated in simulation that the conversion bandwidth for 10 Gb/s 
NRZ signal can be larger than 200 nm using this approach, while the conversion bandwidth 
of 90 nm can also be achieved for 40 Gb/s NRZ signals. 

2.2 WDM-to-OTDM and OTDM-to-WDM conversions and demultiplexing 
As mentioned in the introduction, the scalability of the optical technologies and the 
elimination of expensive O/E and E/O conversions are expected to significantly reduce the 
cost and power consumption in future Internet. Initial commercial activities happen, 
consisting of several regional systems that are interconnected via reconfigurable optical 
add–drop multiplexers (ROADMs) and optical cross connects (OXCs) to provide 



 Advances in Lasers and Electro Optics 

 

380 

transparency extending over a substantial portion of a continental area (Sygletos et al., 2008, 
Fishman et al., 2006). Recently, an European funded project TRIUMPH (Transparent Ring 
Interconnection Using Multi-wavelength Photonic switches) has been carried out. It 
proposes the multi-wavelength photonic switches that perform optical processing including 
transparent optical grooming/aggregation and multi-wavelength optical regeneration. The 
proposed network node can support high capacity with transparent connectivity between 
core-rings (> 100 Gb/s) and metro-rings (up to 40 Gb/s). Inside the photonic node (Ellis et 
al., 2008), traffic from the metro-rings is switched by an OXC to either metro-ring or via the 
add-path to the core-ring. In the add-path, asynchronous data packets from the metro-ring 
are launched into the WDM-to-OTDM converter (Ellis et al., 2008, Norte & Willner, 1996), 
where each optical packet is re-timed to a local clock and wavelength converted to the 
desired wavelength. Afterward, the re-timed optical packets are time interleaved 
(transmultiplexed) to form the OTDM signal for the core-ring. The re-timing can be 
performed by using an asynchronous digital optical regenerator (ADORE) (Cotter & Ellis, 
1998, Chow et al., 2007, Ibrahim et al., 2008, Ibrahim et al., 2008, Chow et al., 2009). For 
exiting the core-ring, the OTDM signal is simultaneously extracted to WDM signals using 
multi-wavelength probe signals applied to an OTDM-to-WDM converter. Each 
demultiplexed WDM signal then passes to the OXC, where it is transmitted to either of the 
metro-rings or back to the core-ring via the ADORE modules. A field trial of the WDM-to-
OTDM trans-multiplexing employing the ADORE has been demonstrated recently (Zarris et 
al., 2009). 
 

 
Fig. 13. Experiment setup of 100 Gb/s transmitter and demultiplexer. MZM: Mach-Zehnder 
modulator, AWG: arrayed waveguide grating. (a) Experimental 50 Gb/s eyes after MZM1 

and (b) 100 Gb/s SDRZ eyes after MZM2 (Ellis & Chow, 2006). 

We then describe the generation of a single channel 100 Gb/s signal. Several groups have 
proposed and demonstrated 100 Gb/s transmitters, such as using NRZ (Schuh et al., 2007), 
duo-binary (Winzer et al., 2005), and differential quadrature phase shift keying (DQPSK) 
(Daikoku et al., 2006) and serial dark-return-to-zero (SDRZ) (Ellis & Chow, 2006). Fig. 13 
shows the SDRZ optical transmitter, which was constructed by using commercially 
available 40 Gb/s components. A CW signal was launched into a single-drive balanced 33 
GHz Mach-Zehnder modulator (MZM1). A 50 Gb/s NRZ was applied to MZM1. The MZM 
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was biased at the transmission minimum and the NRZ drive voltage switched the 
modulator towards the two adjacent maxima. At a transition in the NRZ signal, a dark 
optical pulse with opposite phases between adjacent maxima was produced. The NRZ 
signal was differentially pre-coded. A second 50 Gb/s electrical signal was modulated by 
MZM2 onto the residual CW background between the optical dark pulses, so generating a 
100 Gb/s SDRZ signal. At the receiver side, a 1:2 OTDM demultiplexer converted the 100 
Gb/s signal down to 50 Gb/s using MZM3. The demultiplexed signal was filtered by a 
standard flat-top 100-GHz AWG with an 80 GHz bandwidth, and then coupled into a 45 
GHz PIN photodiode for BER measurements. 
Fig. 14 shows an OTDM-to-WDM conversion from 129 Gb/s OTDM signal to 3 x 43 Gb/s 
WDM signals (Vorreau et al., 2008) by using a single NOLM switch (Doran & Wood, 1988). 
The scheme is using the ultra-fast Kerr based XPM in a NOLM constructed by a specially 
designed HNLF. The three WDM probe pulses (λ1, λ2, λ3) were aligned to different time slots 
of the OTDM data signal (λcontrol) and were launched into the NOLM via FC2. If the OTDM 
data pulse (λcontrol) was logic ‘one’, the control pulse caused nonlinear phase shift generated 
by XPM to the co-propagating probe signals. When the two counter-propagating probe 
signals interfered at the FC2 after they had traversed the loop, the probe signal was 
transmitted at the output of the NOLM and logic ‘one’ of the probe signal appeared. If the 
OTDM data pulse (λcontrol) was logic ‘zero’, the two counter-propagating probe signals had 
identical phase shifts when they traversed the loop and interfered constructively at the 
coupler with no signal transmitted at the output port of the NOLM (‘zero’). By using an 
optical filter at the output port of the NOLM, each WDM switched signal can then be 
properly filtered. For multi-wavelength operation of the NOLM, an accurate control of the 
dispersion and dispersion slope of the fiber is needed to minimize the walk-off between the 
control and the WDM channels. OTDM-to-WDM conversions based on SPM (Doran & 
Wood, 1988, Morais et al., 2008) and FWM (Awaji et al, 2004) have also been reported. 
Besides, we can consider OTDM-to-WDM conversion is an example of all-optical 
demultiplexing, which allows ultra-high speed OTDM data to be time-division 
demultiplexed into lower bit-rate channels, and recently, 1.28 Tb/s and 2.56 Tb/s all-optical 
demultiplexing based on NOLM have been demonstrated (Mulvad et al., 2009, Weber et al., 
2006). 
 

 
Fig. 14. OTDM-to-WDM conversion using a NOLM. FC: fiber coupler, PC: polarization 
controller (Vorreau et al., 2008). 
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Optical Regeneration 

All-optical regeneration, such as 2R (re-amplification, re-shaping) and 3R (re-amplification, 
re-shaping, re-timing), is another key technology for future Internet to improve the signal 
quality (Provost et al., 2009). When the data rate is becoming higher and higher (towards 100 
Gb/s), optoelectronic regeneration schemes will be very hard to implement or even 
impossible. Besides, optoelectronic regeneration generally can only support a single 
channel, hence, all-optical regeneration supporting multi-wavelength operation can be 
considered as an economical upgrade. Simple 2R optical regeneration can be implemented 
by using an optical nonlinear fiber with an offset optical filter (Mamyshev, 1998), as shown 
in Fig. 15. Recent studies (Provost et al., 2006, Provost et al., 2007) also allow us to increase 
the understanding of its operation principle. It was based on self-phase modulation (SPM) 
that arises when a degraded optical signal is launched into a HLNF, causing the signal 
spectral broadening. Since the method can produce a steep transfer function, it can reshape 
the optical pulses by suppressing the amplitude fluctuations in the logic ’one’ and ’zero’. An 
offset optical filter after the HNLF was used to obtain the regenerated output. This scheme 
can support very high data rates (> 160 Gb/s) and it does not suffer from any 
carriertransport limitation. This scheme can support single and multi-wavelength channels. 
However, in the case of multi-wavelength operation, the performance limitation will appear 
due to the XPM and the FWM produced by the multi-wavelength channels. An improved 
version of this technique where the XPM can be suppressed is to use an appropriately 
designed dispersion map by ensuring sufficient walk-off between pulses and minimizing 
their interaction (Vasilyev & Lakoba, 2005, Cuenot et al., 2006). Other schemes of 
multiwavelength all-optical regenerations have also been demonstrated recently using 
special fibers (Parmigiani et al., 2009, Provost et al., 2008, Provost et al., 2008, Kouloumentas 
et al., 2008) and QD-SOA (Sygletos et al., 2007, Spyropoulou et al., 2007). 10 Gb/s all-optical 
signal regeneration over 20,000 km has been demonstrated by Kailight Photonics (Cbayet et 
al., 2004). 
 

 
Fig. 15. 2R all-optical regeneration based on SPM, using a HNLF and an offset filter 
(Mamyshev, 1998). 
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3. Nonlinear photonic signal processing using SOI 
The potential of low-cost mass production using mature CMOS fabrication facilities makes 
silicon an attractive platform for the monolithic integration of optical waveguides and 
alloptical signal processing functional devices. The high index contrast of SOI waveguides 
(Soref & Lorenzo, 1985) allows small nano-wire waveguides (core dimensions ~400 nm) to 
be fabricated. Hence the input optical powers at mW level can produce peak intensities of 
~1013 W m−2. Silicon wire waveguides can have nonlinear parameters (γ) of ~ 106 (W km)−1 
(Koos et al., 2007), which is about 1000 times greater than that of HNLF. Moreover, the 
Raman gain coefficient in silicon is 1,000 – 10,000 times greater than that in ordinary fiber. 
All these mean that many of the concepts and applications already developed nowadays 
that are based on nonlinear effects in semiconductors and fibers can also be adapted for SOI 
waveguides. Thus, nonlinear optical effects such as SPM (Tsang et al., 2002, Boyraz et al, 
2004, Liu et al., 2007), TPA (Liu & Tsang, 2007, Liang & Tsang, 2004), stimulated Raman 
scattering (SRS) (Claps et al., 2002, Claps et al., 2003), XPM (Liang et al., 2005), slow light for 
tunable optical delay (Okawachi et al., 2006) and optical bistability (Priem et al., 2005) have 
all been demonstrated. 
Although silicon has a higher Raman gain coefficient when compared with silica fiber, the 
optical loss in silicon is much higher than that in fiber, particularly at high input power. 
Nonlinear losses due to TPA-induced free-carrier absorption (FCA) (Claps et al., 2004, Rong 
et al., 2004) become dominant at high input power. Net gain was first achieved in SOI 
waveguides using pulsed pumping (Liang & Tsang, 2004). By using a reverse biased p-i-n 
structure or ion implantation (Liu & Tsang, 2006), the nonlinear absorption can be 
significantly reduced and CW net Raman gain can be realized (Jones et al., 2005, Sih et al., 
2007). After the realization of optical Raman amplification, silicon Raman lasers can be 
constructed by forming a laser cavity using hybrid fiber loop (Boyraz & Jalali, 2004), chip 
facet coatings (Rong et al, 2005) or a fully monolithic integrated ring cavity (Rong et al., 
2006). Besides, hybrid silicon evanescent laser utilizes a silicon waveguide bonded to 
AlGaInAs quantum wells is demonstrated (Park et al., 2005). All-optical wavelength 
conversion can be implemented in SOI using FWM (Raghunathan et al., 2004, Rong et al., 
2006), and recently error-free 40 Gb/s wavelength conversion using SOI has been 
implemented (Kuo et al., 2006). In 2009, 107.8 Gb/s all-optical demultiplexing using FWM in 
the silicon-organic hybrid (SOH) waveguides has been demonstrated (Koos et al., 2009). 
This paves the way to the realization of integrated silicon photonic chip for future ultra-fast 
photonic signal processing. 

4. Conclusion 
Nonlinear photonic signal processing towards terabit per second is steadily growing in 
maturity. In the previous sections, we have briefly described various applications of 
nonlinear photonic signal processing based on semiconductors, fibers and SOI. Various 
other nonlinear materials can also be employed for these functionalities, including 
chalcogenide waveguides, periodicallypoled lithium niobate (PPLN) etc. Although many 
nonlinear photonic devices have been evaluated in transmission experiments and their 
usefulness has been demonstrated, there are still many challenges for realizing commercial 
ultrafast communication networks. However, these challenges so far have given researchers 
and engineers precious knowledge for the present fruitful and diversify applications of 
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ultra-fast photonic signal processing. As the data rate of optical communication will be > 1 
Tb/s in the near future, nonlinear photonic signal processing techniques are irreplaceable 
technologies for the future high speed Internet. 
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1. Introduction    
Future optical networks may require both wavelength conversion and bit shape 
regeneration in an all-optical domain. The possibility of pulse reshaping while providing 
wavelength conversion may support new demands over medium and large distances links 
(Kelly, 2001). Indeed, during propagation the optical data signal suffers deterioration due to 
the amplified spontaneous emission (ASE) from optical amplifiers, pulse distortion from 
intrinsic dispersion, crosstalk, and attenuation. All-optical regenerators may be important 
components for the restoration of these signals, providing complexity and cost reductions 
with the avoidance of optoelectronic conversions. The regeneration could be 2R (re-
amplification and reshaping) or 3R, which also provide retiming to solve jitter (Simon et al., 
2008). Several 3R regenerators using the semiconductor optical amplifier (SOA) have been 
proposed, such as cascaded SOAs setups (Funabashi et al., 2006) or SOA based Mach-
Zehnder interferometers (MZI) (Fischer et al., 1999).  
However for small and medium distances systems, where the signal amplitude noise and 
distortions form the main problem and where jitter has fewer magnitudes, the simpler 2R 
processes can be adequate to keep signal quality (Simon et al., 1998). In addition, the SOA is 
a helpful device for both 2R-regeneration (Ohman et al., 2003) and wavelength conversion 
(Durhuus et al., 1996). Several techniques for 2R-regeneration based on SOAs have been 
proposed and tested, for example by using four-wave mixing (FWM) (Simos et al., 2004), 
cross-gain modulation (XGM) (Contestabile et al., 2005), integration within MZI (Wang et al., 
2007), multimode interferometric SOA (Merlier et al., 2001), cross-phase modulation (XPM) 
with filtering (Chayet et al., 2004), and feed forward technique (Conforti et al., 1999). However, 
these techniques require complex designs and involve critical operation points, even the 
simplest ones based on XGM features. In addition, most of these techniques are not capable 
of wavelength conversion and regeneration simultaneously. 
Recently a regenerator based on cross-gain modulation was proposed using one SOA for 
wavelength conversion (in a counter-propagating mode) and another deeply saturated SOA 
(synchronized by an optical delay line) to achieve cross-gain compression (Contestabile 
2005). This efficient approach has similarities with the all-optical feed-forward techniques. 
In addition, this regenerator could not done wavelength conversion if the wavelength of the 
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input signal is chosen in the output. Although good results can be obtained, this technique 
demonstrates to be complex since it used optical delay line and two SOAs. In this chapter, 
we introduce a more simple technique based on XGM (using just one SOA, an optical 
isolator, an optical circulator, and a CW laser) with easy robust operation at high speed 
reconfiguration (Ribeiro et al., 2008; Ribeiro et al., 2009a). The regeneration is based on the 
abrupt profile of the SOA cross-gain modulation efficiency, which is compressed at high 
input optical powers. The two optical carriers are amplified in the counter-propagating 
mode allowing conversion to another or to the same wavelength. 
In addition, we present 2R-regeneration and conversion results for different kinds of 
deteriorated input signals. Experimental results such as eye diagrams and measured Q-
factors are also shown, for various optical input powers, carriers detuning, bit rates and 
optical polarizations. Moreover, the estimative of the bit error rates (BER) are presented. 
Finally, the regenerator extinction ratio (ER) deterioration and its relation with the Q-factor 
improvements are discussed. 

2. Experimental setup 
The single-SOA all-optical 2R-regenerator setup is presented in Figure 1. This regenerator 
will be called 2R-converter. The experimental scheme is divided in blocks. In the first block, 
the optical carrier at λ1 is modulated by pseudo random bit sequence (PRBS) data. In most 
cases a non–return to zero (NRZ) modulation was used, and the polarization of the input 
signal was controlled to maximize de modulator response. 
In the Deterioration Block, the signal was degenerated by different types of deterioration 
processes to analyze the regenerative effects of this device. In Figure 1, between point 1 and 
2, the three elements used to deteriorate the input signal are presented: another SOA as a 
booster, a buried fiber link (KyaTera-Fapesp Project) and an erbium doped fiber amplifier 
(EDFA).  Different deterioration cases were obtained by combining these elements. 
 

 
Fig. 1. All-optical 2R-regenerator and wavelength converter experimental setup. 

The block for regeneration and wavelength conversion is the last one (Ribeiro et al., 2009a). 
In this block the modulated signal at λ1 was converted to the wavelength of the laser 2 (λ2), 
occurring regeneration and wavelength conversion simultaneously. This 2R-converter is a 
very simple device with just a laser CW (Continuous Wave), a non-linear SOA, an optical 
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circulator and an optical isolator. These last two components are needed for operation in a 
counter-propagating mode of the wavelength converter based on XGM. The optical filter 
presented in this block was used to reduce the ASE noise added by the non-linear SOA, and 
to allow better eye diagrams visualization at the oscilloscope. If an oscilloscope with higher 
sensitivity was used, this optical filter might not be needed. In this way, this optical filter 
after the regenerator is not considered here as a regenerator component. 
The SOA features are presented in Table 1. The non-linear commercial SOA was biased at 
300 mA (near the maximum supported current of 400 mA) to obtain the regenerative effects. 
 

Item Test condition Values 
Small signal gain I = 200 mA 25 - 30 dB 

Polarization dependent 
saturated gain (PDG) I = 300 mA, Pin> 0 dBm 0.5 – 1 dB 

Saturated output power I = 200 mA 6 – 8 dBm 
Gain peak I = 200 mA 1550 – 1570 nm 

Saturated gain recovery time I = 300 mA, Pin > 0 dBm, 
1555 nm 16 - 25 ps 

3 dB optical bandwidth I = 200 mA 45 nm 
Active cavity length  2 mm 

Bias current  up to 400 mA 

Table 1. Parameters of the non-linear type encapsulated SOA. 

In some deterioration cases, an optical attenuator was used before the oscilloscope to maintain 
the output signal power at the same level of the input signal, in order to carry out a bit 
reshaping comparison, excluding the regenerator gain. 
Regenerator characterization was made for different parameter variations as for example: 
the optical power of lasers 1 and 2; bit rates; detuning; polarization angle of the input signal; 
and the extinction ratio (ER). 
The different modulated input signal deteriorations cases are presented in the following 
subsections. Theses deteriorations were quantified by the signal Q-factor. This parameter is 
calculated by (Agrawal, 2002): 

 1 0

1 0

I IQ
σ σ

−=
+

 (1)  

In (1), I1 and I0 are the current level of the bits levels “1“ and “0“, respectively; σ1 and σ0 are 
standard deviation of the level ‘1’and ‘0’, respectively. 

2.1 Case “SOA“ 
In this first deterioration case, another SOA was used to deteriorate the modulated input 
signal at λ1. This SOA acted as a booster, amplifying and adding ASE noise. Depending on 
the power level of the input signal of this SOA, an overshoot related to the saturation of this 
device could happen. The 2R-converter performance is better for higher overshoot levels 
since this device totally removes the overshoot. 
An optical band-pass filter was needed due to the higher level of ASE noise added to the 
signal. The modulated input signal Q-factor could be changed by varying the laser 1 power 
level and/or the bias current of the SOA used as a booster. 
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2.2 Case “LINK+SOA“ 
In this deterioration case the modulated signal is degenerated by dispersion and attenuation 
of an 18-km standard buried fiber link of the KyaTera-Fapesp project 
(www.kyatera.fapesp.br). The fiber Corning SMF-28 Standard was used. The Table 2 shows 
some features of this fiber. Due to the attenuation, another SOA was used to amplify the 
signal in order to achieve the power level (at the entrance of the 2R-converter) enough to 
reach regenerative effects, besides better visualization on the oscilloscope. The modulated 
input signal Q-factor could be changed in a similar way of the previous case. 
 

Item Values 
Attenuation ≤ 0.22 dB/km 
Dispersion 16 to 19 ps/km-nm 

Effective Area 80 μm2 

Numerical aperture 0.14 
Zero-dispersion wavelength 1313 nm 

Polarization mode dispersion ≤ 0.2 ps/km1/2 

Table 1. Fiber Corning SMF-28 features. 

2.3 Case “EDFA“ 
In this deterioration case an EDFA was used to amplify the modulated input signal adding 
ASE noise. The higher ASE noise addition cause higher bit level (at both “1” and “0”) 
variance. The modulated input signal Q–factor could be modified by varying the laser 1 
power and/or EDFA pump laser power. 

2.4 Case “LINK+EDFA“ 
This deterioration case is similar to the case “LINK+SOA”. The 18-km standard buried fiber 
link of the KyaTera-Fapesp project was used again. The dispersion effects, attenuation, and 
ASE noise are the deterioration effects added to the modulated input signal.  

2.5 Case “SOA+LINK+EDFA“ 
This deterioration case is the more complex case. It involves the three elements used to 
degenerate the modulated input signal. The overshoot appearance, the noise adding to bit 
levels “1” and “0” and high variance in those levels turn the modulated input signal 
presented in this case as the most deteriorated case. Optical filters were needed to reduce 
the ASE noise. 

3. 2R-regenerator and wavelength converter working principle 
The quality of a 2R regenerator depends on its ability to suppress optical noise and to 
improve the extinction ratio. The ideal regenerative properties are provided by a system 
with a transfer function as close as possible to an ideal “S” like behavior. This refers to a 
characteristic function with the following properties: wide and flat dynamic range gain for 
bit levels “1” and ”0” in order to suppress the noise, and a linear increasing curve which 
determines the discrimination between bit levels “0” and “1” (Simos et al., 2004). 
The 2R-regenerator presented in this chapter has a characteristic function similar to the “S” 
like behavior. The response of the device here is similar, not equal to the “S”, since it 
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presents gain compression only for the bit level “1”. This is due to the fact that just the 
power level of this bit (at the high level “1”) can saturate the SOA gain. The compression of 
the level “1” is noticed in cases where an overshoot is presented. After the regenerator, the 
overshoot is removed because SOA gain is deeply saturated. In this way, the 2R-converter 
works as a "low-pass filter", removing "higher frequencies" present in the overshoot. 
Therefore, saturated gain acts as a power equalizer for the fluctuation in the bit level “1” 
reducing the noise. On the other way, the bit level “0” has much less improvement than bit 
level “1”, since its low signal power level cannot saturate the SOA.  
The 2R-converter of this chapter is based on XGM effect in SOAs, and this non-linear effect 
always degrades the extinction ratio due to the ASE noise added by the SOA. Consequently, 
there is no extinction ratio improvement. However, it will be showed in this chapter that the 
improvements caused by the 2R-converter and quantified by Q-factor improvement can be 
higher than the ER degradation, at least for some cases. 
The pattern dependence reduction caused by operating the 2R-converter in its optimum 
optical input powers could improve both the format of the bit levels “1” and “0”. As it will 
be shown, there is an optimum relationship between the modulated input signal power (at 
λ1) and the CW signal power (at λ2), which should be maintained for different cases in order  
to kept the pattern dependence effects at the same level. 
As mentioned before, the regeneration in the 2R-converter occurs simultaneously with the 
wavelength conversion via XGM. The regenerative effects are associated with the 
wavelength conversion efficiency, and XGM is the simplest technique using SOA to 
implement wavelength conversion. In this process, a strong modulated input signal at λ1 

saturates the amplifier. A continuous wave pump signal at λ2, injected simultaneously with 
the modulated signal, is modulated by the gain saturation while being concurrently 
amplified. The output signal, properly filtered, is a replica of the modulated input signal at a 
different wavelength with a phase inversion of 1800. In this way, methods to obtain the data 
without phase inversion are needed. One way is to use a proper software control. 
Commands given to the receiver force it to associate a bit “1” (in its input) to a bit “0” (in the 
original data). Another way is to use others devices like an additional SOA, but it will be 
enlarge the ER degradation. The exploiting of the phase changes provoked by the XGM 
effect using an optical filter could invert the output signal without ER degradation 
(Leuthold et al., 2003). Others forms are for example, the use of:  delay interferometer (Liu et 
al., 2007) and quantum dots SOAs with narrow optical filters (Raz et al., 2008). 
The eye diagrams obtained after the 2R-converter presented in this chapter are inverted in 
phase. In this manner, the commentaries made before about the deterioration of the bit 
levels “1” and “0” refer to bit levels of modulated input signal. Otherwise, the improvement 
observed in the output signal is commented about the inverted bit levels, that is: for 
deterioration in the bit level “1” of the modulated input signal, the improvement is noted in 
the level “0” after the 2R-converter; and in a similar way for the deterioration in the level “0” 
of the modulated input signal. 
The gain saturation of the SOA is related to the XGM wavelength conversion and to the gain 
compression. The last one is responsible for the noise reduction in the bit level “1” and for 
the overshoot elimination. The SOA gain must be deeply saturated to obtain the gain 
compression effects. This behavior can be noted in Figure 2. The eye diagram of the 
modulated input signal (λ1) deteriorated by the case “SOA” is presented in Figure 2(a). This 
eye diagram presents overshoot caused by the gain saturation of the SOA used as a booster 
that deteriorated the input signal. The eye diagram of the modulated signal (λ1) after the 2R-
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converter is presented in Figure 2(b). This much clear output signal was obtained for the 
regeneration case where it was observed a Q-factor improvement for the converted signal at 
λ2 equal to 1.5. Due to the higher level power of the modulated and CW input signals, and 
the high SOA bias current (300 mA), the SOA in the 2R-converter presents a saturated gain. 
In this manner, the eye diagram for the output signal after the regenerator presents 
compressed eye. The overshoots and undershoots observed in the output signal might be 
associated to a self-phase modulation (SPM) and/or changes in the signal phase around the 
narrow band optical filter. These results of compressed eye diagrams were observed for 
other values of the modulated input signal power. Therefore it confirms that the gain of 
SOA used in the 2R-converter is saturated, inducing the compression needed to the 
regenerative effects occurrence. 
 

 
Fig. 2. Eye diagrams: (a) modulated input signal for the deterioration case “SOA”; (b) 
modulated signal after 2R-converter. 

4. Optical spectrum and signal to noise ratio 
The optical spectrum of the input and converted signals in those particular points of the 
experimental setup (Figure 1) are presented. The spectrums were obtained for the 
deterioration case “SOA” as an example, since the optical spectrum is similar to other 
deterioration cases. The optical signal to noise ratio (OSNR) was calculated as well as the eye 
diagrams were obtained corresponding to the optical spectrums illustrated in Figure 3.  
The case of Figure 3 employed a wavelength conversion from 1550 to 1551 nm with a 
modulation rate of 7 Gbps NRZ. The Figure 3(a) shows the modulated input signal without 
deterioration and an eye diagram without distortions. A Q-factor of 9 and OSNR of 55.28 dB 
are observed in this case. Then this modulation input signal is inserted into the SOA used as 
a booster.  The gain of this SOA is saturated due to the power level of the input signal of -2 
dBm and a bias current of 130 mA (higher than current threshold).  Therefore the eye 
diagrams presented in Figure 3(b) are obtained with much noise in the bit levels “1” and “0” 
as well as overshoots. After the SOA used as a booster, the Q-factor decrease to 4.3 as well as 
the OSNR to 37.6 dB. In this manner, this SOA presented a noise figure of 18.3 dB caused by 
deeply saturated gain and by extra noise added to the signal. An optical band-pass filter is 
needed to filter the ASE noise added. Consequently, the signal in Figure 3(c) appeared 
filtered with an improvement in the Q-factor to 4.8.  
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Fig. 3. Optical spectrums and eye diagrams of the deterioration case “SOA”: (a) modulated 
signal without deterioration; (b) modulated signal deteriorated by another SOA; (c) 
modulated signal deteriorated by another SOA and filtered; (d) output signal after the 2R-
converter; and (e) regenerated signal and filtered. 
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The optical spectrum after the 2R-converter is presented in Figure 3(d). The input signal 
initially at 1550 nm (λ1) is still present but with an OSNR of 7 dB. According to the 
experimental setup of Figure 1, the original signal at λ1 should not be present because the 
conversion scheme is a counter-propagating mode with an optical isolator that should 
eliminate this original signal. Nevertheless, the original signal presence after the 2R-
converter could be explained by possible internal reflections in the optical isolator and in the 
SOA used to regenerate the signal. The regenerated and converted signal at 1551 nm (λ2) of 
Figure 3(d) presents an OSNR of 26.6 dB, i. e., the SOA used in the regenerator presented a 
noise figure of 11 dB. As the same case mentioned before, this noise figure higher than 
commons values (7 a 8 dB) could be justified by the presence of both the modulated input 
signal power (-2 dBm) and the CW signal power (-6 dBm) as well as higher bias current (300 
mA) which saturated the SOA gain, adding a lot of noise to the signal. Eye diagram is not 
illustrated in Figure 3(d) due to the high power level of the output signal (7 dBm). Indeed, 
the bit level “1” of the output signal eye diagram was in the upper part of the oscilloscope 
scale limit, not allowing the acquisition of points by the software Labview (using GPIB port).  
Despite this limitation, a reduction of the noise in bit levels “1” and “0” and an overshoot 
elimination were noted in the eye diagrams (quantified by Q-factor improvement from 4.8 
to 7.2). These results evince that the original signal still present at λ1 does not decrease the 
regenerative effects. 
The regenerated and converted signal at 1551 nm (λ2) after an optical narrow filter is 
illustrated in Figure 3(e). The optical filter allows an OSNR improvement to 63.2 dB. The eye 
diagram observed in this figure presents improvements already mentioned in the previous 
case. These improvements increase the Q-factor to 7.5. Through calculating the Q-factor 
variation from the modulated input signal, an improvement of 2.7 can be observed. 
For the cases presented in this section and in Figure 3, the results after the regenerator were 
not attenuated to guarantee the same power level of the modulated input signal. This was 
made to allow the observation of the 2R-converter performance as a whole, analyzing the re-
amplification and reshaping. 
The calculation of the OSNR was made following application notes published by the 
manufacturer of the optical spectrum analyzer used here. Therefore the optical spectrums 
presented in Figure 3 are just illustrations since the accurate OSNR calculations need an 
operation of the optical spectrum analyzer with higher resolution and smaller span. 
The optical spectrums and the OSNR were presented just for the deterioration case “SOA”. The 
optical spectrums for the others deterioration cases are similar, presenting differences in the 
optical power values. In relation to the OSNR calculation, the values obtained for the other 
deterioration cases are very close, with variations due to: the optical signal power used; bias 
current of the SOA; and the pump laser power used in the EDFA. A study of the ER 
degradation will be presented in following sections in order to analyse the signal degradation 
after the 2R-converter that was caused by the ASE noise addition of the SOA. This study will 
help to understand how the noise degenerate the signal for different cases, associating these 
results with the OSNR deterioration. In this manner, it will be possible to estimate the OSNR 
behavior for the different deterioration cases not presented in this section. 

5. Re-amplification 
The 2R-converter presented in this chapter provides re-amplification and bit reshape. Thus, 
the first improvement caused by this regenerator is the signal re-amplification that will be 
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present in this section. The deterioration case “SOA” is used to illustrate the optical gain 
originated by the 2R-converter. A wavelength conversion from 1550 nm (λ1) to 1551 nm (λ2) 
with a bit rate of 10.3 Gbps was used. The optical gain was calculated as the difference 
between the output signal power at λ2 and input modulated signal power at λ1. The results 
are presented in Figure 4. 
The optical gain versus CW signal power at λ2 is illustrated in Figure 4(a). A gain increase 
with the CW signal power can be noted. This happens because the output signal was kept at 
λ2. Thus, by increasing the CW signal power, the output signal power at λ2 increases too. 
Since the optical gain was calculated as a function of the modulated input signal power, 
which is fixed for each curve in Figure 4 (a), the optical gain increases linearly with the CW 
signal power. In Figure 4(b), an optical gain decreasing with the modulated signal power 
increasing is noted, presenting higher optical gain values for the modulated signal power 
around -7.5 dBm. This result is associated with the SOA gain saturation. Some Q-factor 
improvements (figured by ΔQ) are showed in Figure 4(a) and (b) just to illustrate the 
dependence of this parameter with the power relation, which will be commented in other 
section. Here, ΔQ is defined as the difference between the Q-factor of converter signal at λ2 
and Q-factor of the modulated input signal at λ1. 
 

  
(a) (b) 

Fig. 4. 2R-converter optical gain of the deteriorated case “SOA”: (a) optical gain versus CW 
signal power for different input modulated signal powers; (b) optical gain versus input 
modulated signal power for different CW signal power. 

The 2R-converter presented an optical gain varying from -3 to 12 dB. In most of the cases, 
the better values of Q-factor improvement occurred for higher optical gain values. In this 
manner, it is clear that the 2R-converter is capable to re-amplify the signal, presenting 
optical gain up to 12 dB, together with the bit reshape quantified by the Q-factor 
improvement. 
These results of optical gain presented here are proper of the SOA and can be associated to 
the input modulated signal power and CW signal power. In this way, if the same values of 
the input optical powers in Figure 4(a) and (b) is used for the others deterioration cases, the 
results should be similar to the ones presented here. 
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6. Eye diagrams 
The eye diagrams obtained from the oscilloscope clarify the improvements obtained by the 
2R-converter. In this section, some eye diagrams of the different deteriorated cases are 
presented to illustrate the improvements of the bit shape. An up-conversion (1550 to 1551 
nm) was employed to obtain the eye diagrams. This type of conversion causes higher ER 
deterioration, but in other way it also provides higher SOA gain saturation, which 
contributes to a better signal regeneration. Therefore, all the eye diagrams presented in this 
section as well as most of the results presented in this chapter were obtained from up-
conversion. In addition, it is valid to comment that the output eye diagrams are inverted in 
relation to input signal. 
Initially, input and output eye diagrams and the respective Q-factors for the bit rate of 10.3 
Gbps NRZ are illustrated in Figure 5, where the output signal was not attenuated to the 
same level of the input modulated signal power. Therefore the illustrated eye diagrams 
present two regeneration effects: re-amplification and reshaping. An arbitrary unit for the 
optical power was considered to allow the comparison between input and output eye 
diagrams in same proportion. 
Two deterioration cases are studied. The first case is “LINK+SOA”, which presented a 
medium quality input signal (Figure 5(a)) with Q-factor of 5.7, presenting intense pulse 
distortion due to the intrinsic dispersion caused by the 18-km standard buried fiber link 
(Ribeiro et al., 2009a). The dispersion effect could be noted by the triangular form of the 
pulse. In Figure 5(b), the regenerated output signal presents a higher eye opening, a 
reduction of the overshoots, and of the bit level (at both “1” and “0”) variance, facts 
quantified by the Q-factor increasing to Q=10. 
 

 
Fig. 5. Eye diagrams (NRZ, 10.3 Gbps): (a) case “LINK+SOA” input signal with Q=5.7; (b) 
output signal with Q=10; (c) case “SOA” input signal with Q=4.8; (d) output signal with 
Q=7.4 (adapted from Ribeiro et al., 2009a). 

The second deterioration case is “SOA” (Ribeiro et al., 2009a). In Figure 5(c), the eye diagram 
presents low quality (Q=4.8) due to the pattern dependence effect, overshoots, and the great 
amount of noise added to both bit levels by the SOA used as a booster. As the case 
mentioned before, an improvement in the eye opening can be observed as well as an 
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overshoot elimination is noted by the small variance of the bit level “0” of the regenerated 
signal. In addition, the bit levels “1” and “0” of the regenerated signal present lower width 
(reduction of the bit level variance) if be compared to the inverted bit level of the input 
signal. These improvements are quantified by the increasing of the Q-factor to 7.4. 
Eye diagrams for bit rate of 7 Gbps for the same cases mentioned before are presented in 
Figure 6. An important difference is that in Figure 6 the output signal is attenuated to 
guarantee the same level of modulated input signal power. In this manner, the unit of μW 
could be used. This study of output signal attenuated analyzes just the improvement 
provoked by the bit reshaping.  
 

 
Fig. 6. Eye diagrams (NRZ, 7 Gbps): (a) case “LINK+SOA” input signal with Q=5.8; (b) output 
signal with Q=8.1; (c) case “SOA” input signal with Q=4.6; (d) output signal with Q=7. 

Despite the output signal attenuation, the behavior is similar to the cases mentioned in 
Figure 5. In case “LINK+SOA”, the deterioration effects presented in the input signal of 
Figure 6(a) are the same presented in previous figure, as well as the improvements in the 
output signal (Figure 6(b)). These similarities are quantified by the Q-factors 5.8 and 8.1 for 
the input and output signal respectively. A decreasing of the Q-factor improvement can be 
noted by comparing to the previous case. This result is due to the attenuation of the output 
signal. Besides, this is another situation where the modulated and CW signals powers are 
different from the cases of Figure 5. The eye diagrams illustrations are used to observe the 
improvement caused by the 2R-converter, comparing the input and output signal in each 
case, and not to make comparisons between the different deterioration cases where different 
parameters are used. 
The deterioration case “SOA” is presented in Figure 6(c). The input signal presented a higher 
overshoot as well as deterioration caused by the pattern dependence effect and ASE noise 
added by the SOA used as a booster. The output signal presents overshoot elimination and 
lower variance of both bit levels. The improvements are quantified by the Q-factor 
increasing from 4.6 to 7. 
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The others deterioration cases like “LINK+EDFA” and “EDFA” are illustrated in Figure 7. 
These eye diagrams were obtained for a bit rate of 7 Gbps NRZ. Besides, the output signal 
was attenuated to guarantee the same level of the modulated input signal power. In the case 
“LINK+EDFA”, the input signal illustrated in Figure 7(a) presents a high amount of ASE 
noise added by the EDFA, and deterioration caused by the dispersion of the buried fiber 
link. The bit levels of “1” and “0” present a large width, i.e., high variance. In the output 
signal (Figure 7(b)) the increasing of the eye opening is noticeable. It is caused by the 
decrease of the noise present in bit levels “1” and “0”, visualized by the variance reduction 
of these levels. A higher noise reduction is noted to the bit level “0” of the regenerated 
signal. The Q-factor was increased from 4.5 to 6.2. 
 

 
Fig. 7. Eye diagrams (NRZ, 7 Gbps): (a) case “LINK+EDFA” input signal with Q=4.5; (b) 
output signal with Q= 6.2; (c) case “EDFA” input signal with Q=3.3; (d) output signal with 
Q=7.1. 

The deterioration case “EDFA” is illustrated in Figure 7(c). A great amount of ASE noise 
deteriorating the input signal with a low eye opening can be noted. This higher 
deterioration presented in the input signal is quantified by the low Q-factor of 3.3. In Figure 
7(d), the improvement caused by the 2R-conveter can be observed. Due to the SOA gain 
saturation, the noise is reduced in both bit levels “1” and “0”. In the last one bit level, a 
lower variance can be noted. With the ASE noise reduction, the eye opening increase as well 
as the Q-factor to 7.1. 
The last deterioration case illustrated involves all the degeneration effects: 
“SOA+LINK+EDFA”. For this last case, a bit rate of 7 Gbps NRZ as well as output signal 
attenuation are used (Ribeiro et al., 2009a). The Figure 8(a) illustrates the input signal which 
presents a higher overshoot caused by the SOA used as a booster. Besides, the input signal 
presents higher variance in both bit levels provoked by the ASE noise addition by the SOA 
and EDFA. The input signal also presents a bit enlargement caused by the intrinsic 
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dispersion of the buried fiber link. The output signal illustrated in Figure 8(b) presents a 
noise reduction in both bit levels. The overshoot was reduced as well as the fluctuations 
presented in the bit level “1”. Nevertheless, the output signal presents a lower difference 
between the bit levels “0” and ”1”, i. e., lower extinction ratio (ER). The improvement 
observed in Q-factor was from 5.3 to 8.6. 
 

 
Fig. 8. Eye diagrams (NRZ, 7 Gbps): (a) case “SOA+LINK+EDFA” input signal with Q=5.3; 
(b) output signal with Q= 8.6 (adapted from Ribeiro et al., 2009a). 

Due to the availability of equipments, the same bit rate could not be used for all the cases 
studied. In this manner, the use of modulation rate higher than 7 Gbps NRZ was used just 
for some measurements, but for most cases the characterization was limited to 7 Gbps. 
By comparing the eye diagram of the output signal with the input, a reduction of cross point 
level between “0” and “1” can usually be noted. This reduction is more pronounced for 
cases where the output signal is attenuated. The ER degeneration is the main reason for this 
cross point level reduction. Another reason is the SOA gain recovery time. The rising time of 
the bit level “1” is slower than the falling time, decreasing the cross-point level. 
The modulation RZ (Return to zero) was used in the 2R-converter characterization either. 
The Figure 9 presents the eye diagrams for R1 modulation that correspond to inverted RZ. A 
wavelength conversion from 1550 to 1551 nm was used without attenuation in the output 
signal. Figure 9(a) illustrates the input signal for the deterioration case “LINK+SOA”. The 
pulse presents a triangular shape due to the buried fiber link. A decreasing in the variance 
of the bit level “1” of the input signal can be noted in Figure 9(b). An estimation of the 
regenerative effects was done using the variance of both bits levels. An improvement of 51% 
was obtained for this deterioration case. 
The deterioration case “SOA” is illustrated in Figure 9(c), presenting pulse shape more 
rectangular and more ASE noise in the bit level “1”. The output signal (Figure 9(d)) presents 
narrower pulses due to the gain response time of the SOA. Besides, there is a reduction in 
the bit level “1” variance. As the previous case, an estimate was calculated to eye opening 
improvement being obtained 44%. 
These results proved that the 2R-converter is capable to regenerate RZ signals. Nevertheless, 
the results present in this chapter use just NRZ modulation since this modulation type is 
more complex. Furthermore the Q-factor used to quantify the regenerative effects is just 
provided by the oscilloscope for the NRZ modulation type. 
The overshoot elimination presented for the cases in which another SOA was used to 
amplify the modulated input signal is a good feature of the 2R-converter. In optical systems, 
the overshoot could be added to the signal from different forms, one of them is the use of 
the PISIC technique used to increase the speed of the electro-optical switching using SOAs 
(Gallep & Conforti, 2002) (Ribeiro et al., 2009b). 
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Fig. 9. Eye diagrams (R1, 7 Gbps): (a) case “LINK+SOA” input signal; (b) output signal; (c) 
case “SOA” input signal; (d) output signal. 

The overshoots presented in the deterioration case “SOA”, “LINK+SOA”, and 
“SOA+LINK+EDFA”are eliminated by the 2R-converter as could be observed in Figure 5, 6, 
and 8.  This elimination occurs due to the saturation effects of the SOA gain. The SOA does 
not maintain the gain level for those higher power values present in the overshoots. In this 
manner, the overshoot is not transferred to the CW signal by the wavelength conversion. 
Therefore, the 2R-converter is a possible solution to eliminate the overshoot of an optical 
signal. Despite the overshoot elimination, the signal after the regenerator will present ER 
decreasing, as it will be shown in future sections. Thus, the analysis if the overshoot 
elimination can compensates for the ER degeneration is necessary. 

7. Optical polarization 
The input light polarization dependence of the wavelength conversion is very important 
since polarization is an unpredictable factor in real optical systems and an automatic 
polarization controller can be expensive. The SOA used in the 2R-converter presents a 
polarization dependent saturated gain (PDG) of less than 1 dB. Studies of the input polarization 
angle influence in the 2R-converter performance were done to confirm this value. 
By adjusting de polarization controller, different polarization angles of the modulated input 
signal were obtained to analyse the Q-factor and gain variation. The Figure 10 presents eye 
diagrams of different polarization angles for the deterioration case “SOA”. The modulated 
input signal changes very little for each polarization angle. In this manner, the eye diagram 
presented as input is representing all the input eye diagrams. The eye diagrams following in 
the time scale illustrate the variations noted in the output signal for some input polarization 
angles. The regenerative effects are presented in all the output signal with overshoot 
elimination and the reduction of the bit levels “1” and ”0” variance.  
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Fig. 10. Eye diagrams for different polarization angles of the input signal for the deterioration 
case “SOA”. 

Observing the eye diagrams for different polarization angles of the input signal, 
regenerative and power variations could be noted. These variations can be better observed 
in Figure 11 (a) where the optical gain varying from 0.6 to 1.5 dB is observed. In addition, it 
was observed that for this deterioration case, the Q-factor improvement (ΔQ) varied from 
0.7 to 1.9.   
 

 
(a) (b) 

Fig. 11. Gain and Q-factor improvement variation as function of different input polarization 
angles for the deterioration case: (a) “SOA” and (b) “LINK+SOA” (adapted from Ribeiro et al., 
2009a). 

A study of the case “LINK+SOA” was done in a similar manner, obtaining the results 
presented in Figure 11(b). In this case, a gain variation of 0.9 dB and a Q-factor improvement 
variation of 0.9 were obtained. 
In general, the 2R-converter presented low dependence with the input signal polarization, 
fact proved by the results in Figure 11, with a gain variation of less than 1 dB. This behavior 
is explained by the use of a SOA with low PDG. Thus, the 2R-converter has this advantage 
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of low polarization dependence, with a practical effect in real systems where the fiber 
income signal polarization is not known or cannot be controlled. 

8. Input optical power: the modulated and the CW signals 
The power levels of the modulated (λ1) and CW (λ2) signals are important to achieve the 
SOA gain saturation used in the 2R-converter, necessary for regeneration and conversion by 
XGM effect. Moreover, the power levels of these input signals affect the power level of the 
output signal and the quality of the input signal. A study of the Q-factor improvement for 
different power level pairs of CW and modulated channels, for each different case of 
deterioration was done. For the cases presented in this section, up-conversions were 
performed from 1550 to 1551 nm at a rate of 7 Gbps, with attenuation of the output power to 
guarantee the same level in relation to the modulated input signal power.  
In the Figure 12(a) (case “SOA”) it is noted that there is a Q-factor improvement increasing 
while the CW signal power increases, with a maximum ΔQ value for a power value of the 
CW signal above from 2 to 3 dB, compared to the modulated signal input power. After this 
maximum, there is a decrease of ΔQ with the CW signal power increasing. In the case of the 
-9 dBm modulated signal power, there is a different behavior with two ΔQ value peaks, 
which occur for values of CW signal power equal to or greater than 1 dB in relation to the 
modulated signal power. However, the decrease after these peaks is maintained.  
The relation between power and Q-factor improvement can be understood considering the 
cases of -6.7 dBm and -7.6 dBm of modulated signal power. In these cases, for levels of CW 
signal power lower than the modulated input signal, the SOA does not reach the desired 
saturation to attain greater conversion efficiency and regenerative effects. Therefore, higher 
ΔQ values do not exist. However, for CW signal power values above from 2 to 3 dB, the 
ideal saturation is accomplished. Moreover, the power level of the output signal at λ2 
becomes more influenced by this CW signal power. From this value of CW power, the SOA 
gain saturation becomes very intense due to the higher power injected in this device, 
without efficiency in the XGM conversion, leading to a ΔQ decreasing. 
Another factor that influences the behavior of these curves is the input signal quality, which 
is dependent of the modulated signal power. For example, the curve of the -9 dBm 
modulated signal power has a different behavior and lower ΔQ values, because it has the 
highest Q-factor initial value, which is 6 while the other cases vary from 4.2 to 5. This curve 
has the highest Q-factor even with the lowest power level, because the signal has low 
amplification from the SOA used as a boster, adding less noise and overshoot. Thus, the ΔQ 
improvement is small because it has a large input Q value. A Q-factor improvement up to 
3.3 for a total input power (Pmod + PCW) of -9.3 dBm was observed. Besides that, it was 
obtained a Q-factor improvement for input power values from -15.8 dBm to -1.68 dBm. 
The case “LINK+SOA” is shown in the Figure 12(b), where is possible to observe a behavior 
like the case “SOA”, with maximums of ΔQ for the CW signal power above 1 to 2.5 dB 
compared to the modulated signal input power. The justification for this behavior is also 
associated with the SOA gain saturation. For this case, lower ΔQ values were obtained. 
However, it was observed a Q-factor improvement for values of total input power from -19 
dBm to -6 dBm. Since there is link attenuation, the power values of the modulated signal 
could be extended to small power values (-12.2 dBm).  



Wavelength Conversion and 2R-Regeneration in Simple Schemes  
with Semiconductor Optical Amplifiers  

 

411 

  
(a) (b) 

Fig. 12. Q-factor improvement versus input optical power (modulated and CW) for the 
deterioration cases: (a) “SOA” and (b) “LINK+SOA”. 

The Figure 13(a) (case “EDFA”) shows the Q-factor improvement as a function of CW signal 
power for three cases of modulated signal input power. It reveals a similar behavior, but 
with less ΔQ variation, since the scale is represented from 3.2 to 4.8 units. Moreover, there 
are more oscillations between ΔQ minimums and maximums. This behavior may be partly 
explained by the utilized scale, since these variations between minimums and maximums 
are actually just from 0.2 to 0.4 units. Another reason may be inaccuracies when the Q-factor 
values were obtained directly from the oscilloscope.  
 

  
(a) (b) 

Fig. 13. Q-factor improvement versus input optical power (modulated and CW) for the 
deterioration cases:  (a) “EDFA” and (b) “LINK+EDFA”. 

The ΔQ maximums occurred for values of the CW signal power from 0.8 to 3.6 dB below the 
values of the modulated signal input power. This occurs since the power levels of the 
modulated signal already have high values; therefore the CW signal powers cannot assume 
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values higher than the power levels of the modulated signal, otherwise more SOA gain 
saturation will occur with consequent ΔQ reduction. For this case, it was attained a Q-factor 
improvements for total input power values from -5.8 dBm to 2 dBm, with a ΔQ maximum of 
4.8. 
The deterioration case “LINK+EDFA” is illustrated in the Figure 13(b), showing power values 
of the modulated input signal lower than the previous case, owing to attenuation caused by 
the buried fiber link. These curves also present oscillations as a result of inaccuracies. 
However, disregarding the minimum ΔQ values, the behavior is similar to that observed 
previously. The ΔQ maximums have different behavior for the two power values of the 
modulated input signal. For the case of -3.5 dBm, the ΔQ maximum occurs for the CW 
power level of -4.5 dBm. Nevertheless, for the case of the modulated signal input power of -
8 dBm, the ΔQ maximum occurs for power values of the CW signal of -6 dBm. These results 
are also related to the SOA gain saturation. It was achieved a Q-factor improvements for 
values of total input power from -15.6 dBm to -1.1 dBm, with ΔQ maximum of 2.3. 
The last deterioration case ("SOA+LINK+EDFA") is presented in the Figure 14. It is possible to 
note a behavior similar to the others, presenting a ΔQ increasing with the CW signal power 
up to a maximum, and then a decrease for the higher values of CW signal power. The ΔQ 
maximums occur for power values of the CW signal below from 0.5 to 1.5 dB compared to 
the modulated input signal. It was obtained Q-factor improvements for values of total input 
power from -12 dBm to 1.76 dBm, with ΔQ maximum of 4. 
 

 
Fig. 14. Q-factor improvement versus input optical power (modulated and CW) for the 
deterioration case “SOA+LINK+EDFA”. 

From the results presented in the previous figures, it is possible to observe that there is an 
optimum relation between the powers of the modulated input signal and the CW signal. 
This relation is associated to the SOA saturation levels, varying for each deterioration case. 
In addition, it is possible to note that the higher values of Q-factor improvements occur for 
the case “EDFA”, where the power levels of the modulated signal are the highest with the 
lowest Q-factor values for the modulated input signal, because the EDFA provides large 
amplification. As a result, small values of initial Q-factor allow more possibility for 
improvement. In the cases where another SOA is used to amplify the signal, causing 
overshoot, high ΔQ values were also obtained. As seen in the eye diagrams presented in the 
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Section 6, the 2R-converter eliminates overshoot, consequently providing more 
improvements in the Q-factor. 
Analyzing the use of the 2R-converter in real systems, one can see from the figures above 
that it can regenerates degraded signals even with low input powers (<-12 dBm). 
Conclusively it is not necessary to use other amplifiers or SOAs to amplify the signal before 
the regenerator. It is important to comment that the SOA used as a booster and the EDFA 
were just used in this setup just to degrade the input signal. 

9. Wavelength detuning 
The wavelength detuning between the modulated input (λ1) and CW (λ2) signals is another 
factor which influences the XGM conversion. It is calculated as Δλ = λ1 – λ2. The wavelength 
detuning also influences the regenerative effects, because the regeneration is associated to 
the conversion efficiency. The results shown so far were obtained for Δλ = 1 nm, from 1550 
nm to 1551 nm. In this section, Δλ is varied and the Q-factor improvement is observed. For 
the results presented here, the output signal of the regenerator was attenuated to guarantee 
the same power level of the modulated input signal. 
In order to analyze the detuning influence in the Q-factor improvement, the CW signal at λ2 
was kept fixed at 1551 nm due to the narrow-band filter used before the oscilloscope input. 
If the wavelength of this signal had been modified, it would be necessary adjustments of the 
filter for each case. Thus, the wavelength of the modulated input signal (λ1) was varied to 
obtain different detuning. 
The results for the deterioration cases "SOA" and “LINK+SOA” are illustrated in the Figure 15 
(a) for a 10.3 Gbps NRZ. For these cases, the power values of the CW and modulated input 
channels were kept fixed. Only the modulated signal wavelength (λ1) was varied. As seen in 
the Figure 3(c), a band-pass filter was used after the SOA used as a booster. As a 
consequence, the wavelength variation of the modulated input signal is limited by the filter 
bandwidth, which is about 4 nm. Hence the detuning varies just from -3 to 1 nm in the 
curves of the Figure 15(a). 
Analyzing the case “SOA”, it is seen a ΔQ decreasing while the detuning increases, with 
high ΔQ values for the up-conversions. As stated before, although this case presents more 
extinction rate degradation, it causes more SOA gain saturation and can generate more 
regenerative effects. The ΔQ values ranged from 1.6 to 2.4. Furthermore, there was a Q-
factor improvement for conversions to the same wavelength, which is an interesting fact 
because the device presented here also can be used in a system where is necessary the signal 
regeneration without wavelength conversion. 
The case “LINK+SOA” shows a behavior like the previous, but with higher ΔQ values (2.5 to 
4.2). The behavior of this case has a minimum for a 0 (zero) detuning (conversion to the 
same wavelength) with ΔQ increasing again for positive detuning. It is not possible to show 
higher positive detuning values because of the band limiting of the filter, but due to the 
curves behavior, it is expected that ΔQ also increases with the positive detuning increasing. 
By the behavior of these two cases, it is expected that for higher absolute values of detuning, 
the Q-factor improvements still have good results but there will be limitations for very large 
detuning values. 
The Figure 15(b) presents the variation of the Q-factor improvement as a function of the 
wavelength detuning for the deterioration cases “EDFA”, “LINK+EDFA” and 
“SOA+LINK+EDFA” for a 7 Gbps NRZ . The case “EDFA” has a behavior similar to that in 
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the Figure 15(a) for the same detuning range from -3 to 1 nm, with a ΔQ decreasing while 
the detuning increases, and with a minimum for the conversion to the same wavelength, 
besides better results for up-conversion. However, without the band-pass filter cited 
previously, it was possible to extend the detuning values from -15 to +15 nm, observing that 
for high absolute values of detuning there is a ΔQ decrease. Considerable values for 
detuning of -15 nm (2.8) and +15 nm (3.3) were attained even though with the ΔQ reduction. 
This deterioration case shows the highest ΔQ values, varying from 2.8 to 4.8. 
The case “LINK+EDFA” has a slight different behavior, with higher ΔQ values for down-
conversions. There is an almost continuous ΔQ increasing with the wavelength detuning 
increasing, and the decrease occurs only for very high detuning values. In the curve of the 
case “LINK+EDFA” is also seen lower ΔQ values, varying from 0.3 to 2.9. For the extreme 
cases, a Q-factor improvement was attained from 0.9 to -5 nm, and from 1.1 to +10 nm. 
The case “SOA+LINK+EDFA”involves all the deterioration effects discussed and it is also 
showed in the Figure 15(b). The detuning values were limited by the band-pass filter. The 
behavior of this case is similar to the case “LINK+EDFA“, with ΔQ values ranging from 2.1 
to 3.5.  
 

 
(a) (b) 

Fig. 15. Q-factor improvement versus detuning for the deterioration cases: (a) “SOA” and 
“LINK+SOA”; (b) “EDFA”, “LINK+EDFA” and “SOA+LINK+EDFA”. 

In a broader context, it is possible to observe that 2R-converter can keep the regenerative 
effects even for large detuning, assuming different behaviors in accordance with the 
deterioration case and showing better performance for up-conversion in some cases and for 
down-conversion in others. Good ΔQ values were attained for conversions to the same 
wavelength, ranging from 1.6 to 4.2. Additionally, in the cases where a band-pass filter does 
not limit the detuning, there were good regenerative effects for up-conversion or down-
conversion for detuning up to 15 nm. 

10. Bit rate 
High bit rates are interesting for any practical optical communication system. Therefore, it is 
necessary to study the response of the 2R-converter presented in this chapter at distinct bit 
rates. For this study, the modulated input signal and the CW signal wavelengths were kept 
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fixed at 1550 and 1551 nm, respectively. Furthermore, the powers of these signals were also 
kept fixed and the regenerator output signal was not attenuated to the same power level of 
the modulated input signal. Hence, the signal re-amplification and re-shaping are 
considered in the results of this section. 
Studies were conducted for the cases "SOA" and "LINK+SOA", with values ranging from 
0.622 to 13.5 Gbps (Ribeiro et al., 2009a). The Figure 16(a) shows the Q-factor improvement 
as a function of the bit rate for the case "LINK+SOA". It is possible to observe that ΔQ 
increases almost linearly with a bit rate around 5 Gbps. The best ΔQ values (> 4 units) were 
obtained from 5 to 10.7 Gbps, showing a slight decreasing while the rate increasing. For 
values upper than 10.7 Gbps occur an abrupt ΔQ decreasing until the minimum value 1 at 
13.5 Gbps.  
The analysis of the deterioration case "SOA" is illustrated in the Figure 16(b) with a similar 
behavior. The main differences are the extension of linear ΔQ increasing up to 7 Gbps and 
the lower ΔQ values, with a maximum of 2.5 units. Lower ΔQ values occur due to the low 
overshoots from the modulated input signal used in this analysis, which reduce the ΔQ 
improvement provided by the regenerator. 
The behavior of those curves can be explained by the operation of the 2R-converter. As seen 
before, the regenerator acts like a "low-pass filter". Hence, "high-frequency components", 
like the overshoot that arises in some cases, are filtered after the regenerator. The speed of 
the variance presented in each bit level varied with the modulation bit rate. Thus, for low 
frequencies (up to 5 Gbps) the speed of the variance is lower, and by the low-pass behavior 
of the regenerator variance is not very reduced, showing lower ΔQ values. With the bit rate 
increasing, the speed of the variance is higher, what increases the variance reducing, thereby 
increasing ΔQ. 
 

 
(a) (b) 

Fig. 16. Q-factor improvement versus bit rates for the deterioration cases: (a) “LINK+SOA” 
(adapted from Ribeiro et al., 2009a) and (b) “SOA”. 

In the range from 5 to 10.7 Gbps, ΔQ has a little variation because speed of the variance at 
these rates is similar. But there is a small ΔQ decreases in this range, influenced by another 
effect, which becomes relevant for rates upper than 10.7 Gbps, the pattern-dependence. At 
higher rates, the recovery time of the SOA gain is not enough to keep the bit pattern and 
distortion could occur in cases where there are large sequences of bits "1", for example. This 
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pattern-dependence is stronger in the NRZ modulation case at higher rates. Thus, at rates 
upper than 10.7 Gbps, the pattern-dependence has more influence in the Q-factor 
improvement than the low-pass filter behavior, resulting in a reduction of the Q-factor 
improvement. The SOA gain recovery time is associated with the carrier lifetime in the SOA 
active region, which allows assign those bit rate limitations to the utilized SOA. To conclude 
if the limitation is either due to the SOA or it is from the setup of the 2R-converter used, it 
would be necessary another SOA with faster response. The discussion above is related only 
to the regenerator performance, which decays at rates upper than 10.7 Gbps. Despite this 
decrease in the Q-factor improvement, there are positive ΔQ for higher rates, confirming 
that the 2R-converter regenerates even at rates above 10.7 Gbps. 

11. Conversion efficiency 
The device presented in this chapter reshapes the optical pulses simultaneously with the 
wavelength conversion. So, it is necessary an analysis about the conversion efficiency, which 
was done using the regenerator in a different setup from that one showed in the Figure 1. 
The results presented until this section were obtained using 13.5 Gbps as the maximum bit 
rate. Then, in order to analyze the wavelength conversion efficiency, the modulation rate 
was augmented with a sinusoidal signals generator up to 20 GHz (Ribeiro et al., 2009a), with 
corresponds to the bandwidth of a 40 Gbps NRZ signal. 
Since the purpose of this section is the analysis of the wavelength conversion efficiency 
based on the XGM effect in a counter-propagating mode, the methods to degrade the input 
signal were not used in these measures. In order to study the conversion efficiency it is 
necessary to analyze the modulation index. To analyze the modulation frequency 
components, both the input and the output regenerator signals were converted to the 
electric field by a photodetector and observed in an electrical spectrum analyzer. As a result 
of the sinusoidal modulation, the spectrum shows only one peak in the modulation 
frequency. Thus, the conversion efficiency is determined as the difference between the 
values of this peak before and after the regenerator. 
The results were obtained for two situations. In the first one, the modulated input signal and 
the CW signal were kept fixed at 1550 and 1551 nm, respectively. Moreover, the CW carrier 
power was maintained at -16 dBm and the modulated signal input power was varied to 
values of -16, -12.3, and -8.5 dBm. The efficiency conversion results for this case are 
illustrated in the Figure 17(a), where is seen conversion efficiency values up to 25 dB for a     
-16 dBm modulated signal input power. In addition, there is a conversion efficiency increase 
from 4 to 7 dB for values of the modulation frequency up to 4.5 GHz, and decreasing 
beyond this value. Still, there is positive conversion efficiency for power values lower than   
-12.3 dBm, even at 20 GHz. The best conversion efficiency results were obtained for the 
lowest modulated signal powers, and they are associated with the SOA gain saturation, 
which is more intense for higher values of modulated signal power. 
In the second situation, the modulated signal input power and the CW signal power were 
kept fixed in -9.5 dBm and -9 dBm, respectively. However, the modulated signal wavelength 
was varied while the CW signal was fixed at 1551 nm. The results of the conversion 
efficiency as a function of the modulation frequency are presented for distinct detuning 
values (already defined above as Δλ = λ1 – λ2) in Figure 17(b). As the previous case, the 
efficiency increases up to 4.5 GHz, decreasing after this value. Nevertheless, positive 
conversion efficiency values occur for the most of detuning cases, except for the -10 nm 
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detuning. According to the results, there is higher conversion efficiency for down-
conversion, exhibiting very similar behavior between the +10 and +5 nm detuning cases, 
with an efficiency peak of 15 dB. The conversion efficiency for the detuning values of -1, 0 
and +1 have similar behavior at conversion efficiency ranging from 13 dB (4 GHz) to 5.5 dB 
(20 GHz) (not shown here). 
The good results attained for the conversion efficiency of the 2R-converter show that this 
device can be used both as a regenerator and a wavelength converter. Furthermore, in some 
cases, good conversion efficiency up to 20 GHz shows that this device will perform well as a 
wavelength converter even at high frequencies of modulation. 
The behavior observed in Figure 17(a) and (b) may help to elucidate the results of the 
previous section. Clearly, the results of these figures indicate that the device has good 
results in wavelength conversion, and they are not related to regenerative features. Besides, 
the Figure 17(a) and (b) cases are quite different from the Figure 16(a) and (b). In the first 
case, it is a sinusoidal signal and input signal without deterioration. In the second, the signal 
is a PRBS pulse stream and the input signal is deteriorated. Despite the differences, there are 
common points in the results: an increase in the Q-factor improvement up to 5 Gbps and an 
increase in the conversion efficiency up to 4.5 GHz, followed by a decrease of these 
parameters. Thus, the behavior of ΔQ with the bit rate can be said as dependent of the 
conversion efficiency, which complements the previous explanations about the regenerator 
behavior like a "low-pass filter", and the pattern-dependence effects. Despite this similarity, 
there is still some doubt whether the regenerator performance is limited by the SOA rate or 
the setup used, because from this section results it is just possible to know that as a 
converter, the device can gets good values of conversion efficiency up to 20 GHz sinusoidal 
modulation, but nothing might be concluded from the regenerative features. 
 

  
(a) (b) 

Fig. 17. Conversion efficiency versus frequency: (a) for fixed detuning and CW carrier 
power, varying the modulated signal optical power; (b) for fixed total input power, varying 
detuning (adapted from Ribeiro et al., 2009a). 

12. Bit error rate 
As observed in eye diagrams presented before, the bit reshape is visible and quantified by 
the Q-factor improvement. These results were analyzed only on the oscilloscope, without 
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considering the real improvement that these results could cause in communications systems. 
In this way, it is interesting to study if the 2R-converter can reduce the error of the receptor 
when it decides what kind of bit is arriving. The probability of incorrect identification of a 
bit by the decision circuit of the receiver is the BER definition.  
The BER results showed in this work are just an estimation, because they were obtained 
from measured eye diagrams using equations, in which some approximations were 
assumed. The equations consider just the thermal noise, well described by Gaussian 
statistics with zero mean and the shot noise, with a ordinary approximation, treating it as a 
Gaussian random variable for both p-i-n and APD receivers, but with different variances. 
The sum of two Gaussian random variables (the two noise types considered) is also a 
Gaussian random variable. As a consequence the BER is given by (Agrawal, 2002): 

 1 0

1 0

1
4 2 2

D DI I I IBER erfc erfc
σ σ

⎡ ⎤⎛ ⎞⎛ ⎞− −= +⎢ ⎥⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 (2) 

where I1 and I0 are the current level of the level ‘1’ and ‘0’, respectively; σ1 and σ0 are 
standard deviation of the level ‘1’ and ‘0’, respectively; ID is the decision threshold; and erfc 
stands for the complementary error function. Other approximation is ln (σ1/σ0)=0.  
The BER with optimum setting of the decision threshold is obtained by using (1) and (2) and 
depends only on the Q-factor as (Agrawal, 2002): 

 
( )2exp / 21

2 2 2
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Q π
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⎝ ⎠

 (3) 

Given that the Q-factor can be obtained directly from eye diagrams visualized at the 
oscilloscope, it is possible to use (3) and obtain the BER estimation. As the BER values 
presented are just estimatives, lower values were obtained. Therefore, the graphics we 
presented illustrates only results that could be obtained in experiments (up to 10-13). Besides, 
the BER floor similar to one obtained in experiments is difficult to observe due to the lower 
BER values attained. 
The analysis of the receptor bit error rate for different received signal power is necessary to 
study the BER estimation. In this way, the input BER estimation (before the 2R-converter) 
was calculated from the Q-factors attanied for different modulated input signal powers 
(λ1=1550 nm) for each deterioration cases. After the input BER estimation, the CW signal 
power (λ1=1551 nm) was optimized to obtain better values of output signal Q-factor, and 
consequently, better BER estimations. The output signal was attenuated to guarantee the 
same power level of the modulated input signal power, in order to compare the input and 
output BER estimations. The measurements were done at 7 Gbps NRZ. 
The obtained results are illustrated in Figure 18, presented as –Log(BER) versus the 
modulated signal input power that was the same level after the regenerator due to the use of 
an attenuator, and so was represented in the figures just as power. By the results of Figure 
18, the absence of low values and large variation of the modulated signal power can be 
observed. This fact is due to the insufficient receiver sensitivity of the used oscilloscope.  In 
addition, the curves presented in Figure 18 are fitting by polynomials to better represent the 
bevahior of the attained points. 
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Fig. 18. BER estimation for different deterioration cases: (a) “SOA”; (b) “LINK+SOA”; (c) 
“EDFA”; (d) “LINK+EDFA”, and (e) “SOA+LINK+EDFA”. 

The case “SOA“ is illustrated in Figure 18(a). In this figure, it is observed an improvement of 
1 dB in the power needed at the receiver in order to present the same BER, and BER values 
of 10-10. The case “LINK+SOA“ is shown in Figure 18(b). For this case, low BER values were 
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obtained due to the high Q-factor values and an improvement of 2 dB was obtained in the 
power level. Therefore, it could be note a trend that for higher power values, this 
improvement can be higher.  
For the Figure 18(c) (case “EDFA“), it can be observed higher modulated signal power and a 
stranger behavior for the input BER estimation. The BER output corresponds to the expected 
BER estimation behavior, presenting BER values that starts in 10-8  due to the high Q-factor 
values obtained. An improvement of 4 dB in the power needed to have the same BER was 
obtained. 
The performance of the case “LINK+EDFA“ in Figure 18(d) is similar to the other cases with 
improvement of 2.5 dB. The last case in Figure 18(e) involves the various deterioration types 
(“SOA+LINK+EDFA“). It can be observed an improvement of 1.5 dB in the power. 
The BER estimation values presented here could be modified, depending on the modulated 
input signal deterioration. In this manner, the objective of this BER estimation is to compare 
the input and output BER results for each deterioration case, observing the improvement 
that the 2R-converter could provoked in optical systems, without comparison between 
different deterioration cases. As mentioned before, the BER values presented here are just an 
estimation calculated from Q-factor attained from measured eye diagrams, which justified 
the lower BER values. Excepting these lower BER values, the curves behavior (disregarding 
the BER input of the case “EDFA“) and the improvement in power level to have the same 
BER value are feasible. Nevertheless, the study of extinction ratio (ER) is necessary since the 
BER analysis were obtained just from Q-factors. By considering a real system and measuring 
the BER experimentally, the ER migth be responsible for a BER results different from the 
presented ones in this section. 

13. Extinction ratio 
In the previous sections, the improvement of the bit format, of the Q-factor, and 
consequently of the BER estimation caused by the 2R-converter was demonstrated. 
However, this regenerator is based on the XGM effect and so it presents ER deterioration. 
This figure of merit is defined as the relation between the power levels of the bits “1“ and 
“0“. In this way, lower ER means that power levels of the bit “1“ and “0“ are near, being 
more difficult for the receptor make a decision about which bit was received. Besides, the ER 
is related to optical signal to noise ratio. 
In Figure 19, the study of ER deteriorations after the regenerator for the all cases of 
deterioration present in this chapter are reported. This study was optimized just for the ER, 
others parameters were fixed, and the input ER was varied through the deviation of the 
modulator voltage. The ER input and output were obtained directly from the oscilloscope 
for the deterioration cases studied in this chapter. An up-conversion from 1550nm to 1551 nm 
was done to study the ER deterioration. As mentioned before, despite this type of 
wavelength conversion presents higher ER degeneration, it also presented higher SOA gain 
saturation, enabling higher regenerative effects. 
The curves in Figure 19 were obtained by polynomial adjustment. It could be noted that 
there is an increase of the ER degeneration (input ER – output ER) with an input ER increase 
in all the deterioration cases. The case “LINK+EDFA“ presents the better perfomance with 
lower ER degeneration values, and in some cases with ER improvement. Nevertheless, these 
ER improvements should be associated with small inaccuracies of the values obtained from 
the oscilloscope.  
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As mentioned before, these ER degeneration results are higher because up-conversion was 
used. If down-conversion were used, lower ER degeneration values would be attained. The 
worst ER degeneration value obtanied was 5.35 dB for the deterioration case “LINK+SOA“ 
and an input ER of 10.7 dB. 
Despite this deterioration, it is necessary to compare the ER degradation with the Q-factor 
improvement to validate the obtained results for BER estimation. Thus, if the Q-factor 
improvements (ΔQ), converted to dB, present higher values than the ER degeneration, the 
obtained values of output BER will be higher than input BER values, proving the 
regenerative capacity of the 2R-converter. 
 

 
Fig. 19. Output ER as function of the input ER for different cases of input signal 
deterioration. 

The Figure 20 shows the comparison between the Q-factor improvement (ΔQ) and the ER 
degeneration for different deterioration cases, considering different values of the output signal 
power, which were attenuated to guarantee the same values of the modulated input signal 
power. For the case “SOA“ showed in Figure 20(a), it could be noted that the Q-factor 
improvement (ΔQ) is lower than ER degeneration for all the power values, differently of the 
case “LINK+SOA“ (Figure 20(b)) in which, for the power values higher than -10.8 dBm, the 
Q-factor improvement (ΔQ) is higher than ER degeneration. 
In Figure 20(c), the case “EDFA“ is illustrated. In this figure, the Q-factor improvement 
surpass the ER degeneration for all power values as well as the case “LINK+EDFA“(Figure 
20(d)). The difference between these cases is the higher Q-factor improvement for the first 
case. Moreover, some ER degeneration positive values were observed for the case “EDFA“. 
Nevertheless, these results are affected by inaccuracies in the values obtained from the 
oscilloscope.  
In Figure 20(e), the case “SOA+LINK+EDFA“ is reported. This case presented a similar 
behavior with Figure 20(b), presenting power values where Q-factor improvement surpass 
ER deterioration and other values where this result does not occur. For the range of -7 to -4 
dBm, the ΔQ values are higher then ER degeneration as well as the range of -2.7 to -1.2 dBm. 
For power value between these ranges, the ER degeneration surpass ΔQ. 
These obtanied results are relative to the used parameters. Note that for different modulated 
input signal power values, or even for different deterioration levels (input Q-factor) for the 
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deterioration cases presented, the curves behavior could be different. One example is the 
case “SOA“, for other deterioration level, the improvement Q-factor can surpass the ER 
degeneration.  
 

 
Fig. 20. Q-factor improvement versus ER degradation for different deterioration cases:  
(a) “SOA”; (b) “LINK+SOA”; (c) “EDFA”; (d) “LINK+EDFA”, and (e) “SOA+LINK+EDFA”. 
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In this manner, observing these comparison between Q-factor improvement and ER 
degeneration, it is possible to prove that, in the most of the cases, the output BER (despite 
the decrease of the BER values due to ER degeneration not considered) will be higher than 
input BER, confirming the regenerative effects presented by the 2R-converter. 

14. Integration possibility 
A great advantage to use setups based on SOA is the integration capacity of this amplifier 
due to its small dimensions. There are many devices that use SOA integrated to other optical 
components as for example: wavelength conversion based on SOA-MZI (Kehayas et al., 
2006), regenerator and wavelength converter using SOA integrated to distributed-feedback 
laser (Stephens et al., 1999), optical clock recovery with SOA integrated to mode-locking 
laser (Koch et al., 2007), and others. 
The 2R-converter is very simple, using just one non-linear SOA, an optical circulator, an 
optical isolator and a CW laser. The integration between SOA and laser is already used as 
the examples mentioned before. Integrated optical circulators that use nonreciprocal phase 
shifters already exist a long time ago (Okamura et al., 1984). In addition, there is waveguide 
polarization-independent optical circulator using MZI (Sugimoto et al., 1999) or MMI with 
Faraday rotator (Zaman et al., 2006). Optical isolator also been obtained using nonreciprocal 
coupled waveguides (Bahlmann et al., 1999), based on efficient nonreciprocal radiation 
mode conversion (Shintaku, 1998) or other ways. Besides, if the narrow filter used to reduce 
the ASE noise before the oscilloscope input is considered essential to the 2R-converter, there 
are optical filters based on ring resonators (Rabus et al., 2002), on MZI with two ring 
resonators (Rasras et al., 2007), and on photonic crystals (Zhang et al., 2007). In this section, 
just some techniques used to obtain the integration of the optical components mentioned are 
present, existing others technique not reported in this chapter. 
The results mentioned about SOA, laser, optical circulator, isolator, and filter do not 
considered the simultaneously integration of these several components. In this manner, it is 
necessary the study of techniques to obtain the integration of these different optical 
component like the experimental setup in Figure 1 to prove the 2R-converter integration 
possibility. Thus, optical components integration area should be asserted higher integration 
possibility to the 2R-converter. 

15. Conclusion 
The 2R-converter presented in this chapter demonstrated good performance for 
regeneration and wavelength conversion of signals deteriorated by different effects. 
Considering these different deterioration cases, the 2R-converter presented improvement in 
the degenerated signal as: signal amplification with an optical gain of 12 dB, reduction of the 
ASE noise presented in bit levels “1” and “0” with variance decreasing, overshoot 
elimination and reduction of the intrinsic dispersion degenerative effects. These results were 
quantified by the Q-factor improvement (ΔQ) presenting values up to 4.5. 
Furthemore, an existence of an optimum relation between the power of modulated input 
signal and the CW signal that maximize the regenerative effects was observed. This relation 
is associated to the SOA gain saturation level. Regeneration for lower input power (<-12 
dBm) was observed too. Additionally, the 2R-converter demonstrated to be practically 
independent of the polarization angle of modulated input signal with gain variation of just 
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0.9 dB. Regeneration was obtained for up-conversion, down-conversion and conversion to 
the same wavelength, with good results even for large detuning (15 nm). 
The 2R-converter presented good conversion efficiency values for rate of 20 GHz sinusoidal. 
In relation to the regenerative effects, the device presented good results up to 13.5 Gbps 
NRZ with better perfomance from 5 to10.7 Gbps. The use of another SOA with lower gain 
recovery time is a possiblity to future works to determine if the bit rate limitation is caused 
by the used SOA or by the experimental setup configuration. 
 The BER estimations from measured eye diagrams were presented, confirming the good 
2R-converter performance. Good results were obtained for different cases of input signal 
deterioration with improvement in the receiver sensitivity up to 4 dB. Moreover, for most 
cases, the improvement caused by the 2R-converter surpass the ER degeneration, which is 
presented in all wavelength conversion based on XGM effect. 
In this way, the 2R-converter showed good regenerative capacity for different deterioration 
types. Due to the use of a SOA, this setup can be integrated, decreasing the cost and volume. 
Another important features of the 2R-converter are: simplicity; robust operation; high-speed 
reconfiguration, limited just by the CW laser tuning (since the narrow filter in the 
oscilloscope input is not considered). In this manner, wavelength conversion and 2R-
regeneration in a simple scheme with SOA was presented and characterized. 
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1. Introduction 
The always increasing amount of internet traffic in optical networks led to the need of using 
efficient modulation formats. Conventional on-off-keyed (OOK) signals have been 
extensively employed in optical communication systems. However, OOK modulation is 
inadequate for transmission of 40 Gbit/s per channel, or higher, bit rates (Winzer & 
Essiambre, 2006) mainly because of its reduced robustness to fiber nonlinearity, chromatic 
dispersion and optical filtering at such bit rates. In order to overcome such impairments, 
several advanced modulation formats received particular attention in the last few years. 
Some of these modulation formats still carry the information in the amplitude of the signal. 
However, they also modulate the phase of the signal to increase its robustness to 
transmission impairments. Some examples of such modulation formats are duobinary and 
alternate mark inversion. 
The most promising modulation formats for future optical networks make use of the phase 
of the signals to carry information. Among such formats, differential phase-shift-keying 
(DPSK) and differential quadrature phase-shift-keying (DQPSK) are the ones more often 
referred. These modulation formats led already to several landmark experimental results 
confirming their potential (Ho, 2005), (Winzer et al., 2008). The main advantages of DPSK 
are approximately 3 dB improvement on optical signal-to-noise ratio (OSNR) when 
compared with conventional OOK, and improved dispersion and polarization mode 
dispersion tolerance (Xu et al., 2004). DQPSK shows also improved spectral efficiency 
(Morita & Yoshikane, 2005). 
The evaluation of DQPSK system performance is usually performed using Monte-Carlo 
(MC) simulation or Karhunen-Loève series expansion (Bosco & Poggiolini, 2006). The 
complexity of evaluating the performance of DQPSK system where noise added by optical 
amplifiers is the main noise source is the main reason for using these performance 
evaluation methods. However, while MC simulation has the time consumption 
disadvantage, Karhunen-Loève series expansion derivation is usually of complex nature 
when rigorous DQPSK system performance evaluation is the goal. Furthermore, these 
methods provide reduced insight on the effects impairing the transmission system 
performance unless extensive analysis of different sets of parameters is performed. 
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Transmission system optimization using such methods is also much time consuming.  Thus, 
much faster, but still accurate, methods for performance evaluation are highly desirable. 
With this objective, the Gaussian approximation (GA) for the probability density function 
(PDF) of current at the decision circuit input was investigated. This approximation has been 
extensively used in OOK modulated system performance evaluation, leading to quite good 
accuracy (Rebola & Cartaxo, 2001). However, its use leads to high discrepancies in DQPSK 
system performance evaluation (Bosco & Poggiolini, 2006). In order to overcome such 
limitation, the GA for the phase difference between consecutive symbols was proposed for 
DPSK system (Xu et al., 2004). This approximation was generalized in (Nelson & Cartaxo, 
2007) in order to take into account the influence of the electrical filter of RX on the phase 
difference between consecutive symbols, leading to the proposal of an “equivalent” 
differential phase (EDP). Quite good accuracy on the performance evaluation of DPSK 
system was achieved in (Nelson & Cartaxo, 2007). 
In this chapter, the use of the GA for the EDP of DQPSK system is analysed. The chapter is 
organized as follows. In section 2, the DQPSK transmitter (TX) and receiver (RX) structures 
are analyzed. In section 3, the PDF of the EDP is analysed. In section 4, the mean and 
standard deviation (STD) of the EDP are derived as a function of the received signal and 
power spectral density (PSD) of optical noise at RX input and are compared with the ones 
obtained from MC simulation. In section 5, a semi-analytical simulation method (SASM) for 
DQPSK system performance evaluation based on the GA for the EDP is proposed. In section 
6, the DQPSK system performance estimates obtained with MC simulation are compared 
with those obtained by the SASM, with the objective of validating the SASM. In section 7, 
the main conclusions and future research work are outlined. 

2. DQPSK transmitter and receiver structures 
The DQPSK TX and RX are presented in this section. Firstly, the TX structure and operation 
are briefly discussed. Then, the RX structure and operation are described. Finally, the 
mathematical description of the RX operation is presented. 
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Fig. 1. Scheme of the DQPSK transmitter and receiver. 

2.1 DQPSK transmitter 
Fig. 1 shows the scheme of the DQPSK TX and RX (Ho, 2005). The input data is firstly 
precoded at the TX. The logic operations of the DQPSK precoder presented in (Ho, 2005) are 
considered in this chapter. The precoder eliminates error propagating at RX (Ho, 2005). 
Furthermore, the precoder allows also direct mapping of the bit sequence of each DQPSK 
component from the input to the output (Bosco & Poggiolini, 2006). Assuming that the first 
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bit is transmitted in the in-phase (I) component and the second bit is transmitted in the 
quadrature (Q) component of the DQPSK signal, direct mapping is achieved by coding the 
input data (I and Q) 11, 01, 00 and 10 with the phase differences of 0, π/2, π and -π/2, 
respectively (Ho, 2005). The coded data (I* and Q*) is firstly modulated by phase 
modulators. Then, a π/2 phase shift is applied to the I component of the DQPSK signal. The 
combination of the I and Q components generates the DQPSK signal. Table 1 shows an 
example of the logical value and phase of the DQPSK signal at several points of the TX. 
 

I 1 1 1 1 0 0 0 1 0 0 1 0 1 1 0 0 
Q 1 0 1 0 1 1 1 1 0 0 0 0 1 0 1 0 
I* 0 1 1 1 1 0 0 0 1 0 0 1 1 0 1 0 
Q* 0 0 0 1 0 0 1 1 0 1 0 1 1 1 1 0 

Iφ  0 π π π  π 0 0 0 π 0 0 π  π  0 π  0 

Qφ  0 0 0 π  0 0 π π 0 π 0 π  π  π  π  0 

Phase at 
TX output 4

π  
4
π−

4
π−

4
3π−

4
π−

4
π

4
3π

4
3π

4
π−

4
3π

4
π

4
3π−

4
3π−

4
3π  

4
3π−  

4
π  

Phase 
difference 0 

2
π− 0 

2
π−

2
π

2
π

2
π

0 π π
2
π− π  0 

2
π−  

2
π  π  

Table 1. Logical value and phase of the DQPSK signal at several points of the TX. 

The DQPSK signal at the return-to-zero (RZ) modulator input is a non-return-to-zero 
(NRZ)-DQPSK signal. The RZ modulator is used for generating a RZ-DQPSK signal, if that 
is the goal. Other TX schemes for generating the DQPSK signals are referred in (Ho, 2005), 
such as the cascading of two phase modulators or the driving of a single phase modulator 
by a four level signal. However, the TX scheme shown in Fig. 1 is the one more often 
referred in the literature mainly because of its simpler implementation. Thus, only the TX 
scheme shown in Fig. 1 is considered in this chapter. Moreover, as the optical intensity is 
ideally a constant pulse train without ripple between symbols after the RZ modulator, 
independently of the TX structure (Ho, 2005), the results shown in this chapter are similar 
for other TX schemes. 
Fig. 2 shows the optical intensity at the output of an ideal TX in case of transmitting a 33% 
duty-cycle RZ-DQPSK signal or a NRZ-DQPSK signal considering the symbol sequence 
shown in Table 1. The same average power is imposed for both signals. Fig. 2 shows that the 
shape of optical intensity is independent of the transmitted symbol sequence. 
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Fig. 2. Optical intensity at the TX output obtained by simulation. Continuous line: NRZ-
DQPSK signal; dashed line: 33% duty-cycle RZ-DQPSK signal. 
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Fig. 3. Phase of the DQPSK signal at the TX output obtained by simulation. 

Fig. 3 shows the phase at the output of an ideal TX. Fig. 3 shows that the phase changes 
accordingly to the symbol sequence, being constant for the duration of each symbol. The 
shape of the phase is independent of the duty-cycle of the DQPSK signal. 
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Fig. 4. PSD of the optical field at the output of an ideal TX obtained by simulation. Left: 
NRZ-DQPSK signal; right: 33% duty-cycle RZ-DQPSK signal. 

Fig. 4 shows the PSD of the optical field at the TX output. As a symbol rate of 20 Gbaud/s is 
imposed, the first null, in case of the NRZ-DQPSK signal, occurs for GHz200 =−νν , where 
ν  is the optical frequency and 0ν  is the optical carrier frequency. In case of the 33% duty-
cycle RZ-DQPSK signal, a much wider signal spectrum is observed, as expected. A detailed 
discussion on the spectral characteristics of RZ signals can be found in (Ip & Kahn, 2006).  

2.2 DQPSK receiver 
At the RX side, the DQPSK signal is firstly filtered by an optical filter. Then, the resulting 
signal is split to a pair of Mach-Zehnder delay interferometers (MZDIs) to perform the 
detection of the I and Q components of the DQPSK signal. Both output ports of each MZDI 
carry the full information. Indeed, the signal at the output of the two ports of each MZDI is 
logically conjugated. Thus, the detection of the output of a single port of the MZDI is 
sufficient to recover the information. However, the use of a balanced detector allows 
improving the OSNR by about 3 dB and, therefore, the use of the balanced detector is 
usually considered. The electrical current at the decision circuit input results from filtering 
the electrical current at the balanced detector output. 
Assuming an ideal DQPSK RX, neglecting the filtering impact and defining the received 
signal as )()( tj

r AetE φ= , where A and )(tφ  are the amplitude and phase of the received 
signal, respectively, the electrical current at the decision circuit input is 

( )θφφ +−−= )()(cos2)( 2),(

sd TttAti
QI

, where Ts is the symbol duration and 4/πθ =  for the I 
component of the DQPSK signal, and 4/πθ −=  for the Q component of the DQPSK signal. 
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This expression shows that the combined effect of the MZDI and balanced detector 
translates in creating dependence of the received electrical current on the phase difference 
between two consecutive symbols. Thus, the transmitted information can be extracted from 
the EDP, )(),( tQI

eφΔ , defined as θφφφ +−−=Δ )()()(),(
s

QI
e Tttt . 
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Q 1 0 1 0 1 1 1 1 0 0 0 0 1 0 1 0 

Table 2. EDP of the I and Q components and corresponding bit sequence.  
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Fig. 5. Electrical current at the decision circuit input in the I component (left) and in the Q 
component (right) of the DQPSK signal obtained by simulation. Continuous line: NRZ-
DQPSK signal; dashed line: 33% duty-cycle RZ-DQPSK signal. 

Table 2 shows the EDP of the I and Q components after balanced detection for the symbol 
sequence presented in Table 1, and the corresponding detected bit sequence. The analysis of 
Table 2 shows that, for both I and Q components, two EDP give rise to the same bit decision: 

4π±  for the “1” bit and 43π±  for the “0” bit. This result is a consequence of the electrical 
current being given as a function of a cosine function. Thus, to decide correctly, two EDP 
thresholds levels should be set: one threshold level between the symbols transmitted with 
nominal means of 4/3π−  and 4/π−  and another threshold level between the symbols 
transmitted with nominal means of 4/π  and 4/3π . However, the RX performs bit decision 
on the detected electrical current where there is only one electrical current level threshold. 
Both EDP threshold levels must correspond to that electrical current threshold level. Thus, 
as the electrical current is given as a function of a cosine function with constant absolute 
value, the positive and the negative EDP threshold levels must be symmetric. For example, 
the electrical current level threshold of 0 corresponds to the EDP threshold level of 2π± . 
Fig. 5 shows the electrical current at the decision circuit input in the I and Q components 
when the symbol sequence shown in Table 1 is transmitted. The comparison of Fig. 5 with 
Fig. 2 reveals that the detected signal has only half the amplitude of the signal at the TX 
output. This is a consequence of splitting the optical signal into the pair of MZDIs at the RX.  
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2.3 Mathematical characterization of DQPSK receiver and of noise 
The mathematical characterization of the RX operation is important for assessing the impact 
of the RX on the received signal analytically.  
The signal field at the optical filter input is assumed to be completely polarized while optical 
noise is assumed to be unpolarized and additive with known PSD. When no nonlinear fiber 
transmission is considered, the amplified spontaneous emission (ASE) noise of optical 
amplifiers is usually the main noise source and is modelled as additive white Gaussian noise 
(AWGN) at RX input over each polarization direction.  
For additive optical noise, the optical field at the RX input is written as )()()( ttt nin rrr +=  
where ||)()( ur trt inin =  and ⊥⊥+= uur )()()( ,||,|| trtrt nnn . )(tinr  and )(tnr  are the Jones vectors 
of the DQPSK signal and noise fields at the RX input, respectively, and )(trin , )(,|| trn  and 

)(, trn ⊥  are the DQPSK signal and the noise components, at the RX input, over the parallel 
(to the signal) and perpendicular polarization directions, respectively, defined by the unit 
vectors ||u  and ⊥u . The lowpass equivalent of the DQPSK signal and noise fields, )(tins  
and )(tnn , respectively, are defined by ( ) ( ) ||)()()( u2s2r 00 22 tj

in
tj

inin etsett πνπν ℜ=ℜ=  and 
( ) [ ]( )tj

nn
tj

nn etntnett 00 22 uu2n2r πνπν
⊥⊥+ℜ=ℜ= )()()()( ,||||, , where )(tsin , )(||, tnn  and 

)(, tnn ⊥  are the lowpass equivalents of )(trin , )(||, trn  and )(, trn ⊥ , respectively, and { }xℜ  is 
the real part of x . 
By assuming that the optical filter is polarization-maintaining with impulse response )(tho , 
the optical signal at each MZDI input is given by )()()( ttt ns eee += , with 

2)()()( thtt oins ∗= re  and 2)()()( thtt onn ∗= re . The 2  factor quantifies the power 
splitting into the pair of MZDIs. Ideally, the central frequency of the optical filter, cν , is the 
same of the optical carrier. However, a frequency detuning may occur. Thus, the impact of 
frequency detuning, defined as oc ννΔν −= , on the DQPSK system performance is assessed. 
Defining the lowpass equivalent of the optical filter impulse response, )(, th lo , as 

( )tj
loo ethth 022 πν)()( ,ℜ= , the lowpass equivalent of the signal at each MZDI input, ),(tle  

defined as ( )tj
l ett 022 πν)()( ee ℜ= , is )()()( ttt ffl nse +=  where 
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The total optical signal over each polarization direction is ⊥⊥+= uue )()()( || tetet ||l  with 

 
( )

)()()()(

)()()()()()()(

,,

||,||,||||

tjntntnte
tntsjtntstntste

ir

iirr

⊥⊥⊥⊥ +==

+++=+=
  (2) 

where the indexes r and i refer to the real and imaginary part of the signals, respectively.  
Polarization-maintaining MZDIs are assumed. These devices are mathematically modelled 
by (Bosco & Poggiolini, 2006): 
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where θ  quantifies the phase rotation performed by the MZDI. Ideally, 4/πθ =  for the I 
component of the DQPSK signal, and 4/πθ −=  for the Q component of the DQPSK signal. 
However, an imperfect phase rotation with a phase-shifting of δφ  from the ideal case may 
occur. Thus, δφπθ +±= 4/ . A frequency detuning parameter, fΔ , can be associated with 
the imperfect phase rotation by )/( πδφ 4=RBΔf  (Bosco & Poggiolini, 2006). RB  is the bit 
rate which is related with the symbol duration by sR TB /2= . MZDIT  is the delay introduced 
by the MZDI between its two arms. Ideally, MZDIT  is equal to the symbol duration. 
However, a delay error, defined as sMZDIMZDI TTT −=δ  may occur. The γ  parameter, 
which is in the range [0,1], allows taking into account the extinction ratio of the MZDI. 0=γ  
means that the delayed signal is eliminated at the MZDI while 1=γ  means that the delayed 
signal suffers from the same loss as the original signal at the MZDI. The extinction ratio of 
the MZDI, ε , is related with γ  by ( ) ( )22 11 γγε −+= . A balanced detector is used at the 
output of each MZDI. The electrical current at a positive-intrinsic-negative (PIN) 
photodetector output is related with the optical field at its input, )(tf , by 

⎟
⎠
⎞

⎜
⎝
⎛ +== ⊥

222 )()()()( || tftfRtRti f , where R  is the PIN photodetector responsivity. Thus, 

the electrical current of each component of the DQPSK signal at the balanced detector 
output is given by  
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where τ  quantifies the time-misalignment between the signals at the input of the balanced 
detector. The amplitude-imbalance of the balanced detector is assessed by the k factor, 
defined as ( ) ( )2121 RRRRk +−= . The electrical current resulting from the balanced 
detector is filtered by a low-pass electrical filter with impulse response )(the . Thus, the 
electrical current at the decision circuit input is )()()( ),(),( thtiti e

QI
b

QI
d ∗= . The electrical 

current at the decision circuit input may also be expressed in a complex representation as 

 ⎟
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where ),( QI
eA  is the equivalent amplitude of the electrical current. Using eqs. (3), (4) and (5), 

the EDP can be written as a function of the optical signal at the MZDI input as: 
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where )(* te  is the complex conjugate of )(te . In case of an ideal RX, where Δυ=0, 21 RR = , 

sMZDI TT = , 4/πθ ±= , 0=τ  and 1=γ , the EDP is given by 

( ) ( )( )[ ]( ))()()(arg)( **
||||

),( theTteteTtetet e
j

ss
QI

e ∗−+−=Δ ⊥⊥
θφ which is the result shown in (Costa 

& Cartaxo, 2009). Expression (6) shows that the EDP is a nonlinear function of the signal at 
the MZDI input. Therefore, the rigorous statistical characterization of the EDP may be quite 
complex. However, approximated solutions may be used in order to get closed-form 
expressions for the moments of the EDP. The derivation of closed-form expressions for the 
moments of the EDP is quite important because it allows the assessment of DQPSK system 
performance in a time-efficient manner. 

3. Probability density function of the equivalent differential phase 
In this section, the PDF of the EDP is assessed. The PDF of the EDP at the time instant 
leading to higher eye-opening in the absence of noise is approximately Gaussian-distributed 
when 33% duty-cycle RZ-DQPSK pulses are considered, even in presence of RX 
imperfections (Costa & Cartaxo, 2009b). However, the PDF of the EDP when NRZ-DQPSK 
pulses are considered has not been assessed yet, as far as the authors are aware of. Thus, this 
analysis is performed in this section. Unless otherwise stated, an OSNR of 15 dB, measured 
in a 0.1 nm bandwidth, is imposed at the RX input. The bit rate is set to 40 Gbit/s. The 
frequency response of the modulator of the TX is modelled by a five-pole Bessel electrical 
filter with a -3 dB bandwidth equal to the symbol rate. A second-order super-Gaussian 
optical filter with a -3 dB bandwidth of 40 GHz and a five-pole Bessel electrical filter with a -
3 dB bandwidth equal to 18 GHz are used at the RX side. These parameters lead to a bit 
error probability (BEP) of about 10-5 in case of ideal RX. Only the PDF of the EDP and eye-
diagram of the I component of the DQPSK signal are shown because the Q component of the 
DQPSK signal showed similar results in all considered cases. 
Fig. 6 shows the eye-diagram of electrical current at the electrical filter output when the 
ideal RX and when several different RX imperfections are considered. The corresponding 
PDF of the EDP at the time instant leading to higher eye-opening in the absence of noise is 
also shown. Only the PDF of the EDP of the first symbol transmitted with each nominal 
mean is shown because the PDFs of the EDP of the remaining symbols transmitted with 
each nominal mean is similar. Both the actual PDF of the EDP (marks) and the GA for the 
PDF of the EDP estimated from the mean and STD of the actual PDF (lines) are shown. An 
ideal RX is considered in Fig. 6 a). In this case, the eye-diagram is quite symmetric at the 
time instant leading to the higher eye-opening. This symmetry occurs for moderate and 
wide optical filtering. The PDF of the EDP is approximately Gaussian-distributed with 
nominal means of 4/π±  and 4/3π± . The illustration of imperfect phase rotation is shown 
in Fig. 6 b). Fig. 6 b) shows that an imperfect phase rotation leads to the closure of the eye-
diagram. Its impact on the PDF of the EDP is, however, just a shift on the nominal means 
equal to the imperfection of the phase rotation. The STD of the EDP remains the same. The 
illustration of the time-misalignment of signals at the balanced receiver input is shown in 
Fig. 6 c). This RX imperfection leads to quite asymmetric eye-diagrams. Nevertheless, the 
EDP is still approximately Gaussian-distributed. However, a slight underestimation of the 
PDF of the EDP at the area of interest (where the PDF of the EDP of the symbols transmitted 
with nominal means of 4/π±  intersects with the PDF of the EDP of the symbols transmitted 
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Fig. 6. Eye-diagram of electrical current and corresponding PDF of the EDP in presence of 
several different RX imperfections. Marks: MC simulation; lines: GA estimated from the 
results of MC simulation. 

with nominal means of 4/3π± ) is performed by the GA. Fig. 6 d) illustrates the amplitude-
imbalance of  detector. This RX imperfection leads to quite asymmetric eye-diagrams and to 
some inaccuracy in the GA for the PDF of the EDP. However, the EDP at the area of interest 
is still approximately Gaussian-distributed. The illustration of delay errors of MZDI is 
shown in Fig. 6 e). This RX imperfection leads to some distortion of the eye-diagram. 
Nevertheless, the EDP is still approximately Gaussian-distributed. The illustration of the 
optical filter detuning is shown in Fig. 6 f). The optical filter detuning leads to considerable 
degradation of the eye-diagram. The EDP at the area of interest is still approximately 
Gaussian-distributed. However, the GA tends to slight underestimate the PDF of the EDP.  
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Another RX imperfection is the finite extinction ratio of the MZDIs. This imperfection affects 
only the DQPSK system performance when combined with amplitude-imbalanced detectors 
(Bosco & Poggiolini, 2006). In such case, the performance degradation is mainly imposed by 
the amplitude-imbalance unless much reduced extinction ratios are considered. Thus, both 
the eye-diagram and PDF of the EDP in presence of finite extinction ratios of the MZDIs are 
usually similar to those shown in Fig. 6 d). 
Fig. 7 shows the eye-diagram of electrical current and the corresponding PDF of the EDP at 
the decision circuit input when Butterworth electrical filters are considered at the RX side. 
This analysis allows assessing the impact of the group delay of electrical filters on the eye-
diagram and PDF of the EDP because the group delay of Butterworth electrical filters is 
quite different from the one of Bessel electrical filters. The analysis of Fig. 7 shows that the 
PDF of the EDP remains approximately Gaussian-distributed even when Butterworth 
electrical filters are considered. 
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Fig. 7. Eye-diagram of electrical current and corresponding PDF of the EDP when a three 
(left-hand side) or a five (right-hand side) pole Butterworth electrical filter with 

GHz18=eB  is considered at the RX side. An ideal RX is considered. Marks: MC simulation; 
lines: GA estimated from the results of MC simulation. 
The PDF of the EDP has also been assessed for 67% duty-cycle RZ-DQPSK signals for both 
types of electrical filters, leading to similar conclusions to those presented in this section.  

4. Gaussian approximation for equivalent differential phase 
The GA consists in approximating a given PDF by a Gaussian PDF. In order to do so, the 
mean and STD of the Gaussian PDF are set equal to the mean and STD of the PDF it is 
approximating. The mean and STD of the EDP are derived in this section as a function of the 
received DQPSK signal and PSD of optical noise at the RX input in order to obtain closed-
form expressions for the mean and STD of the EDP. Substituting eq. (2) in eq. (6) and setting 

MZDITtd −=  to simplify the expressions, we get: 
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In order to obtain closed-form expressions for the mean and STD of the EDP, the 
dependence of the EDP on noise is linearized. This approximation should lead to only very 
small discrepancies in the mean and STD of the EDP as the EDP conditioned on the 
transmitted symbols is approximately Gaussian-distributed. The linearization of the EDP is 
performed expressing the argument of eq. (7) as an arctangent function. Thus, the several 
beat terms of eq. (7) are decomposed in their real and imaginary parts. The several beat 
terms can be written and defined as shown in eq. (14) and eq. (15) (Appendix 9.1). The time 
dependence of the DQPSK signal and noise is omitted in order to simplify the notation. By 
substituting the results shown in eqs. (14) and (15) in eq. (7) and by approximating the EDP 
by a first order Taylor series we get  
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From eq. (8), the mean of the EDP is 
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Assuming uncorrelated noise over both polarization directions, i.e., 
( ) ( ) ( )yxyx nnnnnnnn ,||,,||, ⊥⊥ = EEE , where x and y represent the real or imaginary part of noise-

noise beat terms and, as odd order moments of Gaussian processes with zero mean are null, 
the variance of the EDP is given by:  
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where 2
lASEsN ,, −σ  and 2

lASEASEN ,, −σ  are the contributions to the signal and noise-noise beat 
variance, respectively, presented in Appendices 9.2 and 9.3. The variance of the EDP (eq. 
(11)) is given by a lenghty expression. However, the evaluation of the several terms of eq.  
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d) R1=0.5 A/W, R2=1 A/W e) δTMZDI/Ts=20% f) GHz20=υΔ  

Fig. 8. Standard deviation of the EDP. Only the STD of the EDP of some symbols transmitted 
with two of the four nominal means (circles: 4π ; squares: 43π− ) is shown in order to make 
the figures clearer. Filled symbols: estimates from MC simulation results, obtained 
considering 15000 noise realizations; empty symbols: estimates from the GA (eq. (11)).   



Optical DQPSK Modulation Performance Evaluation  

 

439 

(11) is quite simple which makes the evaluation of the variance of the EDP of quite reduced 
complexity. Furthermore, if no RX imperfections are considered, eq. (11) is quite simplified, 
leading to the result shown in (Costa & Cartaxo, 2009). The derivation of the mean and 
variance of EDP as a function of the received DQPSK signal and PSD of optical noise after 
optical filtering is shown in (Costa & Cartaxo, 2009b) 
Fig. 8 shows the STD of the EDP estimated using the results from MC simulation and the 
GA (eq. (11)). Analysis of Fig. 8 shows that the estimates of the STD of the EDP obtained 
using eq. (11) are quite accurate in presence of the majority of RX imperfections. The 
accuracy of the estimates for the mean of the EDP, estimated using eq. (10), has also been 
assessed showing that the mean of the EDP is always quite well estimated by eq. (10). The 
quite good accuracy achieved in the estimation of the mean and STD of the EDP using 
eqs. (10) and (11) shows that the linearization of the EDP leads only to very small 
discrepancies on the evaluation of the mean and STD of the EDP and that the impact of 
noise on the mean and STD of the EDP is correctly estimated. 

5. Bit error probability computation by semi-analytical simulation method 
A SASM for performance evaluation of DQPSK systems is proposed in this section. The 
DQPSK signal at the RX input is evaluated by simulation. This permits evaluating the 
impact of the transmission path, e.g. the nonlinear fiber transmission, the optical add-drop 
multiplexer concatenation filtering, on the waveform of the DQPSK signal. A quaternary 
deBruijn sequence with total length NS is used in the simulation. DeBruijn sequences include 
all possible symbol sequences with a given length using the lower number of symbols 
(Jeruchim et al., 2000). This characteristic is important since it assures that all possible cases 
of inter-symbol interference (ISI) for a given sequence length occur. On the other hand, as 
the EDP is approximately Gaussian–distributed when the optical noise is modelled as 
AWGN at the RX input, the impact of noise on the DQPSK system performance is assessed 
analytically.  
As the precoding performed in the TX allows direct mapping of the bit sequence from the 
TX input to the RX output, the overall BEP is given by ( ) 2)()( QI BEPBEPBEP += , where 

),( QIBEP is the BEP of each component of the DQPSK signal. In order to take accurately into 
account the impact of ISI on the DQPSK system performance, separate Gaussian 
distributions with different means and STDs are associated with each one of the transmitted 
bits. This approach has already proved to be accurate to estimate the ISI impact on OOK 
modulation (Rebola & Cartaxo, 2001). The BEP of each component of the DQPSK signal can 
be seen as the mean of four BEPs associated with the four nominal means for the PDF of the 
EDP. Thus, defining F as the EDP threshold level, with 0≥F , the BEP of the I and Q 
components of the DQPSK signal is given by 
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where erfc(x) is the complementary error function and ,nan
μ  and ,nan

σ  are the mean and 
STD of the EDP at the sampling time for the n-th received symbol with nominal mean na . 
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,nan
μ  and ,nan

σ  are obtained from eq. (10) and eq. (11), respectively, by evaluating these 
expressions at the sampling time and by associating each sampling time with each 
transmitted symbol. The optimal threshold level of the EDP, optF , is assessed by setting to 
zero the derivative of eq. (12) with respect to F, leading to the transcendental equation 
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that can be numerically solved using the Newton-Raphson method. 

6. Accuracy of the SASM based on the GA for the EDP 
In this section, the accuracy of the SASM for DQPSK system performance evaluation based 
on the GA for the EDP is assessed. This analysis is performed comparing the results 
obtained using eq. (12) with those obtained using MC simulation. A BEP = 10-4 is set as the 
target BEP mainly because MC simulation is much time consuming for lower BEP and the 
use of forward error correction (FEC), such as Reed-Solomon codes, allows to achieve much 
lower BEP at the expense of only a slight increase on the bit rate. The accuracy of the SASM 
is firstly assessed in presence of RX imperfections. Then, the accuracy of the SASM is 
assessed considering nonlinear fiber transmission. The bit error ratio estimates obtained 
using MC simulation are only accepted after at least 100 errors occurring in each component 
of the DQPSK signal. The threshold level is optimized and the time instant leading to higher 
eye-opening in the absence of noise is chosen as sampling time. The TX and RX parameters 
are the same as the ones considered in section 3, unless otherwise stated. 

6.1 Accuracy of the SASM in presence of RX imperfections 
When the ideal RX is considered, the MC simulation estimates that an OSNR of about 14 dB 
is required to achieve BEP = 10-4. The SASM estimates a required OSNR of only about 
13.8 dB. This small difference is attributed mainly to the difference between the GA for the 
PDF of the EDP and its actual PDF. This conclusion results from having very good 
agreement between the estimates of the mean and STD of the EDP obtained using eq. (10) 
and eq. (11) with the corresponding ones obtained using MC simulation. Indeed, the SASM 
leads to the correct required OSNR (14 dB) by increasing the STD of the EDP, calculated 
using eq. (11), by only about 2.5%. 
Fig. 9 shows the impact of several different RX imperfections on the OSNR penalty at  
BEP = 10-4. The considered RX imperfections cover all expected values for each imperfection. 
The impact of the RX imperfections on the DQPSK system performance has been assessed 
by MC simulation and by SASM in order to assess the accuracy of the SASM. The analysis of 
Fig. 9 shows that the SASM is quite accurate in presence of the majority of the typical RX 
imperfections leading usually to a discrepancy on the OSNR penalty not exceeding 0.2 dB. 
Among the cases analysed in Fig. 9, the higher discrepancies occur for high time-
misalignment of signals at the balanced detector input ( )%30>Δ Tτ  and for high 

frequency detuning of the optical filters ( )GHz15>Δν . Indeed, the SASM leads to an 
underestimation of the OSNR penalty in both cases that may attain about 0.5 dB. 
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Fig. 9. OSNR penalty at 410−=BEP as a function of several different RX imperfections. Filled 
circles: MC simulation; empty circles: SASM.  
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Fig. 10. Required OSNR at 410−=BEP  as a function of the electrical filter type and 
bandwidth, considering an ideal RX. Empty marks: SASM; filled marks: MC simulation. 
Circles: five-pole Bessel electrical filter; squares: five-pole Butterworth electrical filter. 

Fig. 10 illustrates the accuracy of the SASM when different bandwidths and types of 
electrical filter are considered. Fig. 10 shows that the required OSNR is quite well estimated 
independently of the type and bandwidth of the electrical filter. Indeed, the discrepancy of 
the required OSNR does not usually exceed 0.2 dB. This small discrepancy is mainly 
attributed to the difference between the GA for the PDF of the EDP and its actual PDF. 
Fig. 10 shows also that the behavior of the required OSNR as a function of the electrical filter 
bandwidth depends on the electrical filter type. The different behaviors illustrated in Fig. 10 
for filter bandwidths around 12 GHz can be explained by observing the eye-opening. 
Indeed, we find that the eye-opening is more reduced for Be around 12.5 GHz than for Be 
around 11 GHz when the Butterworth electrical filter is used, which does not occur in case 
of the Bessel electrical filter.  
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6.2 Accuracy of the SASM in presence of nonlinear fiber transmission 
To reach long-haul cost-efficient transmission, as required in core networks, the fiber spans 
should be quite long to reduce the number of required optical amplifiers. The power level at 
the input of each span should also be as high as possible to achieve high OSNR. On the 
other hand, when high power levels are used, the fiber nonlinearity imposes a severe power 
penalty. Thus, a compromise between the optical power level and the power penalty 
imposed by the fiber nonlinearity has to be accomplished. Standard single-mode fiber 
(SSMF) is the transmission fiber type more commonly used in these networks. Despite its 
many advantages, it introduces high distortion in the transmitted signal due to its high 
dispersion. Thus, the use of dispersion compensation along the transmission path is 
required.  
In an ideal single-mode optical fiber, the two orthogonal states of polarization are 
degenerated, i. e. they propagate with identical propagation constants (Iannone et al., 1998). 
Thus, the input light-polarization would remain constant over the whole propagation 
length. In reality, optical fibers may have a slightly elliptical core which leads to 
birefringence, i. e. the propagation constants of the two orthogonal states of polarization 
differ slightly. External perturbations such as stress, bending and torsion lead also to 
birefringence (Hanik, 2002). Thus, the impact of fiber birefringence, group velocity 
dispersion (GVD) and self-phase modulation (SPM) are considered to assess the accuracy of 
the SASM in presence of nonlinear fiber transmission.  
The MC simulation is performed by solving the coupled nonlinear Schrödinger propagation 
equation, also known as the vector version of the nonlinear Schrödinger propagation 
equation, instead of the scalar version of the nonlinear Schrödinger propagation equation, in 
order to take into account the impact of fiber birefringence. However, the solution of the 
coupled nonlinear Schrödinger propagation equation is much more complex than the one of 
the scalar version (Iannone et al., 1998). Nevertheless, the split-step Fourier method, which 
is usually used to solve the scalar version of the nonlinear Schrödinger propagation 
equation, can be applied to its vector version when the so-called high-birefringence 
condition (Iannone et al., 1998) is verified. In this case, the exponential term in the vector 
version of the nonlinear Schrödinger propagation equation that depends on the 
birefringence fluctuates rapidly and its effect tends to average out (Iannone et al., 1998). This 
approximation is usually verified in single mode optical fibers and has been commonly used 
in the literature where negligible loss of accuracy is usually achieved (Marcuse et al., 1997). 
Furthermore, by choosing an adequate integration step, the coupling between the 
polarization modes can be neglected when solving the propagation within a single step. 
After each step, the eigenpolarizations are randomly rotated and a random phase shift is 
added. A more detailed explanation of how the simulation of fiber nonlinear transmission is 
performed can be found in (Iannone et al., 1998). In our MC simulation, the birefringence is 
assumed constant over successive integration steps of 100 meters. The eigenpolarizations are 
uniformly distributed over the birefringence axes and the phase shift, which corresponds to 

π2  over the beat length, has a Rician distribution with mean value 1m210 −⋅ π. and variance 
1m2010 −⋅ π. (Carena et al., 1998). 

The DQPSK system performance evaluation by the SASM requires assessing the DQPSK 
noiseless waveform and PSD of optical noise at RX input after nonlinear fiber transmission. 
The noiseless waveform of the DQPSK signal is assessed by performing noiseless 
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transmission of the DQPSK signal using the scalar version of the nonlinear Schrödinger 
equation, but with the fiber nonlinearity coefficient reduced by a 8/9 factor. Indeed, the 
scalar version of the nonlinear Schrödinger propagation equation leads to similar results to 
those of its vector version when it is solved with the fiber nonlinearity coefficient set to 8/9 
of its real value (Carena et. al., 1998), (Hanik, 2002). The PSD of optical noise depends on the 
polarization direction. Indeed, the AWGN approximation for optical noise at the RX input 
over the same polarization direction as the DQPSK signal may be quite inaccurate when 
nonlinear fiber transmission is considered. Indeed, when a strong signal (the DQPSK signal) 
propagates along a transmission fiber, it creates a spectral region around itself where a small 
signal (the optical amplifier’s ASE noise) experiences gain. This phenomenon is known as 
parametric gain (Carena et al., 1998). Furthermore, the nonlinear phase noise due to the 
amplitude-to-phase noise conversion effect arising from the interaction of the optical 
amplifier’s ASE noise and the nonlinear Kerr effect must also be taken into account. The 
evaluation of the parametric gain and nonlinear phase noise can be performed considering 
the nonlinear fiber transmission of only one polarization direction but with the fiber 
nonlinearity coefficient reduced by the 8/9 factor. This approximation allows evaluating the 
PSD of optical noise after nonlinear fiber transmission over the DQPSK signal polarization 
direction using the method proposed in (Demir, 2007). The method proposed in (Demir, 
2007) evaluates the PSD of optical noise in a quite time efficient manner by deriving a linear 
partial-differential equation for the noise perturbation. In order to do so, the nonlinear 
Schrödinger equation is linearized around a continuous-wave signal. The AWGN 
approximation for optical noise at RX input over the perpendicular polarization direction is 
still quite accurate (Carena et al., 1998). Thus, the PSD of optical noise over the 
perpendicular polarization direction is obtained by adding the individual ASE noise 
contributions of each optical amplifier, each affected by the total gain from the optical 
amplifier till the RX. 
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 TX Pin Pin Pin

EDFA EDFADCF EDFA EDFA

PDCF

DCF DQPSK
 RX

SSMF SSMFPDCF

PRX=0 dBm

Span Nsp

 
Fig. 11. Scheme of the DQPSK transmission system. 

Fig. 11 shows the schematic configuration of the DQPSK transmission system. The total link 
is composed by Nsp spans, with Nsp =20. Each span is composed by 100 km of SSMF followed 
by a double-stage erbium-doped fiber amplifier (EDFA). Dispersion compensating fibers 
(DCFs) are used for total compensation of the dispersion accumulated in the SSMF of each 
span. To assure that all DCFs operate nearly in linear regime, the power level denoted by  
PDCF is imposed at the DCFs input. The average power level at the input of each SSMF is 
denoted by Pin. The total gain of both EDFAs’ stages compensates for the power loss in each 
span, except in the last span. In this case, the second stage EDFA is used to impose a power 
level of 0 dBm at the RX input. The SSMF has an attenuation parameter of 0.21 dB/km, a 
dispersion parameter of 17 ps/nm/km, an effective core area of 80 μm2 and a nonlinear 
index-coefficient of 0.025 nm2/W. The EDFA’s noise figure is 7 dB. The dispersion 
parameter of the DCF is -100 ps/nm/km and its attenuation parameter depends on the 
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transmission scenario that is being considered. Indeed, in order to keep the BEP high 
enough to perform MC simulation in a reasonable amount of time and, as 33% duty-cycle 
RZ-DQPSK pulses show better performance than NRZ-DQPSK pulses, the attenuation 
parameter of DCF is 0.5 dB/km when NRZ-DQPSK pulses are considered and 0.6 dB/km 
when 33% duty-cycle RZ-DQPSK pulses are considered. Furthermore, dBm8−=DCFP  
when NRZ-DQPSK pulses are considered and dBm12−=DCFP  when 33% duty-cycle RZ-
DQPSK pulses are considered. 
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Fig. 12. Performance of NRZ-DQPSK (left) and 33% duty-cycle RZ-DQPSK (right) for the 
transmission system of Fig. 11. Filled circles: MC simulation; empty circles: SASM.  

Fig. 12 shows the performance of DQPSK modulation in presence of nonlinear fiber 
transmission. When NRZ-DQPSK signals are considered (figure on the left), a good accuracy 
is achieved both when ASE noise is the main transmission impairment (lower power levels) 
and when the transmission is mainly limited by fiber nonlinearity (higher power levels). 
This result leads to the conclusion that methods for DQPSK system performance evaluation 
based on the GA for the EDP lead to quite good accuracy even in presence of nonlinear fiber 
transmission when NRZ-DQPSK signals are considered. The analysis of the figure on the 
right-hand side, where the transmission of a 33% duty-cycle RZ-DQPSK signal is 
considered, shows that the SASM estimates the performance of the DQPSK system quite 
accurately when ASE noise is the main impairment. However, the accuracy of the SASM 
tends to decrease with the increase of the impact of the fiber nonlinearity. This loss of 
accuracy is not a consequence of the loss of accuracy of the GA for the EDP. Indeed, quite 
good accuracy is achieved when the mean and STD of the EDP are estimated from the 
results of MC simulation. The decrease of accuracy of the SASM is a consequence of the 
inaccuracy in the evaluation of the PSD of optical noise. Indeed, the linearization of the 
nonlinear Schrödinger equation around a continuous-wave signal does not provide an 
acceptable description of noise statistics when 33% duty-cycle RZ-DQPSK signals are 
transmitted and the impact of fiber nonlinearity is important.  
Computation time gains of about 15000 times have been achieved by the SASM when 
compared with MC simulation for BEP = 10-4.  

7. Conclusion and work in progress 
The performance evaluation of simulated optical DQPSK modulation has been analysed. 
The EDP of DQPSK signals is approximately Gaussian-distributed. Thus, a SASM for 
DQPSK systems performance evaluation based on the GA has been proposed. The SASM 
relies on the use of the closed-form expressions derived for the mean and STD of the EDP 
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for assessing the performance of the DQPSK system in a time-efficient manner. Quite good 
agreement between MC simulation and the results of the SASM is usually achieved, even in 
presence of RX imperfections and nonlinear fiber transmission. Indeed, although the SASM 
leads usually to an underestimation of the required OSNR of about 0.2 dB, the discrepancy 
of the OSNR penalty at BEP = 10-4 is usually below 0.2 dB for the majority of the typical RX 
imperfections.  
Several subjects on the performance evaluation of DQPSK signals using the GA for the EDP 
are still to be addressed. Indeed, the evaluation of the PSD of optical noise at RX input, after 
nonlinear transmission, admitting a modulated signal and the accuracy improvement of the 
SASM achieved by using the more accurate description for the PSD of optical noise is still to 
be performed. The validation of the SASM for BEP around 10-12 and the proposal of a 
scheme for evaluating the EDP experimentally are also still to be addressed. 
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9. Appendix 
9.1 List of beat terms at decision circuit Input 
The current and the EDP at the decision circuit input are given as a function of the following 
beat terms: 

 

( ) [ ]( )
( ) [ ]( )
( ) [ ]( )
( ) [ ]( )

( ) [ ]( )

( )
{ } ( )

( )
( )

{ } ( )
( )
( )
( ) ⊥⊥⊥⊥

⊥⊥⊥⊥

⊥⊥

⊥⊥⊥⊥⊥⊥⊥⊥⊥⊥

≡∗+=∗

≡∗+=∗

≡∗+=∗

≡∗+=∗ℜ

≡∗+=∗

≡∗+=∗

≡∗+=∗ℜ

≡∗+=∗

+≡

∗−++=∗

+≡

∗−++=∗

+≡∗−++=∗

+≡∗−++=∗

+≡∗−++=∗

,,,

,,,

||,||,||,||

||,||,
*
||

||,||,||,||

||,||,
*
||

,,

,,,,,,,,
*

||,||,

||,||,||,||,||,||,||,||,
*
||||

,,||,||,||,||,
*

||

,,||,||,||,||,
*
||

*

)()()()(|)(|

)()()()(|)(|

)()()()(|)(|

)()()()()()()()(

)()()()(|)(|

)()()()(|)(|

)()()()()()()()(

)()()()(|)(|

)()()()()()()()()()()()(

)()()()()()()()()()()()(

)()()()()()()()()()()()(

)()()()()()()()()()()()(

)()()()()()()()()()()()(

teire

deire

teire

teiirre

deire

teire

deiirre

deire

ir

eirriiirre

ir

eirriiirre

ireirriiirre

ireirriiirre

ireirriiirre

nnthtntnthtn

nnthdndnthdn

nnthtntnthtn

snthtntstntsthtnts

nnthdndnthdn

ssthtststhts

snthdndsdndsthdnds

ssthdsdsthds

jnnnn
thdntndntnjdntndntnthdntn

jnnnn
thdntndntnjdntndntnthdntn

jsnsnthdstndstnjdstndstnthdstn

jsnsnthdntsdntsjdntsdntsthdnts

jssssthdstsdstsjdstsdststhdsts

222

222

222

222

222

222

22

11

(14) 



 Advances in Lasers and Electro Optics 

 

446 

and, similarly: 
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9.2 Contributions to the signal-noise beat variance 
The variance of the signal-noise beat may be separated in several contributions. To illustrate 
the impact of RX imperfections, the contributions to the signal-noise beat variance of ideal 
RX, shown in (Costa & Cartaxo, 2009b), are used as reference. Thus, we find that the 
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by considering an ideal RX. Similarly, the ( ){ } { } ( ){ }( )2
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respectively, when the ideal RX is considered. Other contributions to the signal-noise beat 
variance arise from the imperfections of the RX and are cancelled when the ideal RX is 
considered. These contributions are:  
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9.3 Contributions to the noise-noise beat variance 
The variance of the noise-noise beat may be separated in several contributions. To illustrate 
the impact of RX imperfections, the contributions to the noise-noise beat variance of ideal 
RX, shown in (Costa & Cartaxo, 2009b), are used as reference. Thus, we find that the 
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respectively, when the ideal RX is considered. Other contributions to the noise-noise beat 
variance arise from the imperfections of the RX and are cancelled when the ideal RX is 
considered. These contributions are:  
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9.4 List of acronyms 
AWGN – Additive white Gaussian noise 

BEP – Bit error probability 

DCF – Dispersion compensating fiber 

DPSK – Differential phase-shift-keying 

DQPSK – Differential quadrature phase-shift-keying 

EDFA – Erbium doped fiber amplifier 

EDP- Equivalent differential phase 

GA- Gaussian approximation 

GVD – Group velocity dispersion 

I – In-phase 

MC - Monte-Carlo 

MZDI – Mach-Zehnder delay interferometer 

NRZ – Non-return-to-zero 

OOK – On-off keying 

OSNR - Optical signal-to-noise ratio 

PDF – Probability density function 

PIN - Positive-intrinsic-negative photodetector 

PSD – Power spectral density 

Q – Quadrature 

RX – Receiver 

RZ – Return-to-zero 

SASM - Semi-analytical simulation method 

SPM – Self-phase modulation 

SSMF - Standard single-mode fiber 

STD – Standard deviation 

TX - Transmitter  
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1. Introduction 
In the last few years, there has been rapid deployment of fixed wireline access networks 
around the world based on fiber-to-the-home (FTTH) architecture. Passive optical network 
(PON) is emerging as the most promising FTTH technology due to the minimal use of 
optical transceivers and fiber deployment, and the use of passive outside plant (OSP) (Dixit, 
2003; Kettler et al., 2000; Kramer et al., 2002). However, large scale PON deployment is to 
some degree still limited by the high cost of the customer’s optical network unit (ONU), 
which contains a costly laser transmitter. The active optical network (AON) architecture is 
one potential solution that can reduce the ONU cost by utilizing low-cost vertical cavity 
surface emitting laser (VCSEL) based transmitters. However, this system requires an 
Ethernet switch at the remote node, which is expensive in terms of cost and maintenance, 
and needs additional transceiver per customer. Another drawback of traditional PON 
systems is that it has a split ratio limitation of 1:32, which makes it harder and much more 
expensive to upgrade the network once more customers are connected. 
In this book chapter, a FTTH system to reduce the ONU transmitter cost based on the use of 
an upstream repeater at the remote node is reported. The repeater consists of standard PON 
transmitter and receiver and therefore, does not significantly increase the overall system 
cost. Moreover, by utilizing bidirectional Ethernet PON (EPON) transceiver modules to 
regenerate the downstream signals as well as the upstream signals, we are able to extend the 
feeder fiber reach to 60 km and split ratio of the FTTH system to 1:256. The repeater-based 
system is demonstrated for both standard EPON-based FTTH and extended FTTH systems 
and shows insignificant performance penalty.  
In order to achieve higher user count and longer range coverage in the access network, the 
repeater-based FTTH system can be cascaded in series. This will result in a lower network 
installation cost per customer, especially when FTTH take-up rate is low. In this chapter, we 
also investigate the jitter performance of cascaded repeater-based FTTH architectures via a 
recirculating loop. Our demonstration shows that we can achieve up to 4 regeneration loops 
with insignificant penalty and the total timing jitter is within the IEEE EPON standard 
requirement. 
With the presence of the active repeater at the remote node of a FTTH system, we can 
provide additional functionalities for the network including video service delivery and local 
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internetworking. These systems will be investigated and presented in this chapter together 
with an economic study of the repeater-based FTTH system compared with other 
technologies. 

2. FTTH system with remote repeater 
A schematic of the proposed FTTH architecture with an upstream repeater is shown in Fig. 1 
(Tran et al., 2006b). In this architecture, a conventional 1×N star coupler (SC) is replaced by a 
2×N SC. One arm of the SC on the optical line terminal (OLT) side is connected to the 
remote repeater, which could be at the same location as the SC or at a different location for 
access to commercial power lines with a battery back-up. The other arm of the SC is to 
transmit downstream signals through the SC and bypass the remote repeater. An isolator is 
installed on this downstream path to prevent upstream signals from entering. The 
downstream and upstream signals are separated/combined using a coarse wavelength 
division multiplexer (CWDM). The upstream signals can be 2R or 3R regenerated at the 
remote repeater using a burst-mode receiver (BMR), a burst-mode transmitter (BMT) and/or 
a clock-data recovery (CDR) module. The BMR and BMT can have the same specification as 
the OLT-receiver and ONU-transmitter, respectively. The CDR should be able to recover the 
clock and data at a rate of the PON system. 
 

SMF

2xN 
SCOLT

BMT

λd

λu

CWDM

BMR

ONU

ONU

λu

λd

λu

Remote Repeater

CDR

Passive OSP  
Fig. 1. FTTH system with upstream repeater. 

The use of an upstream repeater provides the opportunity for much lower cost 
implementation of ONU using low power and low cost optical transmitters, such as 
0.8/1.3/1.55 μm VCSEL-based transmitters. The ONU transmitters will now need much less 
output power (up to 10 dB lower) than standard PON system due to feeder fiber and OLT 
coupling losses. The use of simple and standard PON transceivers at the repeater 
significantly saves cost, maintenance expenses and power compared to an Ethernet switch 
as in the case of the AON architecture. Our proposed technique uses the conventional PON 
fiber plant for both downstream and upstream transmissions. Moreover, it is compatible 
with any existing media access control (MAC) protocols in the conventional PON systems as 
the repeater simply regenerates the upstream signals without any modification to the 
internal frame structure. Another advantage of our proposed FTTH system is that the 
downstream signals need not to be regenerated at the remote repeater and as a result, 
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downstream channel can be upgraded without any change in the repeater allowing 
broadcast services to be transmitted transparently through the 1.55 μm wavelength window. 
PON transmitter and receiver are usually commercially available as a single bidirectional 
transceiver (TRX) unit. By utilizing the bidirectional property of the transceiver, we can 
achieve regeneration on the downstream path as well as the upstream path. This 
downstream regeneration enables the feeder fiber length and the split ratio at the SC to be 
increased, which in turn extends the coverage area of the PON system. This can offer cost 
effective broadband service delivery by removing the need for a separate metro network 
and connecting users directly to core nodes, similar to the long-reach PON structure 
reported in (Nesset et al., 2005). Our proposed concept is illustrated in Fig. 2. By using 
standard EPON OLT and ONU transceivers, we can increase the feeder fiber reach from 20 
km to approximately 60 km (due to 15 dB loss saving on the SC) and the split ratio from 1:32 
to 1:256 (due to 10 dB loss saving on the feeder fiber). This increase in reach and split ratio 
provides an attractive upgradeability solution for the existing PON deployment using very 
low cost components. The remote node, which houses the repeater in this FTTH system, can 
be placed at a location close to the community in the proposed broadband-to-the-
community architecture (Jayasinghe et al., 2005a; Jayasinghe et al., 2005b). At this repeater 
station, digital satellite TV signals and local area network (LAN) interconnection are re-
distributed to the PON system. This architecture is useful in situations, where the 
conventional service provider has restricted right for TV signal broadcasting and the 
community will have control over the TV signals that they receive. We will be discussing 
these features with experimental demonstrations in Section 4. 
 

Extended 
Feeder

1xN 
SCOLT

ONU
TRX

OLT
TRX

ONU

ONU
λd

λu

Remote Repeater

CDR

CDR

Increased 
Split Ratio

 
Fig. 2. FTTH system with bidirectional repeater. 

2.1 Experiments and results for the upstream repeater 
The first experimental setup to demonstrate the proposed FTTH system with upstream 
repeater is similar to that shown in Fig. 1. In this setup, we used commercially available 1.25 
Gb/s EPON OLT and ONU TRXs. The feeder fiber is 20 km long using standard single-
mode fiber (SMF) and we only used upstream regeneration. A 1.25 Gb/s BMR at 1310 nm 
was used at the repeater to receive the bursty signals from two ONUs. The electrical outputs 
from this BMR were used to drive a BMT at 1490 nm directly without retiming (i.e. no CDR 
was used in this experiment). The ONU signals were generated using user-defined patterns 
at 1.25 Gb/s to simulate bursty signals and the OLT signals were generated using 
continuous pseudo-random binary sequence (PRBS) 223 – 1. 
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Fig. 3(a) shows the upstream signals from ONU1 and ONU2 received at the OLT when the 
upstream repeater was used. Fig. 3(b) shows the measured eye diagrams for the upstream 
signals received at the OLT with and without the upstream repeater. Fig. 3(c) shows the 
zoomed-in beginning of the upstream burst signals from ONU1. The waveform clearly 
shows that the OLT can quickly recover the first few bits from the bursty regenerated 
upstream signals. As shown in the table, the average total timing jitter from the upstream 
repeater was measured to be 90 ps and is smaller than 599 ps, which is specified by the IEEE 
802.3ah EPON standard (IEEE, 2004). The rise time and fall time of the pulses were 
measured to be 118 ps and 115 ps, respectively, which are well within the 512 ns rise time 
and fall time specification of the IEEE 802.3ah standard.  
 

40
 m

V/
di

v

200 ns/div

ONU2ONU2ONU2 ONU1 ONU1

40
 m

V/
di

v
5 ns/div

Received upstream signals with 
repeater

Beginning of burst with repeater

20
 m

V/
di

v

200 ps/div

Upstream 
without repeater

Upstream 
with repeater

20
 m

V/
di

v

200 ps/div

Upstream 
without repeater

Upstream 
with repeater 512 ps115 psFall-time

512 ps118 psRise-time

599 ps90 psAverage total 
timing jitter

IEEE 802.3 
EPONMeasured

512 ps115 psFall-time

512 ps118 psRise-time

599 ps90 psAverage total 
timing jitter

IEEE 802.3 
EPONMeasured

(a) (b)

(c) (d)  
Fig. 3. Measured eye diagrams and waveforms with and without upstream repeater. 
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Fig. 4. Measured BERs for upstream and downstream signals with and without upstream 
repeater. 
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Fig. 4 shows the measured bit-error-rates (BERs) for downstream and upstream signals with 
and without the upstream repeater. No power penalty due to the upstream repeater was 
observed. The measured waveforms and BER results confirm that the upstream repeater can 
be used to reduce the requirement on the ONU transmit power without introducing penalty 
to the existing PON system and still conforming to the IEEE EPON standard requirements. 

2.2 Experiments for video transmission 
We also used this upstream repeater in a commercial EPON evaluation system from 
Teknovus to test its performance. The Teknovus system implements the IEEE 802.3ah EPON 
standard for delivery of triple-play services. Fig. 5 shows the experimental setup along with 
the measured upstream spectrum and captured video when video signals were streamed 
from the ONU to the OLT through the upstream repeater. No degradation in received 
upstream video quality was observed in the experiment. 
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Fig. 5. Experimental setup and observed upstream spectrum and captured video after 
transmission through Teknovus system with upstream repeater. 

2.3 Experiments and results for the bidirectional repeater 
An experimental setup to demonstrate the reach extension and split ratio increase of the 
PON system was constructed and is similar to that shown in Fig. 2. In this case, a pair of 
bidirectional OLT and ONU TRXs were used at the remote node to provide both upstream 
and downstream regeneration. The feeder fiber is 50 km long. No CDR modules were used 
at the repeater. Fig. 6 shows the measured eye diagrams. The total timing jitter due to the 
repeater for downstream and upstream signals was measured to be 30 ps and 210 ps, 
respectively, which are still within the jitter specification of 599 ps of the IEEE 802.3ah 
standard. The rise time and fall time for downstream and upstream signals are 93 ps, 85 ps, 
120 ps, and 140 ps, respectively, which are also well within the limit of the IEEE 802.3ah 
standard. It is expected that by using CDR modules at the remote repeater these jitter values 
would be further improved. 
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Fig. 6. Measured eye diagrams and waveform with and without bidirectional repeater. 

Fig. 7 shows the measured BERs for the upstream and downstream signals. No power 
penalty was observed for downstream signals when the signals were transmitted through 
the repeater compared to the results when the signals were transmitted without the 
repeater. A small penalty < 0.2 dB was found for upstream signals, which could be 
attributed to non-perfect clock synchronization between the BER test-set and the pattern 
generator as no CDRs were used in the experiments. These results confirm that 
commercially available EPON transceivers can be used as bidirectional repeater to increase 
EPON reach and split ratio without introducing significant penalty to the existing system 
and without violating the IEEE 802.3ah standard. This is a very important feature of the 
proposed remote repeater-based optical access network scheme as it can certainly support 
existing interfaces at the OLT and ONU terminals. 
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Fig. 7. Measured BERs for upstream and downstream signals with and without bidirectional 
repeater. 
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3. Jitter analysis of cascaded repeater-based FTTH system 
The use of the remote repeater allows much lower cost implementation of ONU using low 
power and low cost optical transmitters, such as 0.8/1.3/1.55 μm VCSEL-based transmitters. 
If standard EPON components are used, the repeater can help increase the feeder fiber reach 
from 20 km to 50 km (due to 15 dB loss saving on the star coupler (SC)) and the split ratio 
from 1:32 to 1:256 (due to 10 dB loss saving on the feeder fiber). We can achieve higher user 
count and longer range coverage in the access network by cascading repeater-based FTTH 
systems as shown in Fig. 8 (Tran et al., 2006c). This will result in a lower network 
installation cost per customer and provide more effective broadband service delivery. 
 

OLT REG REG

ONU

ONU

REG

 
Fig. 8. Cascaded repeater-based FTTH system. 

When the FTTH systems are cascaded, there are issues affecting the performance such as 
media access control (MAC) protocol designs, bandwidth allocation algorithms, jitter and 
delay parameters, etc. In this section, we investigate the jitter performance of cascaded 
repeater-based FTTH architectures via a recirculating loop. Other issues are beyond the 
scope of this work. Fig. 9 shows the experimental setup to investigate the jitter performance 
of cascaded FTTH systems with remote repeater. We used a 1.25 Gb/s EPON transmitter at 
1490 nm with a PRBS of 223 – 1 to feed signals into the recirculating loop. The two acousto-
optic switches and a 2x2 coupler control the signals coming in and out of the loop. Inside the 
loop, there is 20 km of standard single-mode fiber (SMF) to simulate the feeder fiber in a 
standard PON. Followed the SMF are the EPON receiver (RX) and transmitter (TX) 
connected directly to each other without any CDR modules. An attenuator is used inside the 
loop to simulate the star coupler loss. At the output of the loop, an EPON RX is used to 
detect the signals after recirculation. 
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Fig. 9. Experimental setup to demonstrate cascaded remote-repeater-based FTTP systems. 
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Table 1 shows the measured timing jitter performance of the received signals after each 
loop. As seen, after 6 regenerations, the total jitter is only 380 ps, still smaller than 599 ps, 
which is specified by the IEEE 802.3ah EPON standard (IEEE, 2004). Note that, the measured 
total jitter has contribution from regeneration as well as clock misalignment due to the 
absence of clock recovery at the receiver. 
 

Loop No. Mean jitter RMS (ps) Mean peak-to-peak jitter (ps) 

0 18 62 
1 18 70 
2 24 81 
3 49 215 
4 70 228 
5 76 298 
6 90 380 

Table 1. Measured timing jitter for different loop numbers. 

Fig. 10 shows the measured eye diagrams of the 1.25 Gb/s signals. As seen in Fig. 10(c), the 
eye is still clear and open after 4 loops, enabling error-free operation. After 6 loops (Fig. 
10(d)), the eye becomes distorted and partly closed. This eye closure is due to both 
regeneration and the absence of clock recovery at the receiver. 
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Fig. 10. Measured eyes at 1.25 Gb/s without clock recovery. 

We measured the BERs for the 1.25 Gb/s signals after 0 loop as the baseline, and then 
repeated the measurement after each loop. The results are shown in Fig. 11. Compared with 
the BER results for the 0 loop, the power penalty is less than 0.5 dB for the cases up to 4 
loops. After 5 loops, the power penalty is more than 4 dB at BER = 10-8. After 6 loops, we 
reached an error floor at 10-5. We can conclude that without clock recovery, our proposed 
FTTH architecture with remote repeater can be cascaded 4 times without introducing 
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significant penalty to the system performance. This result illustrates that if we take into 
account a single repeater-based FTTH system with a feeder fiber of 50 km and a customer 
base of 256, a cascaded system can then theoretically extend the reach to 200 km and 2564 
customers with no jitter performance degradation. However, the actual number of 
customers will eventually be limited by the MAC protocol and dynamic bandwidth 
allocation scheme. 
In order to investigate the effect of clock recovery on the receiver jitter performance, we 
used 155 Mb/s PON transceivers at the transmitter, receiver and regenerator. A CDR 
module was also used at the receiver. Fig. 12 shows the measured eye diagrams after 0 
regeneration and 10 regenerations through the recirculating loop with and without clock 
recovery. Without clock recovery, the timing jitter was measured to be 489 ps and 1.9 ns for 
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Fig. 11. Measured BER curves at 1.25 Gb/s. 
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Fig. 12. Eyes at 155 Mb/s with and without clock recovery. 
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0 and 10 loops, respectively. With clock recovery, the timing jitter was approximately 390 ps 
for both 0 and 10 loops. This illustrates that with clock recovery at the receiver, we can 
cascade our FTTH systems for up to 10 times and the total jitter is still within the EPON 
standard requirement. 

4. Video service integration over a repeater-based FTTH system 
Integrating video services over a PON has become important since it could reduce the cost 
of operation. Generally, cable TV and satellite TV services are delivered over coaxial cables 
within the premises. As the transmission distance and the number of video channels 
increase, the coaxial cable based infrastructure may not support larger number of video 
channels. Considering a scenario whereby multiple video channels have to be delivered to 
densely populated areas such as multi-dwelling units, apartment houses, or hotels, a cost-
effective solution is essential. Due to regulatory issues in several countries, video services 
may not be delivered over a PON from the CO. Moreover, the unbundling of fiber 
bandwidth in the access networks enables the provisioning of video service delivery by 
many cable TV providers. However, due to the competition between the cable TV providers 
and the telecom companies, certain video services may not be delivered through a PON 
from the CO. Therefore, a cost effective architecture that enables the video service delivery 
by multiple service providers in an access network is required. As an added feature for the 
remote repeater, we demonstrate a video service delivery scheme for a large-split repeater-
based FTTH network whereby the video channels are carried on a radio frequency (RF) 
subcarrier multiplexed (SCM) format. 
A generic integrated optical access network to support data, voice and video services is 
shown in Fig. 13(a). The proposed architecture is based on the repeater-based optical access 
network that could potentially support a larger number of customers (Nadarajah et al., 
2007). In this setup, cable TV and satellite TV signal distribution links can be overlaid on the 
downstream link at the repeater to be delivered to the customers. We proposed the video 
service delivery using RF SCM transmission, whereby the chosen RF carrier frequency for 
the delivery of the video channels is placed outside the bandwidth of the downstream data 
signals as shown in Fig. 13(b). At the repeater, the received video channels are upconverted 
to the designated RF frequency and then electrically combined with the regenerated 
downstream data signals before the transmission to the customers. Integration of RF video 
channels with the downstream signals at the repeater has several advantages. Time 
multiplexing video channels with the downstream data at the CO increases the total 
downstream bandwidth. The scalability of this scheme is potentially limited by the power 
budget and therefore limits the number of video channels. As the number of splits in the 
star coupler (SC) increases, this issue becomes even more pronounced. In a large-split PON, 
the delivery of RF video channels from the CO suffers from inadequate signal-to-noise ratio 
(SNR) to receive the video channels error-free. As the bandwidth requirements and the 
number of customers increase, it becomes more difficult. However, the SNR requirements 
can be satisfied in a repeater-based optical access network as the signals are regenerated at 
the RN enabling the video delivery for a larger number of customers.  On the other hand, 
the video channels that are regenerated at the remote repeater can be optically combined 
with the downstream wavelength channel. Compared to SCM based scheme, this scheme 
does not use electrical combination of the RF video channels with the downstream data at 
the repeater. At the ONUs, the received wavelength channels can be detected using a single 
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receiver. As the RF video channels are placed outside the bandwidth of the baseband 
downstream data, one receiver setup at each ONU becomes feasible.  
Fig. 14 shows the experimental setup to demonstrate the capabilities of the proposed 
scheme. A 1.25 Gb/s downstream signal of 231 - 1 pseudo random binary sequence non- 
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Fig. 13. (a) Generic integrated repeater-based optical access network architecture for video 
service delivery; (b) Repeater-based distribution network providing simultaneous RF SCM 
videos and data services. 
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Fig. 14. Experimental setup to demonstrate the video service delivery over a repeater based 
optical access network. 
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return-to-zero (PRBS NRZ) data was directly modulated onto downlink carrier, λd (1490 
nm), and transmitted to the repeater through a 10 km standard single mode fiber. At the 
repeater, the downstream signal was detected using a commercially available 1.25 Gb/s 
receiver. A 4.096 Msymbols/s quadrature phase shift keyed (QPSK) data was generated 
using a vector signal generator and upconverted onto a RF carrier frequency at 1.7 GHz. 
As shown in Fig. 15, the generated signal was electrically combined with additive white 
gaussian noise (AWGN) generated from an electrical noise source that simulated multiple 
video channels. Before the combination, AWGN was band limited using a band pass filter 
(BPF) with a center frequency of 2 GHz and bandwidth of 300 MHz to reduce the spectral 
overlap with the QPSK signal and the downstream data. The detected downstream signal 
was then sent through a low pass filter (LPF) with a cut-off frequency of 1.25 GHz to avoid 
crosstalk to the RF signals before electrically combining with the RF signals. The composite 
signals were directly applied to a distributed feedback laser operating at 1550.92 nm and 
transmitted to the ONUs. The downstream wavelength channel from the repeater was 
passed through a 4x4 SC and detected using a 2.5 Gb/s receiver. The received signals were 
split using a RF splitter and 1.25 Gb/s dowstream data was recovered using a LPF with a 
cut-off frequency of 1.25 GHz while the RF signals were separated from the downstream 
data using a BPF and QPSK signal was recovered using a demodulator. In the upstream 
direction, a 1.25 Gb/s 231 - 1 PRBS NRZ continuous data was directly applied to a Fabry-
Perot laser diode operating at 1310 nm wavelength window (λu) and transmitted to the 
repeater, where it was regenerated and transmitted to the CO through the 10 km fiber. It 
should be noted that longer fiber transmission would not have made significant difference 
in the results because the combination of video channels with downstream data is 
performed at the repeater that is closer to the ONUs and the downstream data can be 
regenerated using cascaded repeaters. Coarse wavelength division multiplexing couplers 
were used at the repeater to separate λu and λd before and after the regeneration of the 
signals.  
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Fig. 15. Observed RF spectra of the downstream signals and RF video channels at the 
repeater and ONU. 

Fig. 16 shows the BER measurements for the upstream and downstream data signals. For 
the upstream signal, less than 0.4 dB penalty was observed when the signals were passed 
through the repeater compared to back-to-back (B-B) measurements and this penalty was 
introduced at the repeater electronics. For the downstream data, no penalty was observed 
when the RF SCM signals were added with the downstream data signals. The sensitivity of 
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the upstream data signal was approximately 2 dB better than that of downstream data 
signal. The modulation depth of the downstream data was reduced to avoid 
intermodulation products as it was modulated with the RF video signals at the repeater.  
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Fig. 16. Measured BER curves for 1.25 Gb/s upstream data and 1.25 Gb/s downstream data 
signals. 
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Fig. 17. Measured EVM values for QPSK signals. Insets show the observed constellation & 
eye diagrams. 

Fig. 17 shows the measured error vector magnitude (EVM) for the recovered QPSK signal. 
An EVM of 16.6% (corresponds to a BER of 10-9) was measured for the recovered QPSK data 
signal when the received optical power was -31.81 dBm. The graph also shows that QPSK 
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signal did not suffer from crosstalk penalty from to the downstream data signal. The insets 
of Fig. 17 show the constellation diagram and the eye diagram for the recovered QPSK 
signal when the received optical power was -31.81 dBm. As the bandwidth requirements for 
the digital video channels increase, higher order modulation formats can be adopted 
without changing the allocated frequency spectrum. The experiment was repeated for 4.096 
Msymbols/s 16-quadrature amplitude modulation (QAM) video channel transmissions and 
the resulting constellation diagram is shown in Fig. 18.  
 

 
Fig. 18. Observed constellation diagram for the recovered 4.096 Msymbols/s 16-QAM. 

A power budget calculation for the video channels was performed based on parameters 
given below. The transmitted optical power from the repeater, distribution fiber length, 
attenuation of fiber, WDM coupler loss, sensitivity for 2.5 GHz optical receiver and loss of 
the 64-split SC are chosen to be 0 dBm, 5 km, 0.2 dB/km, 0.75 dB, -26 dBm and 21 dB 
respectively. Under these circumstances, a power margin of 2.5 dB can be obtained for the 
video channels. Assuming the bandwidth of each RF video channel is 6 MHz, more than 100 
video channels can be simultaneously delivered. As the bandwidth of the downstream data 
increases, higher bandwidth receiver is required to receive both signals. Higher bandwidth 
RF video channel transmissions can be performed using higher order modulation formats 
that require higher SNR for error-free recovery. As the optical modulation index of the 
video channels increases, the modulation index of the downstream data decreases. This 
leads to the reduction in sensitivity of the downstream data and limits the power budget of 
downstream data signal. Therefore, the modulation index for both signals has to be taken  
into account considering the power budget requirements.  

5. Local area networking over a repeater-based FTTH system 
As the access network grows with increasing number of customers and demand for more 
bandwidth, several value added services also need to be delivered in an efficient way. For 
example, customers within a PON environment may require private communication links 
between themselves for various computer applications and telecommunication services, 
such as distributed data processing, broadcast information systems, teleconferencing, and 
interactive video games. Moreover, some customers leasing several floors within a building 
may require their own private network such as LAN apart from the standard 
communication links with the CO. To serve this purpose, two solutions can be found. The 
first one is to deploy another optical network interconnecting all customers within the PON 
to facilitate the local customer networking. Intercommunication between the customers may 
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be realized by overlaying a separate network in which each ONU is connected to all other 
ONUs via a point-to-point optical link. Deploying a separate network for inter-networking 
amongst the customers is extremely complex and costly especially in a densely populated 
area. Moreover it also becomes impractical and inefficient to connect to each customer in the 
network via this setup (Cohen, 2003; Venkateswaran, 2001). The second solution is to 
intelligently use the existing PON infrastructure to provide the additional services. Reuse of 
the PON infrastructure to facilitate intercommunication links between customers of the 
same PON can greatly reduce the cost and simplify management issues of the network. 
Overlaying a LAN on the existing PON incurs a minimum additional cost since it utilizes 
the existing facility. The overlaid network can be used to interconnect several customers in 
scattered buildings to form a group of community (IEEE, 2004; Park et al., 2004). The 
resulting PON system enables fiber-to-the-premises so that the tenants in a building can 
subscribe to telecommunications, internet, and video services individually while keeping 
their own network. Moreover, the change in bursty data traffic patterns opens up an 
opportunity for an efficient use of inherent PONs with distributed statistical multiplexing to 
increase the efficiency of the access networks. Using distributed multiplexing, LAN 
capabilities amongst the customers can be developed. The overlaid virtual PON 
technologies bring multiple campuses and multi-tenant business buildings onto a same 
optical fiber facility and therefore making savings on fiber facilities’ capital and ongoing 
operational costs (Arnaud et al., 2003; Iannone et al., 2000). 
A number of higher layer LAN emulation schemes have been proposed to the Ethernet in 
the First Mile alliance (EFM) IEEE 802.3ah (Dixit, 2003; Hernandez-Valencia, 1997). One of 
these solutions considered the use of PON tags and a trivial reflector function at the CO to 
emulate a shared medium and therefore reflecting all upstream traffic back to the ONUs. 
Even though this scheme is compatible with higher layer, to enable multicasting to several 
ONUs, the frame transmission should be carried multiple times, which wastes bandwidth. 
In the advanced upper-layer shared LAN emulation (ULSLE) scheme, the LAN traffic is 
separated using the bridges and/or routers located at the CO. Using the media access 
control (MAC) address of the packet, intelligent decisions are made and the LAN traffic is 
rerouted back to the appropriate ONUs using the downstream wavelength channel. The 
bridges or routers that are equipped at the CO need to be very complex to obtain relatively 
higher efficiency of transmission bandwidth of the wavelength channels. These bridges or 
routers must be capable of supporting higher layer protocols, thereby potentially increasing 
the cost and complexity of the network. Furthermore, the effective downstream channel 
bandwidth is reduced as the LAN traffic is routed back to the ONUs on the downstream 
wavelength channel. Moreover, the redirected LAN traffic needs to be separated from the 
downstream traffic using complex filtering mechanisms that are employed at the ONUs. 
Even though using a fiber access facility to communicate with another user in the network is 
more efficient and practical, using ULSLE schemes for the transmission of LAN traffic 
amongst the customers increases the complexity at the ONUs. Therefore, a simplified LAN 
that is overlaid on the existing PON with high flexibility is required for the 
intercommunications amongst the customers in the PON. By comparison, emulating point-
to-point links amongst customers directly on the optical layer in the PON can effectively 
overcome several drawbacks (Chae et al., 1999; Chae et al., 2001; Nadarajah et al., 2005; Tran 
et al., 2006a; Wong et al., 2004). Compared to the higher layer LAN emulation schemes, an 
optical layer LAN emulation can also be provided whereby the LAN traffic is physically 
redirected back to the ONUs without the use of higher layer bridges or routers located at the 
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CO. This effectively reduces the required higher layer interfaces at the CO while obtaining 
higher bandwidth utilization for the downstream wavelength channel. It has been shown 
that in the optical layer LAN emulation schemes, as the percentage of LAN traffic increases 
the available upstream and downstream bandwidth per ONU also increases whereas it 
decreases in the higher layer LAN emulation schemes. Moreover, no further complex 
filtering mechanisms are required at the ONUs to separate the LAN traffic from the 
downstream traffic. The use of more complex filtering and packet forwarding schemes that 
are used in the bridges or routers at the CO are also eliminated and therefore reduces the 
cost and complexities associated with the operation at the ONUs and CO. We have 
proposed and experimentally demonstrated a multi-functional high split repeater-based 
optical access network architecture that enables simpler and bandwidth efficient LAN 
capabilities amongst the customers. 

5.1 System architecture 
A generic integrated optical access network to support LAN services is shown in Fig. 19 
(Nadarajah et al., 2009). In this network, a 1×N (N < 256) splitter is used at the remote node, 
whereby the larger split is enabled by a remote repeater that regenerates the upstream and 
downstream signals. The repeater not only performs regeneration of the signals to support 
larger number of customers but also provides intelligent LAN capabilities. The LAN traffic 
that is carried from one ONU to another along with the upstream traffic to the CO is 
physically separated at the remote repeater. Thereafter, LAN traffic is combined with the 
downstream traffic and carried to the ONUs.  We propose the LAN traffic delivery for the 
repeater based optical access network using RF subcarrier multiplexed transmission, 
whereby the chosen RF carrier is placed outside the bandwidth of the baseband upstream 
traffic and downstream traffic as shown in Fig. 19. The repeater consists of transceiver 
modules and an electrical LPF, and BPF for the separation and combination of the LAN 
traffic.  
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Fig. 19. Integrated repeater based optical access network architecture for local area 
networking. 
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5.2 Experiments and results 
Fig. 20 shows the experimental setup to demonstrate the capabilities of the proposed 
scheme. A 1.25 Gb/s downstream signal of 231 - 1 PRBS NRZ data was directly modulated 
onto downlink carrier, 1490 nm and transmitted to the repeater through a 10 km fiber. At 
the repeater, the downstream signal was detected using a 1.25 Gb/s receiver. For the 
upstream transmisisons a 155 Mb/s 223 - 1 PRBS NRZ was upconverted onto the RF 
frequency at 2.5 GHz using a mixer. The upconverted RF LAN data was then electrically 
combined with 1.25 Gb/s 223 - 1 PRBS NRZ and directly modulated onto a DFB laser 
operating on a wavelength at 1550.92 nm and transmitted to the repeater through a 3 km 
fiber and 4×4 SC.  
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Fig. 20. Experimental setup for the demonstration of the proposed LAN scheme. 

Fig. 21 shows the RF spectra of the transmitted composite signals. The received upstream 
signals at the repeater were detected and RF power split. One portion of the signals was 
passed through a LPF with a cutoff frequency of 1.25 GHz to separate the 1.25 Gb/s 
upstream data. This upstream data was then directly modulated onto a FP-LD operating at 
1310 nm and transmitted to the CO through a 10 km fiber. The other portion of the signals 
was then sent through a BPF with a center frequency of 2.5 GHz and bandwidth of 300 MHz 
to separate the LAN data. The separated LAN data was then combined with the 1.25 Gb/s 
downstream data and directly modulated onto DFB laser operating at 1554.13 nm and 
transmitted to the ONUs through a 4×4  SC and 3 km fiber. The received signals at the ONU 
were split using a RF splitter and 1.25 Gb/s dowstream data was recovered using a 1.25 
GHz LPF while the RF signals were separated from downstream data using a BPF and 155 
Mb/s LAN data was recovered using a demodulator. 
Fig. 22 shows the BER measurements for the upstream data, downstream data, and LAN 
data signals. For the downstream signal, no significant penalty was observed for the 10 km 
fiber transmission compared to back-to-back (B-B) measurements. After the RF LAN data 
was added at the repeater, more than 5 dB penalty was observed for the downstream data. 
This larger penalty was a result of the reduction of the extinction ratio. This larger penalty 
can be minimized by optimizing the combination of both downstream data and LAN data 
signals. For the 1.25 Gb/s upstream data, less than 0.5 dB penalty was observed when the 
RF LAN data signals were added and transmitted with the upstream signals. For the LAN 
data signal, less than 0.5 dB penalty was observed in the presence of 1.25 Gb/s upstream 
data signals. An additional 0.5 dB penalty was observed when the LAN data signals were 
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carried to the ONUs with the downstream data signals. These penalties can be attributed to 
the crosstalk from the baseband signals. 
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Fig. 21. Observed downstream signals at the repeater. 
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Fig. 22. Measured BER signals for all the signals. 

6. Econometric modelling 
We have shown the proposed architecture for a repeater-based FTTH system that could 
potentially increase the number of subscribers served by a single optical access network 
infrastructure to 256 and extend the feeder fiber transmission distance up to 100 km.  
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Supporting a larger number of subscribers using a single PON infrastructure is more cost 
effective and an economic model has been developed to study the cost effectiveness of this 
particular architecture in comparison with the conventional PON architecture and fiber-to-
the-node (FTTN) architecture that incorporates digital subscriber lines (DSL) from the 
remote node (RN) to the customer units (CUs). At the RN, a digital subscriber line access 
multiplexer (DSLAM) is placed for the collection and distribution of signal from/to each of 
the CUs through the already built-in DSL lines. The objective of this section is to identify the 
essential costs of building passive optical access networks and to perform a comparison of 
different technologies using varying performance criteria. Simple generic models are used to 
calculate trenching and cable costs taking into account different deployment cases.  

6.1 Network model 
A model framework of generic connections, housings, and equipment are considered for 
this study. In this model, all links between OLT, RN and ONU are via single-mode fiber. 
The distance between the OLT and the RN is taken as 10 km. Moreover, it is considered that 
the RN is placed between the subscriber’s ONU and the OLT. The RN is the equivalent of 
the active switch in the AON structure, the SC in the PON structure and the repeater and 
the SC in the repeater-based optical access network. As these types of FTTH architectures 
are more suitable for the multi-tenant buildings, it is considered that the RN is placed at the 
basement of the building while the houses are located on each floor.  
Fig. 23 shows the layout of the houses in a floor of the building. There are n (typically n = 8) 
houses in one row, while the N rows (typically N = 4) in the single floor. The size of each 
house is 15 x 15 m.  
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N rows

 
Fig. 23. Layout of the houses in a floor of the building. 

If there are m floors in a building, then the average fiber cable length between the RT and 
the customer unit can be given as 

 Average cable length = ( )( )1 1
15

4
n m+ +

×  m.  (1) 

 Average trench length = ( )1
15

4
n m +

×  m.  (2) 
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6.2 Network economics 
Fig. 24 shows the architectures that are considered for the economic model analysis. The 
conventional PON architecture uses multiple SCs in the RN and they are connected to the 
OLT using multiple feeder fibers and ONUs using distribution fibers. No active electronics 
is used in the RN. The repeater-based FTTH network architecture is similar to that of 
conventional PON architecture, however a simple repeater is used at the RN. Moreover, a 
higher split (1x256) SC is used instead of multiple (1x32) SCs. The fiber-to-the-node and DSL 
(FTTH-DSL) architecture uses a point-point link optical fiber link between the OLT and the 
RN. At the RN, the CUs are connected using DSL lines and a DSLAM is used at the RN for 
the aggregation of the upstream signal from each subscriber.  
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Fig. 24. Conventional PON, repeater-based FTTH, and FTTN-DSL architectures for the 
economic analysis. 

Table 2 shows the parameters that are used for the equipment cost for each network model. 
The optical transceiver cost for each scheme remains the same even though repeater-based 
hybrid network supports a larger number of CUs. This is because the downstream and 
upstream signals are regenerated at the RN and therefore high power lasers and high 
sensitivity receivers are not required at the OLT. In the conventional PON, 32 CUs are 
supported through a single OLT interface while repeater-based hybrid optical access 
network supports 256 CUs through a single interface. Therefore, 8 optical transceivers with 
interfaces are required for the conventional PON to support 256 CUs using a single 
infrastructure. The housing cost of the RN is higher for the FTTN-DSL as it contains an 
active DSLAM requiring larger space with higher installation costs. In repeater-based FTTH, 
the power requirement and the chassis costs are higher than that of conventional PON; but 
lower than that of FTTN-DSL. The cost of the optical transceiver used at the RN for repeater-
based FTTH architecture is lower than that of FTTN-DSL.  

Repeater-based FTTH

FTTN-DSL 
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 Repeater-Based FTTH PON FTTN-DSL 
OLT Parameters    
Housing cost ($) 50000 50000 50000 
Transceiver cost ($) 10000 10000 10000 
    
RT Parameters    
Housing cost ($) 1000 500 8000 
Chassis cost ($) 500 100 2000 
Remote powering cost ($) 250 0 2500 
Transceiver cost ($) 1000 0 2000 
Output port cost ($) N/A 160 N/A 
Max house per RT 256 32 256 
Max RT boxes 1 8 --- 
SC cost ($) 9000 3000 --- 
Switch cost per port ($) --- --- 80 
    
Cable Costs ($/km)    
OLT to RT 128 128 128 
RT to CU 128 128 --- 
Cost per splice ($) 24 24 24 
    
Trenching Costs ($/km)    
OLT to RT 5000 5000 5000 
RT to CU 1000 1000 0 
    
ONU Costs    
Install cost ($) 100 100 100 
CU cost ($) 150 200 100 
Interface cost ($) 500 500 500 

Table 2. Component and installation costs. 

In the repeater-based FTTH system, as the number of splits is higher compared to that of in 
the conventional PON, the cost of the SC used in the repeater-based FTTH is also higher. In 
the FTTN-DSL, it is considered that the DSL lines are already in place however requires 
further rearrangement.  
Fig. 25 shows the cost of each CU for the FTTH systems for 256 CUs and 128 CUs for the 
take rate of 100%. In both scenarios, conventional PON architecture requires higher cost for 
each CU while the FTTN-DSL requires the lowest cost for each CU of all architectures. All 
the FTTH architectures with 128 CUs require higher cost for each CU compared to that with 
256 CUs as the infrastructure is shared by many CUs. For the repeater-based FTTH 
architecture with 256 CUs the cost per customer is approximately $2459 while it is $3412 for 
the FTTN-DSL. Similarly, the cost per customer in the repeater-based FTTH network is 
approximately $137 higher than that in FTTN-DSL with 128 CUs. We define take rate is the 
percentage of homes covered by the access network infrastructure that subscribe to the 
service. As a consequence, all infrastructure costs (e.g. housing, electronics, and trench 
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deployment) are incurred for all homes, even though they can only be recovered from the 
revenue by those that subscribe.  
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Fig. 25. Cost per customer for the FTTH architectures with 128 and 256 CUs for 100% take 
rate. 

The network cost per subscriber is calculated as: 

 
Infrastructure  Cost  per  HomeCost  per  Subscriber  

% Take  Rate / 100
                                per-subscriber  costs

=

+
  (3) 

We now use the model framework with the above parameters, cost elements, and 
calculation of shared trench and cables to evaluate the deployment costs of various access 
technologies with/without protection. The protection model for each of the considered 
FTTH architectures is shown in Fig. 26.  
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OLT PS (Power Supply) ONU

Coupler Fiber2Fiber1

PS  
(a) Unprotected architecture 

OLT PS Fiber1 Coupler Fiber2 ONU PS  
(b) Protected architecture 

Fig. 26. Optical access protection models. 
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In this model, OLT, feeder fiber, and RN costs are duplicated whereas the ONU and the 
distribution costs are not. Fig. 27 shows the cost per customer for varying take rate for the 
considered architectures in both protected and unprotected cases. As expected the protected 
networks cost higher than that of unprotected networks. The protected networks require 
more than 34% cost increase compared to the unprotected architectures for the take rate of 
100%. The conventional PON architectures require more than 40% increase in costs for the 
protected architecture. 
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Fig. 27. Cost per subscriber for different access architectures vs. take rates. 
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Fig. 28. Cost per subscriber for different access architectures for take rate of 100%. 
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Fig. 28 shows the cost per subscriber for different architectures for the take rate of 100% 
showing the cost splits. As can be seen, the ONU costs and the trenching costs dominate the 
total cost per subscriber for each scheme. As the feeder fiber length is 100 km, the trenching 
costs dominate the total CU costs and approximately are more than 67% of the total costs, 
while the ONU cost is more than 21% of the total cost.  
For this economic modelling, the cost of the OLT transceiver is considered to be $10,000 
while the cost of the ONU transceiver is $500 for all architectures. If the optical transceiver 
cost used at the CU for the repeater-based FTTH architecture is $453 or less while the optical 
transceiver cost used at the CU in the FTTN-DSL architecture is $500, then the total cost per 
subscriber for both repeater-based FTTH and FTTN-DSL architectures is $3459. Therefore, 
the optical transceiver cost used the CU in the repeater-based FTTH network has to be less 
than $453 to make this architecture cheaper than other considered solutions. 

7. Conclusions 
We have reported a new FTTH system to reduce ONU transmitter cost using an upstream 
repeater at the remote node. The system can be further modified to provide both 
downstream and upstream regeneration by utilizing bidirectional property of standard 
transceivers. This is to extend conventional PON system’s feeder fiber reach to 60 km and 
split ratio to 1:256. The use of the repeater introduces insignificant penalty to the existing 
PON performance and meets the IEEE 802.3ah standard requirements. We show that the 
system achieves good performance compared to a standard PON using SMFs. The system 
has a large network coverage and potentially provides a low-cost solution to accelerate 
broadband access deployment. Furthermore, we investigated the jitter performance of 
cascaded repeater-based FTTH systems through a recirculating loop. The results show that 
the system without clock recovery can be cascaded up to 4 times with insignificant 
performance degradation and the total jitter is within EPON standard specification. When 
clock recovery at the receiver is used, we can extend the system’s coverage area 
significantly. We have shown that value-added services such as video service integration 
and LAN emulation can intelligently be added in the repeater-based access networks. We 
have demonstrated a cost-efficient video service delivery scheme for this type of densely 
populated repeater-based optical access network, whereby the remote repeater enables the 
integration of the video services to the downstream traffic transport. The video signals are 
carried on a RF carrier that is placed outside the bandwidth of the downstream traffic. The 
BER results and the constellation diagrams measured from the experimental demonstrations 
show that both signals can be recovered with minimal penalty. For the local area 
networking amongst the customers in the repeater-based FTTH network, the remote 
repeater performs intelligent functionalities to provide optical layer LAN capabilities while 
regenerating the signals. The experimental results show that all signals can be recovered 
error-free after transmissions. We have also performed an economics study of different 
FTTH technologies taking into account 1+1 protection. It is shown that the repeater-based 
FTTH architecture is competitive with the FTTN-DSL architecture in terms of cost per 
subscriber whereas the conventional PON architecture requires higher costs. The trenching 
costs and the ONU costs are far more dominant of all costs in all kinds of architectures. It 
has also been shown that longer feeder fiber incurs more cost per subscriber and therefore to 
make a feasible and more economical solution to provide broadband services, a larger 
number of customers have to be supported over a single infrastructure. 
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1. Introduction 
In the field of high-frequency radio interferometer, Atacama Large Millimeter/sub-
millimeter Array (ALMA), its highest receiving frequency reaches 950 GHz. To receive such 
high frequencies, a higher reference frequency for frequency conversion is required (as 
much as over 100 GHz). To maintain signal coherency, this reference signal has to be highly 
stable. To address these issues, we have developed a new method to generate and transmit a 
reference signal in the form of frequency difference between two coherent light waves. One 
method to generate two optical signals is producing them from a pair of laser sources using 
optical phase lock loop for feed back control (Cliche & Shillue (2006)), however, optical 
phase lock loop also requires a stable laser source. A good alternative method to the optical 
phase lock scheme is the lithium niobate (LiNbO3) Mach-Zehnder optical modulator which 
is capable of generating two highly stable optical signals (upper sideband and lower 
sideband components) by applying a sinusoidal microwave signal to an input laser signal. 
Compared to the current optical phase lock scheme, the Mach-Zehnder modulator has 
significant advantages in terms of stability (free from the influence of the input laser 
stability), robustness to mechanical vibration and acoustic noise, and capability of maintaining 
polarization state of the input laser. During the signal transmission through the fiber cable, the 
cable length delay fluctuation is caused together with polarization mode dispersion, which 
will impact the performance of coherent signal distribution. We have developed the phase 
stabilizer using the dual difference round-trip phase measurement method with Michelson’s 
interferometer. The roundtrip phase measurement is performed on each lightwave signal 
separately. The Round-trip phase measurement method is helpful for successful delay 
compensation of the microwave signal which is converted from the two coherent optical 
signals by a photo mixer. The two transmitted optical signals require phase stability better 
than 10–13 (1sec) in white phase noise in the Allan standard deviation for ALMA project. 

2. Astronomical requirements 
The modulation signal is transmitted via one optical fiber in the form of frequency 
difference between two coherent optical signals. These two optical signals are subsequently 
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converted into millimeter-wave signal by the photo mixer at the remote antenna. The region 
from 27 GHz to 122 GHz (Table 1) is used for operational frequency for ALMA 10-band 
receivers. The two-tone generator requires polarization maintaining capability as well as 
mechanical vibration and acoustic noise robustness to avert the impact of the polarization 
effect on the photo-mixer and that of the polarization mode dispersion on the transmission 
fiber. 
 

 Reference freq. 
range (GHz) 

Local freq. 
range (GHz) 

   
Band 1 27.3-33.0 27.3-33.0 
Band 2 79.0-94.0 79.0-94.0 
Band 3 92.0-108.0 92.0-108.0 
Band 4 68.5-75.5 137.0-151.0 
Band 5 87.5-99.5 175.0-199.0 
Band 6 74.3-87.7 223.0-263.0 
Band 7 94.3-121.7 283.0-365.0 
Band 8 79.4-97.6 397.0-488.0 
Band 9 102.3-118.0 614.0-708.0 
Band 10 88.8-104.2 799.0-938.0 

Table 1. Required frequency range. 

2.1 Phase noise 
The behavior of phase noise can be analyzed by the Allan standard deviation (Allan (1966; 
1976)). The frequency instability is the frequency change induced by internal or external 
factors within a given time interval. In other words, the frequency instability is defined as 
the degree to which the output frequency remains constant over a specified period of time. 
Characteristics of phase noises (Healey (1972)) are shown in Fig. 1. 
 

 
Fig. 1. Phase noises of a highly stable signal. 



Photonic Millimeter-wave Generation and Distribution Techniques  
for Millimeter/sub-millimeter Wave Radio Interferometer Telescope  

 

481 

Noises are classified into the following five types according to the noise generation 
mechanism: white phase modulation noise (τ – 1), flicker phase modulation noise (τ –1), white 
frequency modulation noise (τ – 1/2), flicker frequency modulation noise (τ 0) and Random 
Walk frequency modulation noise (τ 1/2) (Healey (1972)). Some of these noises are generated 
by electronic equipment or by changes in the environment (such as temperature change). 

2.2 Estimation of coherence loss and time error by the Allan standard deviation 
The coherence loss due to the instability in the frequency standard for T-sec integration 
times is estimated Eq. (1) (Rogers & Moran (1981); Rogers et al. (1984); Kawaguchi (1983)). 

 
2

2 2= [ ]
6 12 57

p f y
c oL T T

α α σ
ω + +  (1) 

where 
Lc the loss of coherence, 
ωo the angular frequency of local oscillator, 
αp the Allan variance [(standard deviation)2] of white phase noise at l sec, 
αf the Allan variance [(standard deviation)2] of white frequency noise at l sec, 

2
yσ  the constant Allan variance [(standard deviation)2] of flicker frequency noise, 

T the integration time [sec]. 
Coherence loss and time error are calculated by the Allan standard deviation. One of the 
stability measurement methods in time domain is the Dual-Mixer Time Difference (DMTD) 
method (Allan (1976)) which is adopted by NIST (National Institute of Standards and 
Technology, USA), NICT (National Institute of Communications and Technology, Japan) 
and other time/frequency standard institutes. Using this method, the phase stability of a 
device-undertest can be obtained without influence of unstable local frequencies of the 
measurement system. The Dual-Mixer Time Difference method allows time measurements 
and frequency and frequency stability measurements for sample times as short as a few 
milliseconds or longer without dead time. Moreover, the phase noise in the measurement 
system can be canceled out with this method. 
The total system instability is calculated by RSS (root sum square) of the Allan standard 
deviation of each component. Time error of phase noise is calculated as follows: 

( )
=

3
yT T sec

Time error
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(1 )

=
ln 2
yT secσ×

 (4) 

in flicker Frequency Modulation noise  

According to the system-level technical requirements of ALMA, the instrumental 
delay/phase error of the 1st Local system should be 53 fs in the short time period, and the 
difference between 10 sec averages at intervals of 300 sec should be 17.7 fs in RMS. When 
these values are converted to the Allan standard deviation using Equations (2), (3), and (4), 
it turns out that the noises are white phase modulation noise and flicker frequency 
modulation noise. The short time stability of white phase modulation noise is obtained Eq. 
(2): σy(τ = 1) = 9.2 × 10–14. Calculating from Eq. (4) and 10 seconds averaging, the required 
stability is σy(τ = 1) = 1.56 × 10–16 (flicker phase modulation noise) in the long-time period. 

3. Photonic millimeter-wave generator 
In the high-extinction ratio lithium niobate (LiNbO3) Mach-Zehnder intensity modulator 
(Izutsu et al. (1977), Izutsu et al. (1981), Kawanishi et al. (2006), Kawanishi et al. (2004a), 
Kawanishi et al. (2004b), Kawanishi et al. (2007), Onillon et al. (2005), Vegas et al. (2003)), the 
optical frequency difference between two optical signals is exactly twice (or four times) the 
modulation frequency, and the output signal is equivalent to FSK (frequency shift keying) 
spectrum. Compared to the optical phase lock scheme, the Mach-Zehnder modulator 
(shown in Fig. 2) has significant advantages in terms of robustness to mechanical vibration  
 

 
Fig. 2. Simplified structure of an optical modulator with two arms and electrodes. Optical 
phase of each arm is controlled by applying DC bias to the electrodes. Amplitude imbalance 
due to fabrication error is compensated with sub-Mach-Zehnder trimmers. When two 
lightwaves are in phase, the output optical signals are strengthened each other. On the other 
hand, when the phases of the input lightwaves are shifted, the phase-shifted lightwaves are 
radiated away as higher-order waves, and do not reach the optical waveguide. This is the 
main feature of the Mach-Zehnder modulator. 
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and acoustic noise, stability (free from the influence of the input laser stability), and 
capability of maintaining polarization state of the input laser. The Mach-Zehnder modulator 
is so reliable that it has been used for optical submarine cables. The estimated lifetime of the 
Mach-Zehnder modulator extends to several decades. 
The output spectrum depends on the DC bias voltage applied to the electrodes in the Mach-
Zehnder structure. The Mach-Zehnder modulator has the following two operation modes 
(Kawanishi et al. (2005), Kiuchi et al. (2007), Sakamoto et al. (2005)). 

3.1 Operation mode 
3.1.1 Null-bias point operation mode 
When the bias of the Mach-Zehnder modulator is set to a minimum transmission point 
(nullbias point), the first-order upper side band (USB) and lower side band (LSB) 
components are strengthened, and the carrier is suppressed (Fig. 3). The frequency 
difference between the two spectral components is twice the modulation sinusoidal signal 
frequency. As the spectral components generated by the optical modulation are phase-
locked, it is possible to construct  a robust system without using any complicated feedback 
control technique. However, as the modulation frequency is limited by the frequency 
response of the modulator, the frequency upper limit of the two optical signals can not be 
higher than 100 GHz in the null-bias point operation mode. For this reason, the null-bias 
point operation mode is suitable for the low-frequency application. 

 
Fig. 3. When the bias of the Mach-Zehnder modulator is set to a minimum transmission 
point (null-bias point), the first-order USB and LSB components are strengthened, and the 
carrier is suppressed. The frequency difference between the two spectral components is 
exactly twice the modulation signal frequency. Each sideband signal spectrum shows a copy 
of the input laser spectrum. High carrier suppression ratio of 50 dB was demonstrated by 
the nullbias point operation mode using the integrated Mach-Zehnder modulator with an 
intensity trimmer in each arm (sub-Mach-Zehnder interferometer). 

3.1.2 Full-bias point operation mode 
When the bias is set to a maximum transmission point (full-bias point), the second-order 
USB and LSB are strengthened, and the carrier is not suppressed. If the extinction ratio of 
the Mach-Zehnder modulator is high, undesired odd-order USB and LSB components can 
be successfully suppressed with this technique. When the odd-order sideband components 
are suppressed in this mode, the optical frequency of even-order (zero- and second-order) 
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components is remained (Fig. 4 left side). Eliminating the zero-order component (carrier), 
the remaining is a two-tone optical spectrum whose frequency is four times the modulation 
frequency or 4 fm (fm is the modulation frequency of the RF signal applied to the 
modulator). The frequency difference between the zero-order and second-order components 
is 2 fm. When 4 fm > 50 GHz, the frequency difference is large enough that the zero-order 
component can be eliminated with a conventional optical filter (Fig. 4 right side). The optical 
signal filtered by the optical filter is amplified by an optical amplifier. At this point, the first-
order components are suppressed by the Mach-Zehnder modulator with high extinction 
ratio to prevent undesired spurious signals. 
 

 
Fig. 4. When the bias of the Mach-Zehnder modulator is at full-bias point, the odd-order 
sideband components are suppressed. In this case, the optical frequency of even-order (zero-
order and second-order) components is remained (left chart). Eliminating the zero-order 
component (carrier: input lightwave), the remaining is a two-tone optical spectrum whose 
frequency is four times the modulation frequency (right chart). 

3.2 Harmonic generation process 
The input light-wave is assumed to be monochromatic, and can be described by 2 0if t

LWA e π , 
where ALW is the optical transmittance in the waveguide. Light-waves with RF signal can be 
obtained by modulation of sinusoidal RF signals into USB and LSB components using an 
optical intensity modulator. Assuming the RF signal is a sinusoidal signal, it is expressed as 
2ARF sin(2π fmt + φB), and the optical output is expressed as shown in Eq. 7(Kawanishi et al. 
(2007)). 

2 ( sin(2 / 2))01= [
2

if t i A f tRF m B
LWR A e eπ π φ+  

 
( sin(2 /2)) ]i A f tRF m Be π φ− ++  (5) 

2 2 [ ]0 0

=

1= ( )
2

if t i f t nf tm
LW n RF

n
A e J A eπ π

∞
+
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The output optical intensity 2| |R , which is detected by a high-speed photo-mixer, is 
expressed by Eq. 8. 
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where the high-order components are neglected assuming ARF  1, and the high-order 
components are neglected. By using Taylor’s expansion of Bessel function, Eq. 9 is obtained. 
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The intensities of the fundamental component sin(2π fmt) and the second-order harmonic 
cos(2 × 2π fmt) can be controlled by the DC-bias φB. The fundamental and second-order 
components are proportional to sin(φB) and cos(φB), respectively. The ratio between the 
average power and RF signal component depends largely on the conversion efficiency from 
light-waves to RF signals at the photo-mixer. The ratios for the fundamental and second-
order components are expressed in Eqs. 10, 11. 
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In the case of φB = π, the even-order components in the output signal R, including the carrier 
components 2 0if te π are suppressed and the average power 2| |R  is reduced to minimum of 
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2| | /2RFA , where the dominant components are first-order USBs and LSBs. In the case of φB = 
0, the odd-order components are suppressed, and the dominant components are zero-order 
and second-order USBs and LSBs. 

3.3 Need for the high-extinction ratio modulator 
Three Mach-Zehnder structure LN-modulator can provide high-extinction ratio (more than 
55 dB) modulation signals. Simulated signals are shown in Figs. 5 and 6. High-extinction 
  

 
Fig. 5. Simulated low extinction ratio (20 dB) modulation signal. Optical spectrum (left) and 
micro wave spectrum (right). 

 
Fig. 6. Simulated high extinction ratio (50 dB) modulation signal. Optical spectrum (left) and 
micro wave spectrum (right). 
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ratio performance is effective in suppressing of excessive signals. Suppression of spurious is 
very important to ensure effective photonic LO signal distribution. 

3.4 Stability measurement 
In the case of the interferometer, we use the hydrogen maser which has the best short-term 
stability among existing atomic clocks as the reference signal source if necessary. There is 
also a method to measure the phase noise of components without using the hydrogen 
maser. We can estimate the total phase noise of the interferometer system, using the 
covariance that is obtained by; 1) measuring the phase noise of a single unit independent 
from the reference signal and the reference signal phase noise that is separately measured 
and 2) taking the root sum square of these phase noises. We should use time domain Allan 
standard deviation measurement with DMTD method instead of the frequency domain SSB 
phase noise measurement method which measures the phase noises of all signals as a whole. 
The Allan standard deviation in time domain is used to calculate the coherence loss and 
time error. 

3.4.1 Time domain phase measurement method for the null-bias point operation mode 
Figure 7 shows a time-domain stability measurement system to measure the differential 
phase between the second harmonic of the reference synthesizer and the first-order 
modulated signal (null-bias point operation mode). The figure shows the experimental setup 
of the Dual-Mixer Time Difference system (mixers, filters, and a Time Interval Analyzer: 
TSC-5110A) for phase noise measurement using a 22 GHz signal. The origin of the source 
signal is a 11 GHz synthesizer. The 11 GHz signal is used as a modulation signal, and the 22 
GHz signal (spurious signal of 11 GHz, Fig. 7) is used as a reference signal (on the lower 
arm). These signals are coherent since the 22 GHz signal is a harmonic of the 11 GHz signal. 
Two coherent optical signals with 22 GHz difference are generated by optical modulation of 
the optical source signal using the Mach-Zehnder modulator. These two signals are 
subsequently converted to a 22 GHz microwave signal (on the upper arm) by the photo- 
 

 
Fig. 7. Block diagram of a time-domain stability measurement system for the null-bias point 
operation mode (the first-order optical signal). This phase noise measurement system is free 
from the influence of reference signal phase noise and frequency conversion signal phase 
noise. 
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mixer. The frequencies of the two 22 GHz signals (on both arms) are converted to 20 MHz 
with a common 21.98 GHz signal. After these processes, the phase difference between the 
two 20 MHz signals is measured by the Dual-Mixer Time Difference system. In this 
experimental setup, the 21.98 GHz synthesizer, the hybrid, and mixers compose a kind of a 
Dual-Mixer Time Difference system. During these operations, the 20 MHz signals are free 
from the instability of the 11 GHz and 21.98 GHz synthesizers. 

3.4.2 Time domain phase measurement method for the full-bias point operation mode 
Figure 8 shows a time-domain stability measurement system to measure the differential 
phase between the multiplied (×4) reference signals and the second-order modulated signal  
(Full-bias point operation mode). In the case of 100 GHz measurement, the source signal is 
generated from the 25 GHz sinusoidal synthesizer, and the generated 25 GHz signal is used 
as a modulation signal and a multiplied reference signal. The microwave multiplier 
generates 100 GHz. Two coherent optical signals with 100 GHz difference are generated by 
optical modulation of the optical source signal using the Mach-Zehnder modulator. These 
two signals are subsequently converted to a 100 GHz microwave signal by the photo-mixer. 
The frequencies of the two 100 GHz signals are converted to 10 MHz by harmonic-mixers 
(multiplied number is 10) with a common 9.999 GHz synthesizer signal. After these 
processes, the differential phase between the two 10 MHz signals is measured by the Dual-
Mixer Time Difference system. In this experimental setup, the 9.999 GHz synthesizer, the 
hybrid, and harmonic-mixers in the figure compose a kind of a common noise system. 
During these operations, the 10 MHz signals are free from the instability of the 25 GHz and 
9.999 GHz synthesizers. The measured phase noise is the covariance of the two systems 
(Mach-Zehnder modulator and multiplier). 
We used an NTT photo-mixer, an Uni-traveling-carrier photodiode (UTC-PD)(Hirota et al. 
(2001), Ito et al. (2000)). Responsibility of the photodiode is approximately 0.4 A/W. The 
typical output power (100 GHz) is approximately 0.5 mW. 

3.5 Measured stability 
To make the Dual-Mixer Time Difference method available, it is required that the phase 
stability of the multiplier be better than that of the Mach-Zehnder modulator, or the stability 
of the two systems be almost equivalent. 
The results of the SSB phase noise measurement method include not only the phase noises 
of the LN-modulator (or multiplier) but also those of the reference signal generator 
(Synthesizer). Therefore the measured SSB phase noise heavily depends on the reference 
signal phase noise. On the other hand, the DMTD method measures differential phase noise 
between the measurement signal and the reference signal. In our system, the measurement 
signal and the reference signal are generated from the same source, which means we can 
offset the phase noise of the signal source, or the common noise, when obtaining the 
covariance between the modulator and multiplier. If the phase noises of the modulator and 
multiplier are almost equivalent or that of the modulator is better, we can use the obtained 
Allan standard deviation as the phase noise after dividing it with the square root of two. If 
the multiplier has much better phase noise, the obtained covariance should be considered as 
the phase noise of the modulator. 
We made a comparison between single side band (SSB) phase noises of the multiplier and 
the Mach-Zehnder modulator signals using the SSB phase noise measurement system as 
shown in Fig. 8. 
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Fig. 8. Block diagram of a time-domain stability measurement system using the multiplier 
signal for the full-bias operation mode (the second-order optical modulation signal). This 
phase noise measurement system is free from the influence of reference signal phase noise 
and frequency conversion signal phase noise. This method is also regarded as a Dual-Mixer 
Time Difference method. The measured phase stability is the covariance of the Mach-
Zehnder modulator and multiplier phase noises. 
Since the current system doesn’t have two identical LN modulators, we cannot perform the 
phase noise measurement between two identical LN modulators with the DMTD method. 
Consequently, it is meaningless to use the DMTD method if the phase noise of the multiplier 
to be compared is extremely bad. 
The obtained results show at least the modulator has phase noise that is equivalent to or 
better than that of the multiplier in 1 kHz and higher frequency. The lower frequency phase 
noise is masked by the synthesizer phase noise. The measurement results of SSB phase noise 
is no more than a criterion for judgment of effectiveness of the measured Allan standard 
deviation with the DMTD method. 
Phase stability of the Mach-Zehnder modulator measured using the Allan standard 
deviation is shown in Fig. 9. The stability is independent of the input laser line-width for a 
short fiber cable, the input lasers are a DFB-laser (10 MHz line-width) and a fiber-laser (1 
kHz line-width). 
 

 
Fig. 9. Measured phase stabilities of the Mach-Zehnder modulator, the first-order 22 GHz 
signal and the second-order 100 GHz signal. 
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3.6 Differential polarization angle between two light-waves 
The theme of this paper covers optical signal generation, but the ultimate goal of the 
photonic system is generation of highly-stable optical signal and its transmission with fiber 
system. The delay compensation must be performed on the delay caused during the optical 
signal transmission through an optical fiber cable in order to keep the signals coherent. In 
the photonic LO (Local) system, two optical signals are transmitted and converted by a 
photo mixer at a remote antenna into a microwave signal. During the signal transmission 
through the fiber cable, the cable length delay is caused, including Polarization Mode 
Dispersion (PMD), a bottleneck in performing successful phase compensation (delay change 
compensation). PMD is the state of polarizations (SOP) dispersing randomly in the cable. 
PMD is caused when the state of polarization of the two optical signals is absolutely 
changed by the movement of the cable through which the signals are transmitted. The 
magnitude of PMD is inversely proportional to the degree of the polarization alignment of 
the two optical signals. Since the generation of PMD contributes to the emergence of the 
Differential Group Delay (DGD) (synonymous with LO phase jitter), SOP of the two signals 
needs to be coincident so as to reduce the second order PMD effect on DGD. 
We measured the differential polarization angle between two light-waves generated by the 
Mach-Zehnder modulator. The measurement block diagram is shown in Fig. 10. In this 
measurement, the two light-waves are transmitted to the ITU-Grid programmable optical 
filter (Peleton QTM050C), which selects one of the two light-waves for polarization. The 
polarization is measured by the polarization meter (Polarimeter). The differential angle is 
calculated by Eq. (12): spherical trigonometry. 

 1 2 1 2 1 2cos = sin sin cos cos cos( )d δ δ δ δ λ λ× + × × −  (12) 

The measured polarization angles in degrees are (δ1: -29.2 in Azimuth, λ1: -4.54 in Elevation) 
and (δ2: -28.3, λ2:-4.59). The calculated differential polarization angle: d is 0.90 degrees. 
 
 
 

 
Fig. 10. Block diagram of the Polarization measurement. One of the two optical signals is 
selected by the ITU grid switch for polarization and transmitted to the Polarization meter. 

3.7 Astronomical application 
3.7.1 Estimated coherence loss 
The measured stability of the null-bias point operation mode is 2.4×10–14 (white phase 
modulation noise) with 1.3×10–14 (white frequency modulation noise) at τ = 1 sec, while the 
stability of the full-bias point operation mode is 3×10–14 (white phase modulation noise). 
With respect to a ×n multiplier, multiplied phase noise (Vanblerkom & Aneman (1966)) 
should also be considered as shown below: 
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Multiplied phase noise  

 = Measured phase noise Multiplied number×  (13) 

The coherence loss calculated from Equation (1) is smaller than 5% at the highest local 
frequency (938 GHz). 
In the Dual-Mixer Time Difference system for the null-bias point operation mode shown in 
Fig. 7, phase noise of the measurement system (supposedly, white frequency modulation 
noise) is not canceled out as common noise, because the signal phase becomes unstable and 
incoherent in the amplification process by the AMP in the figure. The mild peak in 22 GHz 
around 30 seconds is thought to be due to white frequency modulation noise or instability of 
the amplifier, as the similar peak is not detected in the full-bias point operation (80 and 100 
GHz measurements). Assuming the white frequency modulation noise is caused by any 
component other than the Mach-Zehnder Modulator, the phase noise of the Mach-Zehnder 
Modulator will be σy(τ = 1) = 2.4 × 10–14. In this case, the coherence loss due to the phase 
noise will be constant, because the loss due to white phase modulation noise is independent 
of integration time. However, even if both of these noises are considered, the Mach-Zehnder 
modulator is still applicable to the most advanced systems such as ALMA and Very Long 
Baseline Interferometer (VLBI). The photonic millimeter-wave generator has been authorized 
as the MZM-LS (Mach-Zehnder Modulator scheme Laser Synthesizer) in ALMA project. 

4. Round-trip phase stabilizer 
Reference microwave signal or reference laser signal transfer via optical fiber have been 
researching in many fields (Sato et al. (2000), Daussy et al. (2005), Musha et al. (2006), 
Foreman et al. (2007)). 

4.1 Basic concept of the round-trip phase stabilizer 
Figure 11 shows the basic concept of the round-trip phase stabilizer(Kiuchi (2008)) for the 
two coherent-optical-signals. The optical signals are transmitted in one single-mode fiber. 
Under the effect of polarization mode dispersion (PMD), the transmission line lengths (the 
length of the signal path in the optical fiber cable) are different between the two coherent-
optical-signals which are transmitted as a set. 
The phase of these signals (λ1 and λ2 in wavelength) at the starting point of the roundtrip 
transmission is assumed to be zero, and the phase of these signals which have returned to 
the starting point are obtained from the following equations: [(2πm) + φ1] for λ1, and 
[(2πn)+φ1 +2Φ] for λ2, respectively, where m and n are integers and Φ is the variable which is 
controlled by a phase shifter. The signal phase at the middle point of the roundtrip 
transmission (at the other end of the fiber) can be expressed as follows: For λ1, (φ1/2): m is 
even or [(φ1/2) + π]: m is odd, and: For λ2, [(φ2/2) + Φ]: n is even or [(φ2/2) + π + Φ]: n is odd. 
Therefore, the transmitted signal phase is (φ1/2)–[(φ2/2)+Φ] or (φ1/2)–[(φ2/2)+Φ]+π.  
If we adjust the phase Φ as follows; 

 1 2= 2 .φ φ + Φ  (14) 

the signal phase at the antenna is the same as or just π different from the signal phase at the 
starting point of the roundtrip transmission. 
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Fig. 11. Basic concept of the round-trip phase stabilizer. The two coherent-optical-signals (λ1 

and λ2) are transmitted in one single-mode-fiber. Under the effect of PMD, the transmission 
line lengths (the length of the signal path in the optical fiber cable) are different between the 
two coherent-optical-signals. The effect of PMD will be expressed in this figure. 

4.2 Round-trip optical dual-differential phase measurement scheme 
The basic configuration of the system is shown in Figure 12. Signals generated by the two 
coherent-optical-signals generator in the previous section (Kawanishi et al. (2007),Kiuchi et 
al. (2007)) are sent to the antennas from the base-station (ground unit), together with PMD  
 

 
Fig. 12. The round-trip optical phase measurement scheme of the round-trip phase stabilizer. 
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caused by the rotation and coupling of the fiber cross section signals. At each antenna, 
frequency-shift modulation (φPLO, angular frequency is ωc) is performed by the Acoust-
Optics frequency shifter for the received optical signals which are then reflected by the 
optical reflector and returned to the shifter. The signals pass through one path in 
transmission. The frequency shift modulation is used to distinguish the round-trip signal 
from back-scattered signals. The phase difference between the signal at the starting point of 
the roundtrip transmission and the returned signal is detected by Michelson’s 
interferometry to perform correlation of the orthogonal signals which are generated by a 90-
degree phase shift of 2ωc (50 MHz). These orthogonal signals are not required for the phase-
lock to the modulation signal at the antenna. Since the modulation frequency (2ωc) is small, 
its PMD (the second order PMD) can be ignorable (the estimated deviation value is shown 
in the next subsection). The round-trip phase measurement method is helpful for successful 
delay compensation of the microwave signal which is converted from the two coherent-
optical-signals by a photo mixer. 
In this method, a Faraday-reflector or a mirror both can be used as the reflector at the antenna. 
In the case of the Faraday reflector, the route of the transmitted and return of light are not 
completely corresponding. This difference becomes a fixed phase offset. However, the change 
of the phase offset can be compensated by the phase locked loop. The fixation phase offset 
does not influence the transmitted phase stability. In the case of using the Faraday rotator and 
a polarization splitter, it becomes advantageous with respect to the carrier noise ratio. The 
influence such as back-scattering can be reduced by separating polarization. 

4.2.1 Polarization mode dispersion (PMD) 
Polarization mode dispersion (PMD) (Agrawal (2002),Derickson (1998)) is the state of 
polarizations dispersing randomly in the cable. PMD arises from the anisotropic nature of 
the fiber cross section (θx and θy). PMD mainly consists of two components 1st and 2nd-
order terms. The 1st-order component is differential group delay (DGD), and the 2nd-order 
components are polarization chromatic dispersion. In contrast to group velocity dispersion, 
PMD shows temporal change. PMD is caused when the state of polarization of the two 
coherent-optical-signals is absolutely changed by the movement of the cable through which 
the signals are transmitted. 
We introduce two equations (Eqs. (15) and (17). The variance of differential group delay 
(Agrawal (2002), Derickson (1998)), can be approximated to be 

 = pD Lτσ  (15) 

Where Dp is the fiber PMD parameter of the optical fiber cable [ /ps km ], and L is the cable 
length [km]. The variation of the delay will have a standard deviation of 39 fs (15 km fiber) if 
we choose a fiber with the lowest PMD of 0.01 /ps km . 
Second order PMD is the wavelength dependence of the propagation delay in the different 
polarization modes. The birefringence of the optical fiber cable is wavelength dependent; 
different wavelengths will cause different types of PMD. The deviation of the propagation 
delay caused by the second order PMD is as follows (Ciprut et al. (1998)); 
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Where Δλ is the frequency difference between the two coherent-optical-signals. The 
deviation of the propagation delay caused by the second PMD is calculated as 

 2 2= .max maxD Lτ λσ × Δ ×  (17) 

DGD is calculated as the co-variance of the two deviations of the propagation delay. The 
maximum differential frequency of the two coherent-optical-signals is Δmax = 1.1 nm. And 
when the Lmax is 15 km, 2τσ  is 0.74 fs. 
In the case of the conventional technologies (Cliche & Shillue (2006)), as the round-trip 
measurement is performed with either one of the two optical signals, the delay on the two 
signals are compensated commonly by the fiber stretcher using the delay of the measured 
signal only. On the other hand, in the basic concept of the proposed system (Figures 11 and 
12), the delays ( τσ  and 2τσ ) of the two signals are considered. The group delay τσ  acts like 
a common mode noise to the two coherent-optical-signals. In addition, the round trip delays 
of the two coherent-optical-signals are measured and compensated independently, taking 
the differential delay between two coherent-optical-signals into consideration (Figure 11). 

4.2.2 Phase relational expression 
Firstly, for the phase relationship of the signals in one of the two coherent-optical-signals in 
Figure 11, the instrumental delay analysis is shown in Figure 12. The suffixes of the 
equations (λ1 and λ2) indicate the optical wavelength. 
The phase of the optical signal to be transmitted from the two coherent-optical-signals 
generator is defined as φ0(t). 

 0 1 1( ) = ( ) ,t tλ λφ ω φ+  (18) 

Where ωλ1 is optical angular frequency, t is time, and φλ1 is initial/offset phase. If the time 
delay caused in the roundtrip signal transmission through the optical fiber cable is assumed 
to be τ 1, τ cable (Figure 12), the received signal phase at the antenna is expressed as φ1(t), at the 
point of the photomixer at antenna. 

 1 1 1 2 1( ) = ( )cablet tλ λφ ω τ τ τ φ− − − +  (19) 

At the antenna, the received signals are modulated (frequency-shifted) by a microwave 
signal φPLO (25 MHz) and sent back to the ground unit through the optical cable. 

 ( ) = ( ) ,PLO c ct tφ ω φ+  (20) 

Where ωc is a shift angular frequency (25 MHz), and φc is an initial phase. Frequency-shift of 
φPLO(t) is done by the Acoust-Optics frequency shifter. The signal phase at the reflector on 
the antenna is as follow; 

2 1 1 1 3 4( ) = ( ) ( )c cablet tλ λφ ω ω ω τ τ τ τ+ − + + +  

 4 1c cλω τ φ φ− + +  (21) 

The signal is reflected by an optical reflector, and returned to the ground-unit via the same 
cable in reciprocal process. 
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Differential phase between transmission and reception signals is measured by the 
Michelson’s interferometer. The above equation is established assuming that the signal (λ1) 
is reflected by Fiber Brag Grating (FBG1) and is converted into microwave φ3 by the low-
frequency photo mixer to detect 2ωc. The frequency (2ωc) is selected by a microwave band 
pass filters. 

3 1 3 4 6 5( ) = 2 ( ) (2 2 2 )c cablet t λφ ω ω τ τ τ τ τ− + + + −  

 3 4 6 72 ( ) 2c cable cω τ τ τ τ τ φ− + + + + +   (22) 

This equation means that the roundtrip delay is measured as the optical differential phase of 
the frequency (c/λ1, c: speed of light) after being converted to a microwave angular-
frequency (2ωc). 
Secondly, the phase relationship of the other optical signal (λ2) can be obtained in 
conformity with Eqs. (18) to (22). When we use the two coherent-optical-signals, the cable 
delay is different between λ1 and λ2 under the effect of PMD. In the following equations, the 
cable delay in λ2 is shown with hat. Initial optical (λ2) signal is as follows: 

 0 2 2
ˆ ( ) = ( ) ,t tλ λφ ω φ+  (23) 

The phase of the optical signal at the antenna is expressed as 1̂( )tφ . 

 1 2 1 2 2
ˆ ˆ ˆ ˆ( ) = ( )cablet tλ λφ ω τ τ τ φ− − − +  (24) 

The optical modulation is performed simultaneously for the wavelength of the two signals 
(λ1 and λ2) at the antenna, assuming that the optical signal passes through FBG1 and 
detected as microwave 3̂φ (t) by the other photo mixer. 

3 2 3 4 6 5
ˆ ˆ ˆ ˆ ˆ ˆ( ) = 2 ( ) (2 2 2 )c cablet t λφ ω ω τ τ τ τ τ− + + + −  

 3 4 6 8ˆ ˆ ˆ ˆ ˆ2 ( ) 2c cable cω τ τ τ τ τ φ− + + + + +  (25) 

This equation also means that the roundtrip delay is measured as the optical differential 
phase of the frequency (c/λ2) which is then converted to a microwave angular-frequency 
2ωc. 
Thirdly, Eq.(26) shows how to obtain the differential phase between φ0(t) and 0̂φ (t) at the 
starting point of the roundtrip transmission (with the single mode fiber long cable over 10 km). 

 0 0 1 2 1 2
ˆ( ) ( ) = ( ) ( ) ,t t t tλ λ λ λφ φ ω ω φ φ− − + −  (26) 

In Eq. (27), the differential phase between φ1(t) and 1̂φ (t) is that of the signal received at the 
antenna. 

1 1 1 2 1 2
ˆ( ) ( ) = [ ( ) ( ) ]t t t tλ λ λ λφ φ ω ω φ φ− − + −  

 1 1 2 2 1 2ˆ ˆ ˆ( ) ( )cable cableλ λω τ τ τ ω τ τ τ− + + + + +  (27) 
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Comparing Eqs. (26) and (27), it is clear what comprises the instrumental delay. The equation 
for the phase change (φd) of the two optical signals caused in the transmission is as follows; 

 1 1 2 2 1 2ˆ ˆ ˆ= ( ) ( ).d cable cableλ λφ ω τ τ τ ω τ τ τ− + + + + +  (28) 

On the other hand, half of the differential phase between φ3(t) and 3̂φ (t), or the double-
difference between the signals before/after the roundtrip transmission is as follows; 

3 3 6 5
1 3 4

ˆ( ) ( ) = ( )
2 2cable

t t
λ

φ φ τ τω τ τ τ− −− + + +  

6 5
2 3 4

ˆ ˆˆ ˆ ˆ( )
2cableλ

τ τω τ τ τ −+ + + +  

3 4 6 7(c cableω τ τ τ τ τ− + + + +  

 3 4 6 8ˆ ˆ ˆ ˆ ˆ ).cableτ τ τ τ τ− − − − −  (29) 

If this differential phase is compensated, the coherent transmission from the ground unit to 
the antenna can be realized. To compare Eq. (28) and Eq. (29), the term ( 1 2 ˆcable cableλ λω τ ω τ− + ) 
is compensated by Eq. (29) (measured data). 
The residual phase in this method is as follows: 

=Residual phase  

 6 5 6 5
1 3 4 2 3 4

ˆ ˆˆ ˆ( ) ( )
2 2λ λ

τ τ τ τω τ τ ω τ τ− −− + + + + +   (30) 

 3 3 4 4 6 6ˆ ˆ ˆ ˆ( )c cable cableω τ τ τ τ τ τ τ τ− − + − + − + −  (31) 

 7 8̂( ).cω τ τ− −  (32) 

Lastly, the meanings of these equations are described below. 
Eq.(30) shows the second order PMD of the cable whose length is (τ 3 + τ 4 + (τ 6 – τ 5)/2), 
Eq.(31) shows the ωc(25 MHz) phase drift equivalent to the second order PMD of the cable 

length obtained by (τcable + τ 3 + τ 4 + τ 6), 
Eq.(32) shows the ωc (25 MHz) phase difference equivalent to the phase drift of the cable 

length obtained by (τ7 – 8̂τ ). 
Equations (30) and (32) are ignorable: the change of the differential delay is ignorable, 
because the length of [τ3,τ4,τ5,τ6,τ7 and τ8] is a few meters and not long enough to cause 
problems. Equation (31) is almost equal to Eq. (33). 

 ˆ( )c cable cableω τ τ−  (33) 

This value is the inevitable error of this method. According to the Equations (15) and (17), 
the offset frequency in the round-trip signal (2 ×ωc=50 MHz) is Δλoffset = 0.0004 nm. The 
deviation of the propagation delay 2τσ  is less than 0.003 fs, which is very small. 
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In the process, the effect of the first and second order PMD can be reduced by using double-
difference of the independently measured phases of two optical signals of round-trip 
measurement. 
As a result, we can measure the instrumental delay phase (twice of the cable delay phase). 
Moreover, this method does not require the transmission of the modulation signal (ωc), 
which means we do not have to consider any phase delay of the modulation signal (ωc). The 
measured phase is used to compensate the instrumental delay change and phase change. 

4.3 Two optical signal separation and optical phase control scheme 
If we use a fiber stretcher that stretches the two signals together and performs phase shift on 
both of them, it is hard to get an enough dynamic range of the phase shift. On the other 
hand, in our basic concept (Fig. 11) using a phase shifter (General Photonics FPS-001) 
instead of the fiber stretcher, the phase shift is performed on only one of the two optical 
signals (λ1 and λ2). Figure 13 shows the execution example. Transmission delay on the fiber 
is measured as the differential phase of the optical round-trip delay of each lightwave 
signal. At first, the two coherent-optical-signals have a vertical and high-extinction ratio 
polarization. In a series of processing in the ground unit, the polarization is maintaining. 
The signal flow is shown in Figure 13. 
 

 
Fig. 13. Two optical signal separation and optical phase control scheme. Where CP1, CP2, 
CP3: optical coupler, C1, C2, C3: circulator, P1, P2: polarization beam splitter, and FBG1, 
FBG2: fiber bragg grating 

The character in parentheses means an optical device in the figure. The signal, passing 
through the optical coupler (CP1), circulator (C1), and polarization beam splitter (P1), is 
divided into two wavelengths (λ1 and λ2). Wavelength λ1 signal is reflected by a fiber bragg 
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grating (FBG1) and returned to the beam splitter (P1), while wavelength λ2 signal is reflected 
by a fiber bragg grating (FBG2) and returned to the beam splitter (P1) via the phase-shifter. 
The returned light-waves are recombined at the beam splitter (P1) and sent to the circulator 
(C1), and then, to the polarization beam splitter (P2). The signal is divided into two signals 
at the optical coupler (CP2) after passing through a long single-mode fiber. One of the 
divided signals is converted to a millimeter wave by a photo-mixer, and the other signal is 
reflected by a Faraday reflector after the frequency shift by an optical frequency shifter 
(Acous-Optics frequency shifter). The reflected signal is converted into a 90-degree different 
optical polarization signal by the Faraday reflector. The signal, after passing through the 
frequency shifter again, is returned back to the polarization beam splitter (P2) in the ground 
unit. As the signal goes through the optical reciprocal process, the received signal has a 
horizontal (90-degree different polarization angle to the transmission signal) polarization at 
this point. After passing through the circulator (C2) and the beam splitter (P1), the signal is 
divided into two wavelengths (λ1 and λ2) again. As described above, wavelength λ1 signal is 
reflected by the fiber bragg grating (FBG1) and returned to the beam splitter (P1), while 
wavelength λ2 signal is reflected by FBG2 and returned to the beam splitter (P1) via the 
phase-shifter. The returned light-waves are recombined again at the beam splitter (P1) and 
sent to the circulator (C2) because the optical polarization is horizontal. And, finally the 
signal is recombined with the divided transmission signal at the optical coupler (CP3). 
The differential phases on the angular frequency 2ωc between transmission and round-trip 
signals on each light-wave signal are detected by low-frequency photo-mixers after 
wavelength separation by the FBG1 optical filter (see previous Section). These measured 
phases are equivalent to the round-trip phases on both lightwave signals. In the proposed 
method, the transmitted signal will be stabilized by controlling the differential phase on the 
measurement signals to zero. 
According to our experiments, a polarization controller is put into place between P1 and 
FBG1 produce a good effect. 

4.4 Laboratory tests 
A block diagram of the performance measurement system is shown in Figure 14. A set of the 
two coherent-optical-signals generated is divided into two signals: one is transmitted to the 
phase stabilizer system and the other to the photo mixer (Nippon Telephone and Telegraph 
(NTT) unitraveling-carrier photo-diode(Hirota et al. (2001),Ito et al. (2000))) as a reference 
signal. The signal passes through a 10-km Single-Mode Fiber cable with/without the phase 
stabilizer. 

4.4.1 Phase stability measurements (Laboratory test) 
We measured the phase stability (Fig. 15) of the transmitted signal (80 GHz) at the antenna 
through the single mode fiber cable (10 km) in the time-domain Allan STD method(Allan 
(1966), Allan (1976)) by a time interval analyzer: TSC-5110A. The measurements were 
conducted with/without the phase stabilizer to check the improvement of the phase 
stabilizer in the interferometric system. 
When the optical signal (80 GHz) is transmitted through the single mode fiber cable (10 km), 
the phase stability begins to degrade around 10 seconds integration time. In the case of 
using the phase stabilizer, the degradation of the phase stability is staved off. The measured 
phase noise is the white phase noise. 
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Dynamic range of this method was measured by using a manual controlled air-gap stretcher 
which was inserted between the Ground unit and the single mode fiber spool in Figure 14. 
The measured dynamic range was larger than 5 cm. 
 

 
 

Fig. 14. A block diagram of phase stability measurement system. The signal is provided 
from the two coherent-optical-signals generator. 

 
 

Fig. 15. The 80 GHz phase stability that passed through the 10 km fiber. The phase stability 
begins to degrade around 10 seconds integration time. In the case of using the phase 
stabilizer, the degradation of the phase stability is staved off. 
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4.4.2 Phase stability measurements (Field test) 
In ALMA OSF (Operations Support Facility: 2900m sea level), there are built-up antennas 
and a Holography system which measures the antenna surface accuracy. The Photonic 
system field test was carried out using the Holography signal and two antennas (Antenna-1 
and Antenna-4). The experiment block diagram is shown in Figure 16. The Holography 
transmitter, Antenna-2, Antenna-1 and Antenna-4 are standing in a low. Therefore the 
received Holography signals at Anttena-1 and Antenna-4 are blocked by Antenna-2, the 
received Holography signal levels are very weak. However Anttena-1 and Antenna-4 can 
receive the Holography signal simultaneously. 

 
Fig. 16. Block diagram of the phase stability measurement experiment with the Holography 
transmitter. The Holography transmitter faces Antenna-2, with Antenna-1 and Antenna-4 
aligned behind antenna-2. Two antennas can receive the Holography signal simultaneously. 
In this experiment, the Holography signal was the common signal. Differential phase of 
Holography signal between Anttena-1 and Antenna-4 was measured. Received Holography 
signals (104.02 GHz) were converted down to intermediate frequency (IF: 50 MHz) signals 
by using the provided photonic signal from the Photonic millimeter-wave generator via the 
Round-trip phase stabilizer. The differential signal phase of these 50 MHz signals are 
measured by DMTD method. The measured phase stability is shown in Figure 17. The phase 
noise of 10–13 in White-PM noise was obtained, which is the covariance phase noise of two 
antenna system. 

4.5 Verification results 
In the ALMA Specification, instrumental delay/phase error on the 1st Local oscillator 
should be 53 fs (rms) in the short term, and long term drift should be 17.7 fs between 10 sec 
averaging at intervals of 300 seconds: σy(1 sec) < 9.2 × 10–14. On the other hand, in the very 
long baseline interferometer (Rogers & Moran (1981), Rogers et al. (1984)) (VLBI), the 
requirements of 320 GHz are as follows: σy(1 sec) < 2 × 10–13, σy(100 sec) < 1.3 × 10–14 and 
σy(1000 sec) < 3 × 10–15.  
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Fig. 17. The measured phase stability is measured by DMTD. The measured stability shows 
the co-variance of two antenna system stability. Received Holography signal (104.02 GHz) 
was converted down to 50 MHz by using the provided photonic signal from the Photonic 
millimeter-wave generator via the Round-trip phase stabilizer. 

The verifications matrix is shown in Table 2. The measured values meet the ALMA 
specifications. 
 

 
Table 2. Verifications matrix. 

5. Conclusion 
Based on our experiment results, we propose a new high carrier suppression optical 
doublesideband intensity modulation technique using the integrated LiNbO3 Mach-Zehnder 
modulator which is capable of compensating the imbalance of the Mach-Zehnder arms with 
a pair of active trimmers (null-bias operation mode). The full-bias point operation mode 
introduced in this paper is also a novel modulation technique for the second-order harmonic 
generation. The Mach-Zehnder modulator can generate two coherent light waves with 
frequency difference equivalent to four times the modulation frequency. Photonic local 
signals of 120GHz can also be generated using this technique. 
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The two spectral components of the two optical signals generated with this technique are 
phase-locked without using any complicated feedback control. All of the measurements 
were carried out on a table (without vibration isolation) in a normally air-conditioned room 
without acoustic noise isolation. In short, all of the measurements were performed under 
normal environment. Temperature change and mechanical vibrations may have affected the 
output lightwaves to some degree, however there was no chaotic phenomenon such as 
mode hopping or mode competition during the experiments. Based on these results, we 
concluded that the proposed techniques will be useful to construct a robust, low-cost and 
simple setup for the photonic local signals. 
Compensation of the Local signal transmission delay is an indispensable technique for 
accurate interferometrical observation. PMD delay, which is caused during the signal 
transmission, needs to be reduced because it deteriorates the accuracy of the delay amount 
by affecting the signal polarization and wavelength. The two coherent-optical-signals 
generator (Kawanishi et al. (2007), Kiuchi et al. (2007)) is required to help stabilization of 
polarization, and to maintain the high extinction ratio, and to keep the signal state of 
polarizations in stable condition for preventing the delay generation. 
We proposed the double difference phase measurement method. The method is also 
available to use the fiber stretcher instead of the phase shifter. The Double-difference 
method is more robust to external influences and more accurate than the current scheme 
which uses one of the two optical signals for measurement. This method can reduce 
deterioration in the signal phase stability caused by the long fiber signal transmission. 
The performance advantages of the system are: 
1. The modulation signal (ωc) transmission and its phase compensation are not required 

(the modulation signal on the antenna is generated by a free-running oscillator); 
2. External noise (acoustic noise, vibration noise) on the long single mode fiber cable is 

dealt with a common noise; and 
3. The PMD problems are reduced, as the round trip delays on the two optical signals are 

measured and compensated independently. 
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1. Introduction 
Quantum key distribution (QKD) is considered as an ideal method to make secret message 
unreadable to eaves-dropper but intelligible to the two authorized parties of the 
communication [1-6]. In the research of experimental quantum key distribution, single 
photons and entangled photon pairs are used as the carriers. In quantum key distribution, 
secret keys are generated first between the communication parties. The security of quantum 
key distribution is guaranteed by the laws of quantum mechanics. After the quantum key 
distribution is completed, the communication parties should share secret keys, then the 
sender encrypts the secret message using the secret keys to form the ciphertext and 
transmits the ciphertext through a classical channel. The receiver receives the ciphertext and 
then decrypt the ciphertext to get the secret message. Altogether there are four steps in a 
secret communication process with QKD: key generation, encryption, transmission and 
decryption. 
Here in this review, we review some new development in quantum communication, 
quantum direct communication (QDC). Quantum direct communication is a form of 
quantum communication where secret messages can be transmitted through a quantum 
channel with or without additional classical communications. There are two forms of 
quantum direct communication, quantum secure direct communication (QSDC) [7{9] and 
deterministic secure quantum communication (DSQC) [10, 11]. In QSDC, secret messages 
are transmitted directly between the communication parties, from sender Alice to receiver 
Bob, without additional classical communication except those for the necessary 
eavesdropping check. In other words, the quantum key distribution process and the 
classical communication of ciphertext are condensed into one single quantum 
communication procedure in QSDC. Deterministic secure quantum communication is 
another type of quantum direct communication, such as those proposed in Ref. [10, 11], 
where classical communication is required in order to read out the secret message. As 
mentioned earlier, to complete a secure communication with the help of QKD, one usually 
encodes the secret message with an encryption scheme, and the ciphered text is transmitted 
through a classical channel. With a quantum channel, this procedure can be varied. For 
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instance, Alice can encrypt her secret message with a random key and encodes the 
ciphertext into the quantum states of the information carriers. The ciphertext is then sent 
from Alice to Bob deterministically. Alice also sends the random key to Bob through a 
classical channel. With this knowledge, Bob can decode the message from the ciphertext 
obtained through the quantum communication. Quantum principle ensures that Eve cannot 
steal the ciphertext. Because the ciphertext needs be transmitted through a quantum channel 
deterministically, not all quantum key distribution can be adapted to construct DSQC. Only 
deterministic QKD schemes can be adapted for DSQC purposes. The fundamental difference 
between QSDC and DSQC is the need of another round of classical communication. Hence it 
is always possible to use a QSDC scheme as a DSQC scheme. 
The first QSDC protocol is the two-step QSDC protocol where qubits in an EPR pair are sent 
from one user to another user in two steps [8, 9]. The two-step QSDC protocol was first 
proposed by Long and Liu in 2001 [8], and standardized and analyzed by Deng, Long and 
Liu in 2003 [9]. Another QSDC protocol is the ping-pong QSDC protocol where one qubit of 
an EPR pair is sent from one user to another and then back to the sender again like the ping-
pong. While the two-step QSDC protocol uses all four dense coding operations, the ping-
pong protocol uses only two of the four dense coding operations. In another development, 
Shimizu and Imoto proposed the first DSQC protocol using entangled photon pairs [10]. In 
their scheme, the ciphertext is encoded in the state of entangled pairs, and the photons are 
transmitted from Alice to Bob. The receiver Bob performs a Bell-basis measurement to read 
out the partial information. Full information of the ciphertext is read out after Alice notifies 
him the encoding basis through a classical communication. In 2002, Beige et al. [11] 
proposed another DSQC scheme based on single photon two-qubit states. The message can 
be read out only after a transmission of an additional classical information for each qubit. In 
recent years, quantum direct communication has attracted extensive interests and many 
interesting and important works have been carried out in QSDC for instance in Refs. [12-30], 
and in DSQC for instance in Refs. [31-39]. In the following sections, we will focus on the 
development of these two forms of quantum direct communication. We will also discuss 
their applications, such as in quantum secret sharing and quantum network. 

2. Deterministic secure quantum communication protocols 
As mentioned above, there are two kinds of deterministic schemes. One is quantum secure 
direct communication (QSDC) in which the receiver can read out the secret message 
directly, and classical information is exchanged between the two parties of quantum 
communication only for security checking. The other is called deterministic secure quantum 
communication (DSQC) [31] in which the receiver can read out the secret message by 
exchanging at least an additional bit for each qubit, i.e. classical communication is needed 
besides eavesdropping check. To some extent, DSQC process is similar to the QKD protocol 
which is used to create a random key first and then use it to encrypt the message. In the 
following, we will describe some DSQC protocols. 

A. DSQC with nonmaximally entangled states 
We describe here two DSQC protocols without using maximally entangled states which was 
proposed by Li et al. [31], following some ideas in the delay-measurement quantum 
communication protocol [40]. It utilizes the pure entangled states as quantum information 
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carriers, called the pure-entanglement-based DSQC, and the other one makes use of the d-
dimensional single photons, called the single-photon-based DSQC. Both of them introduce 
the decoy photons [41, 42] for security checking and only single-photon measurements are 
required for the two communication parties. 
The two parties use pure entangled states as the quantum information carries in the pure-
entanglement-based DSQC protocol [31]. Also this protocol assumes that the receiver has 
the capability of making single-particle measurements. The pure entangled states can be 
described as 

 (1) 

where the subscript A and B indicate the two correlated photons in each entangled state. |0〉 
and |1〉 are the two eigenvectors of the two-level operator σz, say the basis Z. a and b satisfy 
the relation |a|2 + |b|2 = 1. 
Firstly, the sender, say Alice prepares a sequence of ordered N two-photon pairs, and each 
pair is randomly in one of the two pure entangled states |Ψ’〉AB, |Ψ’’〉AB, and 

 (2) 

Alice picks up A particles to form an ordered sequence SA and picks up the other partner 
photons to form the sequence SB. For security checking, Alice replaces some photons in the 
sequence SB with her decoy photons Sde which are produced randomly in one of the four 
states {|0〉, |1〉, |+〉, |–〉}. Here |±〉 =  (|0〉 ± |1〉) are the two eigenvector of the two-level 
operator σx, say the basis X. The decoy photons is easily prepared from the pure entangled 
quantum system |Ψ〉AB by taking a single-photon measurement on the photon A and 
manipulating the photon B with some unitary operations. Secret message is encoded on the 
photons in SB sequence by performing I = |0〉〈0| + |1〉〈1| or σx = |1〉〈0| + |0〉〈1| at Alice's side 
and the two unitary operations represent classical bits 0 or 1, respectively. Then Alice sends 
sequence SB to Bob. After Bob receives SB sequence, Alice and Bob check the security of 
communication by measuring the decoy photons and comparing the outcomes. If the error 
rate is lower than the security bound, Alice and Bob measure their remaining photons with 
basis Z, and they get the final results RA and RB, respectively. Alice announces her results 
RA. Then Bob reads out the secret message MA as MA = RA ⊕ RB ⊕ 1. As this scheme 
requires only single-photon measurements and pure entangled quantum signals, it is far 
more convenient than the schemes with entanglement swapping and quantum teleportation, 
and it is more feasible in practice. In this protocol, the information carriers in two-particle 
pure entangled states can be prepared in experiment easily with present technology, and a 
single-photon measurement is simpler than a multi-particle joint measurement at present. 
This protocol is also generalized to the case with d-dimensional quantum systems [31]. The 
intrinsic efficiency approaches 100% and the total efficiency exceeds  in theory which is 
larger than congeneric schemes using Einstein-Podolsky-Rosen (EPR) pairs. 

B. DSQC with single photons 
In the single-photon-based DSQC protocol [31], d- dimensional single-photon quantum 
systems are utilized as the information carriers. The Zd basis of a d- dimensional system is 
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 (3) 

The d-dimensional eigenvectors of the measuring basis Xd are 

 

(4) 

At first, sender Alice prepares a sequence of d-dimensional single-photons randomly in the 
eigen-basis states of Zd or Xd operators, the sequence is labeled as S. She chooses some 
photons in the S-sequence as the decoy photons and encrypts her secret message MA on the 
other photons with unitary operations Um, , where 

 
(5) 

 
(6) 

In other words, Alice encodes her message with Um if the photon is prepared with the Zd basis. 
Otherwise, she will encode the message with . Then Alice sends the S sequence to Bob. 
After the transmission, they check the eavesdropping by measuring the decoy photons and 
analyzing the error rate. If the transmission is secure, Alice tells Bob the original states of the 
photons. Then Bob measures them with the suitable bases and reads out the secret information 
MA with his outcomes. This protocol is more convenient in practical applications in virtue of 
that it only requires the parties to prepare and measure single photons.  

C. DSQC with quantum teleportation and entanglement swapping 
Quantum teleportation [43] has been studied widely since it was first proposed in 1993, and 
has been applied in some other quantum communication branches, such as QKD, quantum 
secret sharing (QSS) and so on. In 2004, Yan et al. put forward a DSQC scheme using EPR pairs 
and quantum teleportation [32]. In their scheme, the qubits do not carry the secret message 
when they are transmitted between the two parties, and this makes this communication more 
secure and convenient for post-processing such as privacy amplification. 
At first, the two parties share a set of entangled pairs randomly in one of the four Bell states. 
Suppose that all the EPR pairs used in the scheme are |φ+〉AB. The sender Alice prepares a 
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sequence of C particles in the X basis |ψ〉C according to her secret message (|+〉 for "0", |–〉 for 
"1"). Then Alice performs Bell-state measurements on her two particles BC. Each outcome 
will appear with equal probability 0.25 and Bob's particles will be related to the initial states 
of particles C by a unitary transformation Uij relying on Alice's measurement outcomes. 
After Alice publicly announces her out-comes, Bob applies the corresponding inverse 
transformation  to his particles and measures them with the basis X ≡ {|+〉, {|–〉}. Then 
Bob can obtain Alice's message. The security of this scheme is ensured because the security 
of quantum channel is ensured before the trans- mission of secret message, hence it is 
completely secure. 
Subsequently, Gao et al. proposed another direct secure quantum communication scheme 
using controlled teleportation [20]. Three-particle entangled states are used in this scheme. 
When the communication starts, the three parties first share a set of entangled states. The 
sender Alice performs a Bell-state measurement on a information particle and a particle in 
the entangle state, and the controller Charlie performs a single-particle measurement. 
According to their measurement outcomes, the receiver Bob chooses a suitable unitary 
operation and then takes a single-particle measurement on his particle for reading out the 
secret message. 
Entanglement swapping is also exploited to design a deterministic secure quantum 
communication protocol [35]. The protocol also uses the maximally entangled EPR pairs as 
the information carriers. The two parties assume that each of the four unitary operation 
represents a two-bit classical information beforehand. Bob prepares a series of EPR pairs in 
the state |Ψ+〉AiBi =  (|01〉 + |10〉)AB and sends the A sequence to Alice which consists of all 
the A particles in the EPR pairs. They both store the photons into two groups, i.e. photons A1 

and A2 as a group and B1 and B2 as another group. In the case that the transmission is secure, 
Alice performs her two-bit encoding via local unitary operation on one photon of each group. 
Then they perform the Bell-state measurement on each group of their own particles. Alice 
announces her measurement results to Bob. Bob then concludes Alice's operation according to 
his measurement outcomes and those published by Alice, and extracts the secret message. This 
protocol makes use of two EPR pairs for entanglement swapping. For two bits of information, 
four qubits were prepared and two additional bits are transmitted. 
Quantum teleportation or entanglement swapping can be utilized in DSQC schemes because 
they have the same advantages that the security of communication is based on the security of 
the process for sharing the entanglements, so that they can ensure the security before the secret 
message communication. Once entanglement is established, the qubits do not suffer from the 
noise and the loss aroused by the channel again, the bit rate and the security will very high. 

D. DSQC based on the rearrangement of orders of particles 
In this part, we describe DSQC protocols based on the rearrangement of orders of particles 
which uses EPR pairs as the information carriers, following some ideas in the controlled-
order-rearrangement-encryption QKD protocol [6]. 
One DSQC protocol uses EPR pairs [21]. The transmitting order of the particles which 
ensures the security of communication is secret to anyone except for the sender Bob himself. 
The two parties agree that the four unitary operations in the dense coding represent two bits 
of classical information. The receiver Alice prepares a sequence of EPR pairs randomly in 
one of the four Bell states {|φ±〉AB, |ψ±〉AB}. Here 
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Alice divides them into two corresponding sequences, called A sequence and B sequence. A 
sequence is composed of all the A particles in the EPR pairs. Alice sends the B sequence to 
Bob. Bob selects a sufficiently large subset of photons as his checking set and performs one 
of the four unitary operations on them randomly. For the other photons, Bob chooses a 
suitable unitary operation on each photon, according to his secret message. Before sending 
back the encoded photon sequence, Bob rearranges the order of the photons in the sequence. 
After Alice confirms the receipt of the B sequence, Bob tells Alice the positions of the 
checking photons. Alice performs the Bell-state measurements on the sample pairs and then 
checks the eavesdropping with the checking set. In the case that the transmission is secure, 
Bob exposes the secret order and then Alice can obtain the secret message with Bell-state 
measurements on the other EPR pairs after recovering their original orders. 
Subsequently, a DSQC protocol was proposed with single photons based on the secret 
transmitting order of particles [22], following some ideas in Refs[6, 12]. The receiver Alice 
prepares a sequence of single photons (i.e., ordered N single photons) which are randomly 
in one of the four states {|0〉, |1〉, |+〉, |–〉} and sends the sequence to Bob. Bob selects 
randomly a sufficiently large subset to perform U0 = I = |0〉〈0|+|1〉〈1| or U3 = |0〉〈1|–|1〉〈0| 
operation randomly for eavesdropping check later. He performs one of these two operations 
on the remaining photons according to his secret message, and sends them back to Alice. If 
the error rate exceeds the threshold they preset, they abort their quantum communication. 
Otherwise, Bob publishes the secret order of the photons in the sequence. Alice reads out 
Bob's message with single-photon measurements using the basis she prepared the photons. 
These two DSQC protocols [21, 22] using transmitting order rearranging method are simple 
as they only require one eavesdropping check. However, there is a security loophole 
because they both are two-way quantum communication protocols. The security of these 
two quantum communication protocol is based on the secret order of the particles which 
will be published after the security checking. If Alice and Bob cannot detect the 
eavesdropper during the checking process, the eavesdropper Eve can get the secret order 
and the whole message. Recently, Li et al. point out the security leak and present a possible 
improvement [44]. They indicate that the protocols are insecure with Trojan horse attack 
strategies. An invisible photon or delayed one are introduced to attack these schemes. The 
invisible photon proposed by Cai is a photon produced with a wavelength different from 
the wavelength of the authorized parties. As that the single photon detector is only sensitive 
to the photons with a special wavelength, the invisible photon will not be detected. 
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Generally, the invisible photon may obtain nothing if the legitimate users' operation is done 
by optical device which is wavelength-dependent. However, in the protocols there is no 
security checking in the line from Alice to Bob. Eve can choose a special wavelength close to 
the legitimate one to produce the invisible photons without worrying about being detected 
and the probability that Eve can obtain the correct information is close to 1. The delay-
photon Trojan horse attack is inserting a spy photon in a legitimate signal with a delay time, 
shorter than the time windows of the optical device. The attack strategy is described as 
follows. (1) Eve prepares a set of spy photons (invisible one or delay one both work) and 
inserts them into the legitimate signal in the line from Alice to Bob. (2) After Bob performs 
the unitary operation, Eve sorts her spy photons out in the line from Bob to Alice. As there is 
no security check at this stag, Eve will not be detected. When Bob performs his unitary 
operations on the authorized photons, he also performs them on the spy photons. So does 
the order rearranging manipulation. (3) After Bob publishes the secret order, Eve can 
perform measurements on the spy photons and get the secret message freely and fully. In 
order to defeat this kind of attack, another security checking is inserted before Bob's 
operations. That is, Bob chooses a large subset of photons randomly as sample photons. He 
splits the sample signals with photon number splitters (PNS) and measures the two signals 
with bases Z or X randomly, and analyzes the multi-photon rate and the error rate. If both 
the error rate and the multi-photon rate are very low, they continue to the next step. 
Otherwise, they terminate the communication. Furthermore, Bob has to insert a filter in 
front of his devices to filter out the photon signal with an illegitimate wavelength. This 
improvement will help these DSQC protocols defeating the Trojan horse attack. In a word, 
the insecurity point of these two DSQC protocols is that there is only one security checking 
for a two-way quantum communication. The most important point is that for each block of 
transmission, an eavesdropping check is inevitable for secure communication, no matter 
what is transmitted with a quantum channel [44]. 

3. Quantum secure direct communication protocols 
QSDC transmits secret messages directly through a quantum channel. QSDC has higher 
security requirement than both QKD and DSQC. In secret communication with QKD, one 
can protect secret message by first ensuring the security of the keys in the QKD process. In 
DSQC one can protect the secret message by checking the security of the DSQC process 
while holding the classical information. However in QSDC, the secret message is encoded in 
the information carriers directly, hence it is more stringent to ensure the security. According 
to Deng-Long criteria [9, 12], a real secure QSDC scheme should satisfy four requirements: 
1. The secret message can be read out by the receiver directly and there is no additional 

classical information exchange between the sender and the receiver in principle except 
in the process for security checking and error rate estimating. 

2. The eavesdropper cannot obtain any useful information about the secret message no 
matter what kind of attack she will perform. 

3. Eve can be detected by the legitimate users before Alice and Bob encode the secret 
message on the quantum states. 

4. The quantum states are transmitted in block by block way. 
The last one of the four criteria is a necessary tool in QSDC hence one can use it easily to see 
if a quantum communication is a QSDC or not. It is a necessary condition hence even 
though some protocols are not QSDC even though they use block data transmission. 
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The two-step QSDC scheme [8, 9] is secure as it satisfies all these four requirements. In the 
following, we will discuss some QSDC protocols in details. 

A. Two-step Quantum Secure Direct Communication 
The two-step QSDC protocol is the first QSDC protocol using EPR states [8, 9]. The 
communication utilizes EPR pairs as information carriers in which each is in one of the four 
Bell states {|φ±〉, |ψ±〉}. 
The two-step QSDC scheme is the first secure model for quantum direct communication. 
This QSDC principle is shown in Fig.1, and the protocol is described in detail as follows [9]. 
 

 
Fig. 1. The principle of the two-step QSDC scheme. Each line connect two photons 
represents an EPR pair. SA is the message-coding sequence and SB is the checking sequence. 

In the QSDC process, Alice prepares an ordered N EPR pairs which are in the same state 
|φ+〉AB =  (|0〉A|0〉B + |1〉A|1〉B). Alice separates the two particles into two parts. Each part is 
an ordered EPR partner particle sequence. One of the sequence is made up of all the 
photons marked with A in the ordered N EPR pairs which is called the message-coding (M) 
sequence SA. The remaining EPR particles forms another particle sequence which is called 
the checking (C) sequence SB. Alice and Bob agree that the four Bell states |φ+〉, |φ–〉, |ψ+〉 and 
|ψ–〉 correspond to the classical bits 00, 01, 10 and 11, respectively. 
The security of two-step QSDC protocol is also considered. The security checking process 
during QSDC consists of two steps: first, Alice sends the checking sequence SB to Bob and 
checks the security of transmission with Bob. Then if the two legitimate users confirm that 
the transmission of the checking sequence SB is secure, Alice encodes her secret message on 
the SA sequence with four unitary operations Ui (i = 0, 1, 2, 3) and then sends SA to Bob 
who reads out the secret message directly by Bell-state measurements. Here the four unitary 
operations used for coding are described below: 

 (11)

 (12)

 (13)

 (14)
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In the first step, Alice and Bob perform the security checking procedures. Bob chooses 
randomly a subset of the photons that he received as the samples for security checking, then 
he measures them by choosing randomly one of the two basis, Z ≡ {|0i, |1i} and X ≡ {j§i =  
(j0i § j1i)}. Then Bob tells Alice the positions of the sample photons he has chosen, also the 
measuring bases and the outcomes. Alice chooses the same bases to mea- sure the 
corresponding photons in the M sequence. They compare their results publicly. If there is no 
eavesdrop- ping attack, their results should be in correspondence with each other, otherwise 
the eavesdropping behavior will be discovered. 
In the second step, Alice selects some photons in the M sequence randomly and performs on 
them one of the four operations Ui (i = 0, 1, 2, 3). The remaining photons in the M sequence 
are used for information transmission. After Bob's Bell-state measurements on the EPR 
pairs, they perform the second step of security checking. Alice first tells Bob the positions of 
the checking qubits and the type of unitary operations. Bob's measurement will get an 
estimate of the error rate in the M sequence transmission. If the transmission of the C 
sequence SB is secure, Eve can only disturb the transmission of the M sequence SA and 
cannot get any information encoded on it as none can read out a useful information from 
part of maximally entangled quantum system. 
If the quantum channel shows low noises or no loss, error correction procedures can be used 
in the communication. The bits preserving correction code should be used to preserve the 
integrity of the message. 
In 2005, Wang et al. [14] generalized the two-step QSDC scheme based on superdense 
coding. Using high level particles, each particle could carry more than one bit information 
than two-step QSDC. 
In d-dimension QSDC, the Bell-basis states are described as: 

 
(15)

where n,m = 0, 1, …, d –1. The unitary operations in d-dimensional Hilbert space are 

 
(16)

The unitary operations on the particle B can make the following transformations on the d-
dimension Bell-basis state 

 
(17)

into the Bell-basis state |Ψnm〉AB. 
When the QSDC starts, Alice and Bob transmit their information directly in two  
rounds which is shown in Fig.2. The procedures of communication is described in detail as 
follows: 
1. The receiver Bob prepares a sequence of entangled photon pairs which are in the Bell 

state |Ψ00〉. 
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Fig. 2. Schematic description of quantum superdense coding [14]. 
 

 
Fig. 3. Illustration of the QSDC protocol with a sequence of d-dimensional EPR pairs [14]. 
The T sequence is traveling forth and back from Bob to Alice. 

2. Bob takes one particle from each entangled particle pair for making up of an ordered 
partner particle sequence, say [P1(H), P2(H), P3(H), ... , PN(H)]. It is called the home (H) 
sequence. The remaining partner particles compose another particle sequence [P1(T), 
P2(T), P3(T), ... , PN(T)], and it is called the traveling (T) sequence, shown in Fig.3. Here 
the subscript indicates the pair order in the sequence. 

3. Bob sends the photon sequence to the sender of the secret message and then they check 
eavesdropping.  

B. Deng-Long quantum one-time pad QSDC scheme 
Single photons are easy to be produced than entangled photons for quantum 
communication. So Deng and Long proposed the QSDC scheme using one-time pad QKD 
method, called Deng-Long quantum one-time pad quantum secure direct communication. 
In quantum one-time pad QSDC scheme, Alice and Bob first share a sequence of single-
photon quantum states securely, then the sender Alice encodes her secret message and 
transmits the states to the receiver Bob. The implementation of quantum one-time pad 
QSDC scheme is described in Fig.4. 
Deng-Long quantum one-time pad QSDC scheme are described in details as follows: 
(1) The secure doves sending phase. 
In this step, Alice and Bob first share a series of single photons. The receiver Bob prepares a 
sequence of polarized single photons S and sends these photons to Alice.The states of the 
photons are chosen randomly in one of the four states {|0〉, |1〉, |+〉, |–〉}. Alice and Bob can 
check the security of the transmission after receiving the photons. Bob chooses randomly the  
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Fig. 4. Implementation of the quantum one-time pad QSDC scheme with optical delays [12]. 
CE is the eavesdropping check; SR represents an optical delay; Switch is used to control the 
quantum communication process, if the batch of photons are safe, the switch is on and the 
message coding is performed; CM encodes the secret message, M1 and M2 are two mirrors 
for in this simple illustrative set-up. 

security checking qubits from the sequence S. Alice checks the security of this transmission 
by measuring the samples with the randomly chosen MBs and compares the states 
information with Bob. If they confirm that the transmission is secure, Alice and Bob 
continue their communication to the second phases; otherwise, they abandon their 
transmission and begin the communication from the beginning. 
(2) The message coding and doves returning phase. 
Alice encodes her secret message on each photon in the sequence S ’ with the unitary 
operation U0 = I = |0〉〈0| + |1〉〈1| or the operation U3 = iσy = |0〉〈1| – |1〉〈0| according to the 
message bit is 0 or 1, respectively. The S ’ sequence are the remaining photons in the 
sequence S after the first eavesdropping check. The U3 operation only flips the two 
eigenvectors in both MBs Z and X, i.e., 

 (18)

 (19)

the two unitary operations U0 and U3 do not change the MBs of the photons. Alice sends the 
encoded photon sequence S ’ back to Bob. Since Bob knows the initial state information 
completely, he can choose the original MBs to measure each photon for reading out the 
secret message. Alice picks some photons in the S ’ sequence to check the security of 
transmission. She chooses randomly the U0 and U3 operations to encode some checking 
information in the message coding phase. After Bob measures the photons in the sequence  
S ’, Alice tells Bob the positions and the coded bit values of these checking photons. These 
checking photons gives Alice and Bob opportunity to estimate whether there is an Eve in the 
line to intercept their communication. Eve's eavesdropping in this phase will not get any 
useful information about the secret message as she does not know the original states of the 
photons in the sequence S. 
Single photons and quantum memories are needed in this practical QSDC scheme. The 
sender Alice must have the capability of storing quantum states. By now, this technique is 
not fully developed. However, this technique is a vital ingredient for quantum computation 
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and quantum communication, and there has been great interest in developing techniques 
for quantum state storage [40]. In this book, we would like to introduce the method of the 
photon storage realized by optical delays in a fibre, as shown in Fig.4. In practice, there are 
also losses in the transmission lines, error correcting techniques are necessary. 

C. multi-step QSDC with Greenberger-Horne-Zeilinger states  
The two-step QSDC can be generalized to multi-step QSDC scheme with multi-particle 
entangled state, such as Greenberger-Horne-Zeilinger (GHZ) states [15]. The three-particle 
GHZ state can be described as: 

 
(20)

There are eight independent GHZ states, namely 

 
(21)

 
(22)

 
(23)

 
(24)

 
(25)

 
(26)

 
(27)

 
(28)

By performing single-particle unitary operations {Ui} (i = 0, 1, 2, 3) on two of the three 
particles, the initial GHZ state can be changed to any of the state in the set. 
In the beginning, Alice and Bob make an agreement that each of the states |ϕ〉k (k = 0, 1,…, 
7) represents a three bits binary number, namely |ϕ〉0, |ϕ〉1, …, and |ϕ〉7 corresponds to the 
classical coded as 000, 001, …, and 111, respectively. 
The sender Alice prepares a sequence of ordered N three-particle GHZ-state quantum 
systems, labeled as [P1(A)P1(B)P1(C), P2(A)P2(B)P2(C), …, PN(A)PN(B)PN(C)] which are in 
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the state: |ϕ〉0 =  (|000〉ABC + |111〉ABC). Then Alice divides the sequence into three partner 
particle sequences, SA = [P1(A), P2(A), …, PN(A)], SB = [P1(B), P2(B), …, PN(B)] and SC = 
[P1(C), P2(C), …, PN(C)]. 
Then Alice and Bob complete the multi-step QSDC as follows: 
(1) First step entanglement sharing process. 
Alice sends the sequence labeled with C to the receiver Bob. After that she checks the 
security of the transmission with Bob to discover the eavesdropping attack. Bob randomly 
chooses some particles from SC sequence as the sample qubits and measures them by 
choosing one of the two MBs Z and X randomly. Then Bob notice Alice the positions and 
the MBs of the sample particles. After that Alice chooses a MB in the state {|00〉, |01〉, |10〉, 
|11〉} to measure her corresponding partner particles in the sequences SA and SB when Bob 
chooses the MB Z to measure his sample particles; otherwise, Alice performs a Bell-basis 
measurement on her particles. Alice checks the correspondence of the qubits with Bob and 
analyzes the error rate ηe of the samples. If they find that ηe is reasonably low then they 
continues the quantum communication; otherwise, Alice and Bob abandon the 
communication and repeat their quantum communication from the beginning. 
(2) Information coding process. 
Alice encodes the secret message on the GHZ states using the U0 and U2 operations which 
can be used on the SB sequence and the four unitary operations {U0,U1,U2,U3} which are 
performed on the SC particles. Alice also chooses some sample particles in the sequences SB 

and SA for the second step of security check which are operated by one of the four 
operations Ui (i = 0, 1, 2, 3) randomly. 
(3) Second step entanglement sharing process. 
Alice measures the samples chosen from the remaining particles in sequence SA using the 
MB Z or X with 50% probabilities. Then she sends the sequence SB to Bob. When Bob 
receives the SB sequence, Alice tells Bob the positions of the samples. Bob measures the 
corresponding particles in the sequence SB and SC based on Alice's MBs' information. If 
Alice measures her particles with the basis Z, then Bob chooses to measure with the 
measuring basis {|00〉, |01〉, |10〉, |11〉}; otherwise, he chooses the Bell-basis state 
measurement on his sampling particles. After that they compare the outcomes of the 
measurement to analyze the error rate of these particles. If the error rate is lower than the 
security bound, Alice and Bob continue their quantum communication; otherwise they abort 
the communication and repeat it again. 
(4) Information decoding process. 
Alice sends the SA sequence to Bob in the last step. Bob reads out the secret message with 
joint three-particle measurements on the particles in the three sequences SA, SB and SC. Then 
they turn to the third step security checking, Alice tells Bob the positions of the sampling 
particles and they analyze the error rate of the samples. If the error rate is lower than the 
security bound, they can accomplish the transmission of the secret message. 
During the communication process, Alice and Bob transmit one of the three sequences SC, 
SB and SA each time. So the eavesdropper Eve can only capture one sequence during 
eavesdropping. She cannot obtain any information about a GHZ-state quantum system if 
she only captures one particle. Thus this QSDC scheme is secure as that of the two-step 
QSDC scheme [8, 9]. 
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Besides Bell states and GHZ states, various entangled sources are used in QSDC and DSQC 
protocols. In 2008, Lin et al. constructs a QSDC scheme [45] using χ-type entangled states 
which is in the form 

 

(29)

An efficient QSDC process based on the χ-type entangled states is discussed both in ideal 
and noisy communication channels. Later Dong et al. proposed a QSDC protocol using 
three-particle W states [46]. Also another DSQC protocol using four-particle entangled states 
is proposed by Xiu et al. in the same group [47]. 

D. quantum-encryption-based QSDC scheme 
The principle of the quantum-encryption-based QSDC scheme [16] is shown in Fig.5. In this 
protocol, a controlled-not (CNot) gate is used to encode and decode the secret message. The 
two parties share privately a sequence of two-photon pure entangled states before-hand, 
and then use the states as their private quantum key which is reusable with a eavesdropping 
check before each round. The message can be readout directly by the receivers and each 
photon transmitted between the two parties can carry one bit of message securely in 
principle. 
 

 
Fig. 5. Illustration of the quantum-encryption-based QSDC scheme [44]. The pure entangled 
states are used as quantum key which are repeatedly used. D represents the measurement 
with the MB Z. 

In the quantum-encryption-based QSDC protocol, Alice and Bob first share a sequence of 
two-particle entangled states privately and then use them as their private quantum key 
which are used to encrypt secret message. 
In detail, Alice first prepares n two-photon pairs randomly in one of the two pure entangled 
states |Ψ〉AB = a|0〉A|0〉B+b|1〉A|1〉B and |Φ〉AB = b|0〉A|0〉B+a|1〉A|1〉B. For the purpose of secure 
communication, decoy photons are used in secure sharing the pure entangled states [41, 42]. 
Alice picks up the photon marked with B in each pair to make up the sequence SB : [B1, B2, 
… ,Bn]. The other sequence SA is made up of particles Ai (i = 1, 2…n). The sequence SB is 
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sent to Bob and the sequence SA is kept by Alice. Alice inserts some decoy photons Sde into 
the sequence SB for checking the security of the transmission. The decoy photons are 
randomly in one of the four states {|0〉, |1〉, |+〉 =  (|0〉 + |1〉), |–〉 =  (|0〉 – |1〉)}. Alice can 
get a decoy photon by measuring one photon in a two-photon pair |Ψ〉AB with the basis Z 
and operating the other photon with σx or a Hadamard (H) operation. Bob measures the 
decoy photons with the suitable bases that Alice told him and analyzes the error rate of 
those outcomes with Alice. If the error rate is reasonably low, they can obtain a sequence of 
quantum key privately; otherwise, they discard the qubits and repeat quantum 
communication from the beginning. 
Alice prepares a sequence of traveling particles γi in one of the two states {|0〉, |1〉} according 
to the bit value of her secret message is 0 or 1 (called the traveling particle sequence ST ). As 
discussed in Refs. [8, 9, 12], Alice randomly inserts some decoy photons in the sequence ST 

for security checking. The sequence, say SD, are randomly in the four states {|0〉, |1〉, |+〉, |–〉}. 
The quantum key, the pure entangled pairs shared {|Ψ〉AB, |Φ〉AB} are used by Alice to 
encrypt the traveling particles in the sequence ST except for the decoy photons, shown in 
Fig.5. Alice performs a controlled-not (CNOT) operation on the particles Ai and γi (i = 1, 2, 
…, n) by using the particle Ai as the control qubit. Then all the traveling particles are sent to 
Bob. Alice announces to Bob the positions and the states of the decoy photons and then Bob 
measures them with the same bases. Bob then takes a CNOT operation on the particles Bi 

and γi with the particle Bi as the control qubit and then he measures the particles γi with the 
basis Z. The outcomes of the measurements are recorded. If the transmission channel is 
secure, Bob reads out the message directly. The quantum keys are used to transmit the 
secret message in the next round by repeating the communications. Otherwise, they have to 
abandon their results and repeat their quantum communication form the beginning. 
The quantum key is randomly in one of the two states |Ψ〉AB = a|0〉A|0〉B + b|1〉A|1〉B and 

|Φ〉AB =b|0〉A|0〉B + a|1〉A|1〉B for the eavesdropper Eve, the state of the composite quantum 

system composed of the two particles AiBi in a quantum key and the traveling particle γi is 

randomly in one of the two states {a|00γi〉+b|11 〉, b|00γi〉+a|11 〉}. So the density matrix of 

the traveling particle γi for Eve is . The eavesdropping behavior on the 

traveling particle reveals no useful information about the secret message. Moreover, Eve's 
action will leave a trace in the results of the decoy photons and be discovered by the 
communication parties. So this quantum-encryption-based QSDC scheme is secure in 
principle. 
Noises are inevitably exist in the practical quantum channel, so the users must exploit 
entanglement purification [49] to keep the entanglement in the quantum key, and quantum 
privacy amplification [50] on them as well. However, Bell states are not needed in this 
protocol, just the pure entangled states |Ψ〉AB = a|0〉A|0〉B +b|1〉A|1〉B (|Φ〉AB = 
b|0〉A|0〉B+a|1〉A|1〉B) or |Ψ〉’AB = a’|0〉A|0〉B+ b’|1〉A|1〉B (|Φ〉’AB = b’|0〉A|0〉B +a’|1〉A|1〉B) are used 
in this scheme. Here |a’|2 + |b’|2 = 1. As the quantum key is just used to encrypt and decrypt 
the secret message, it is unnecessary for the users to keep the same states as those they used 
in last time, just the correlation of each pair, which will increase the efficiency of the 
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entanglement purification process largely. On the one hand, the users should do error 
correction on their results in practical applications. On the other hand, this QSDC scheme 
can only used to distribute a private key if the loss of the quantum line is unreasonably 
large. The obvious advantage of the quantum-encryption-based QSDC scheme is that the 
quantum key is a sequence of pure entangled states, not maximally entangled states, which 
will make this scheme more convenient than others as an entanglement source usually 
produces pure entangled signals because of asymmetric features of the quantum source. 

E. QSDC using one party quantum error correction code 
Quantum error correcting codes(QECC) is a key technique towards protecting quantum 
system in quantum communication and quantum computation from errors mainly brought 
by decoherence. Here we introduce the QSDC protocol using the one-party quantum error 
correcting codes(one-party-QECC) [51]. The use of one- party QECC proves that QSDC is 
able to tolerate higher error rates in transmission process. As described in the proof of 
unconditional secure BB84 protocols, the success of error correction in QSDC may lead a 
path to prove its unconditional security. 
Protocol: one-party-QECC QSDC protocol 

1. Bob owns the entanglement source and prepares a sequence contains 3n EPR pairs in 
the initial states |©+〉. 

2. Bob chooses 3n bit binary string b, then he chooses to apply the Hadamard 
transformation H to the second halves of the pairs in which the corresponding bits of 
string b are 1. After that he sends the second halves to Alice. 

3. Alice announces receiving the qubits to Bob publicly. Bob tells Alice which qubits are 
operated by the Hadamard operations. Then Alice applies Hadamard transformation H 
on the corresponding qubits in her part. 

4. Alice and Bob choose an n subset of the EPR pairs randomly for security checking. They 
measure the checking qubits respectively in the Z-basis and compare the results 
publicly. The results on both Alice's and Bob's sides in each pair will be the same if 
there are no errors. However, if there are too many inconsistencies, they notice that the 
transmitting qubits are been eavesdropped and the protocol is aborted. 

5. Alice randomly selects m subset of the rest 2m logical EPR pairs as the second-round 
check pairs and the rest are used for coding. A 2m bit binary string b’ is also chosen 
randomly. Bob applies the Hadamard transformation  to the second halves of the 
pairs when the corresponding bits of b are 1. Then the second halves are sent to Bob. 
During the communication process, if Alice wants to send a k bit binary sequence of 
message M. She first picks a [[2m, 2k, t]] one-party-QECC that are used to correct the 
errors in the second transmission. There are k logical EPR pairs in the code pairs and 
she encodes M to her halves of the second-level logical qubits in the code pairs by 
applying 

 (30)

on the 2i-th logical qubit where the i-th bit of M is 1. Actually Alice is able to apply this 
local operation. Then she returns all her qubits to Bob. 
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6. Bob receives the qubits and announces his receipt publicly. Then Alice tells Bob the 
binary string b’, and Bob applies the first-level logical  to the received qubits where 
the corresponding bits of b’ are 1. 

7. Alice announces to Bob the places of second-round check pairs and the one-party-
QECC that she chooses. If Bob measures both the qubits in each checking pairs in Z-
basis respectively, he will get the same results with Alice without error. Thus if Bob's 
error rate is high than the security bound, the protocol is aborted. 

8. Bob then uses the [[2m, 2k, t]] one-party-QECC to correct the bit errors on the rest m 
first round transmission logical EPR pairs and obtains k second round transmission 
logical code pairs. 

9. Bob measures both the qubits of the rest k second round transmission logical code pairs 
in Z-basis. By comparing the measurements on corresponding pairs, Bob can retrieve 
the full information of M. 

F. Quantum secret sharing based on quantum secure direct communication 
Classical secret sharing aims to distribute secret keys between the boss and his agents. When 
the boss expects to generate secret keys with the two agents separately and the two agents 
cannot reveal the boss's information until they combine their results. Quantum secret 
sharing(QSS) is a special utilization of quantum mechanics in classical secret sharing. The 
basic model of QSS permits the boss and two(or more) remote parties to share the secret 
keys and any eavesdropping behavior will be discovered by the communication parties. 
QSS was first proposed by M. Hillery, V. Buµzek and A. Berthiaume. In the protocol, three-
particle maximally entangled state (Green-Horne-Zeilinger state) is used to realize the secret 
sharing process. 
In 2005, Zhang et al. proposed a (n, n)-threshold multiparty quantum secret sharing protocol 
[48] of secure direct communication based on the two-step QSDC protocol. In the QSS 
process, the sender's secure message can be extracted only if all the agents collaboration. 
Different from the protocol of multi-particle GHZ states QSS, if the agents number is larger 
than 3, the use and identification of Bell states are enough in their two protocols 
disregarding completely the sharer number. Later, Li et al. generalized Zhang's protocol and 
propose a (t, n)- threshold QSS protocol using secure direct communications [27]. In Li's 
QSS protocol, the boss distributes the classical secret shares to his agents and each agent 
owns a secret share in advance. His secure direct communication message can be extracted 
by the collaboration of at least t or more agents can obtain the secret message with the 
mutual assistances. Any t-1 or fewer agents cannot reveal any information. Compared with 
the previous multiparty quantum secret sharing protocols in which the sender's secret 
message can be recovered only if all the agents collaborate and the protocol is more practical 
and more flexible. Wang et al. generalized Zhang's QSS protocol to the high-dimensional 
case via quantum superdense coding [28]. The channel capacity and security are improved 
by the high-dimensional quantum coding, so the protocol shows a better efficiency and 
security. 

4. Quantum secure direct communication network 
Quantum communication network is also an important branch of quantum information and 
there are many related works. But a QSDC network protocol requires high security and 
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almost all the existing point-to-point QSDC schemes cannot be used for QSDC network 
directly. In a quantum network, servers who prepare and measure the quantum signals are 
needed, which simplifies the users' devices. On the other hand, it increases the di±culty for 
the two legitimate users to prevent the server from eaves-dropping. Here in this section, we 
will introduce three different QDC network protocols. 

A. Quantum secure direct communication based on entangled pairs 
As we have discussed in Ref.[9], maximally entangled photon states are used as the 
information carriers in two- step QSDC process. Recently, Li et al. [17] proposed the first 
QSDC network based on the two-step QSDC protocol with the EPR states. The 
communication network consists of three parties, the server Alice, the sender Bob and the 
receiver Carol. Each member in the network is required to exchange message with others 
securely. Here the three parties are going to finish the network communication by a circular 
transmission process. 
When the communication starts, the sever Alice prepares the initial states which are 
described as: |ψ+〉CM =  (|01〉+|10〉)CM. Then she divides them into two corresponding 
sequence SC (checking sequence) and SM (message sequence). The two sequence are sent to 
Bob by two steps transmission process. After receiving the SC sequence, Bob begins his 
QSDC with Carol by replacing some of the checking qubits with his decoy photons. The 
decoy photons are prepared randomly in one of the four states {|0〉, |1〉, |+〉, |–〉} which are 
used for security checking. Then he sends this sequence to Carol. After Carol confirms the 
receipt, they check the security of the channel by comparing the states of the decoy photons 
after measuring the photons in randomly chosen basis. 
If the error rate of the publicly comparing results, they confirm that the channel is secure. 
Bob then performs the unitary operations on his coding qubits in the SM sequence. These 
operations are represented by Pauli operators which corresponds to the classical two bits 
information. Bob also picks out a subset of SM and performs random operations on them for 
security checking. Then Bob sends the coding sequence to Carol. After that, they perform 
the second step of security checking. If the error rate is lower than the security bound, Carol 
performs one of the four operations randomly on one photon of each EPR pair and sends all 
the pairs to Alice. Alice performs Bell-state measurements on the EPR pairs and announces 
the outcomes. Bob and Carol use the remaining photons to estimate the error rate and Carol 
can read out Bob's message independently. 
Another protocol of QSDC network based on entangled photon is proposed by Deng et al. 
using bidirectional QSDC scheme [13]. The structure of this network protocol is shown in 
Fig.6. 
 

 
Fig. 6. The subsystem of QSDC network [13]. 
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The sever Alice prepares a set of EPR pairs in the state |ψ–〉BC =  (|01〉 – |10〉)BC. The two 
photons in each state are divided into two sequence SB and SC. The SB and SC sequences are 
composed of all the particles marked with B and C in the EPR pairs |ψ–〉BC respectively. 
The SB sequence is sent to Bob and the SC sequence is sent to Carol. After receiving the two 
sequences, Bob and Carol perform the security checking. They select a sufficiently large 
subset of these EPR pairs as samples to check eavesdropping. They choose to measure the 
sample photons randomly with σx and σz operators to check the security of transmission. If 
the transmission process is secure, Bob encodes his message on the SB sequence by choosing 
one of the four Pauli operations and Carol performs on the photons in SC sequence either. 
Also Bob selects a subset of photons as checking samples in this process, then Bob and Carol 
both send the sequence back to Alice. After receiving the sequences, Alice performs Bell-
state measurements on the EPR pairs and announces the outcomes. Carol can deduce Bob's 
message with his random operations that he has chosen after the security checking process. 
Then the network communication is finished. 

B. Quantum secure direct communication network based on single photons 
Single photons are easy to realized by attenuated laser pulses which exhibit ideal properties 
for quantum communication. Deng et al. proposed a more practical QSDC network based 
on single photons. The initial states are prepared in the same state |0〉 by the sever Alice. 
Then Alice sends the single-photon sequence S0 which is formed by the single photons to the 
receiver Carol. Carol measures photons selected randomly from the S0 sequence with the basis 
Z to check the transmitting security and uses beam splitters to check the multi- photon rate. 
If she confirms that there is no eavesdroppers, she encodes the information by performing 
the I or σx operations on the single photons randomly. She also inserts some decoy photons 
which are produced by Hadamard operation on the particles in S, and then she sends them 
to the sender Bob. Bob checks the states with Carol of all the decoy photons to confirm the 
security of the communication. If the error rate is lower than the security bound, Bob 
encodes his message on the photons by choosing the Pauli operators I or σx. Bob selects a 
subset of photons as samples for checking the security and then he sends the photons to 
Alice. Alice measures the photons with Z basis and announces the outcomes to all the 
parties. So Carol can read out Bob's message directly. In this protocol, three checking 
processes are needed for three transmission processes to ensure the security of quantum 
communication. This QSDC network scheme is easy to be realized as only the single-photon 
measurement and local unitary operation are needed. 

5. Singe qubit quantum privacy amplification for QSDC with single photons 
In a practical quantum communications, noises inevitably exit, so the keys obtained from 
the QKD process are not complete secure. Quantum privacy amplification is often used to 
generate a key sequence with arbitrarily high security. Privacy amplification with single 
photons have been used in the BB84 QKD protocol. With entangled photon pairs, the 
privacy amplification procedure will be different, for instance quantum privacy 
amplification (QPA) [49, 50] has been used for QKD using entangled quantum systems in 
the Ekert91 QKD scheme [2]. 
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A quantum privacy amplification for QSDC has recently been designed by Deng et al. for 
privacy amplification of QSDC with single photons [52]. The circuit of the privacy 
amplification is shown in Fig.7 which includes two controlled-not (CNOT) gates and one 
Hadamard (H) gate. Thee neighboring two qubits are sent to the circuit each time, then 
CNot-Hadamard-CNot (CHC) operation is performed together with a follow-on single qubit 
measurement on one qubit (the target qubit) by choosing the basis Z. The target photon 
collapses to the eigen-state of the Z basis. The controlled photon is preserved and it carries 
the state information of both the two initial photons. After the CHC operation, the state 
information of the two photons is condensed into a single photon. Hence the privacy of the 
state of the left-over photon is amplified. After repeating the process many times, the 
leakage of the state information will be reduced to an arbitrarily low level. 
 
 

 
 

Fig. 7. Quantum privacy amplification operation for two qubits [52]. It consists of two 
controlled-not (CNOT) gates and a Hadamard (H) gate. |ϕ〉1 and |ϕ〉2 are the states of the two 
qubits, respectively. After the three unitary operations, the qubit 2 is measured and the 
information of the original state of photon 2 is incorporated into photon 1. 

In the following, we will discuss the SQ-QPA process in detail. Suppose that Bob prepares a 
series of single photons which are randomly prepared in one of the four quantum states |0〉, 
|1〉, (|0〉+|1〉)/2 and (|0〉–|1〉)/2 and sends to Alice. An error bit ratio r is known for the 
photon batch. The SQ-QPA task is to process a portion of photons from the photon batch so 
that Eve's information about the processed photons is below a desired level. 
The basic CHC operations of SQ-QPA is shown in Fig.7 for two qubits. We assume that the 
quantum states of single photon 1 and 2 are in the general forms: 

 (31)

 (32)

where 

 (33)

After the CHC operations, the state of the joint system is changed to 
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(34)

After measuring the second qubit with the Z basis, the state of the control qubit |ϕ〉1out will 
contain the information of the state of the original target qubit. Tables I and II give the 
output state of control qubit after the measurement on the target qubit with result 0 and 1, 
respectively. It depends not only on the result of the measurement on the target qubit, but 
also on the original states of the two input single photons. 
 
 

 
 

Table I. The state of the output qubit when the result of the second qubit measurement is |0〉. 

ϕ1 and ϕ2 are the states of the original control and target qubit, respectively. 

 
 

 
 

Table II. The state of the output qubit when the result of the second qubit measurement is 
|1〉. ϕ1 and ϕ2 are the states of the original control qubit and target qubit, respectively. 

QPA reduces the information leakage to the eavesdropper in quantum communications. For 
example, if the eavesdropper (say Eve) knows completely the state information of the first 
qubit, but the second photon is unknown to her, then Eve's knowledge about the output 
state of the control qubit after the quantum privacy amplification operation becomes 

  
(35)
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So Eve has no knowledge at the density matrix, all the out put state will appear with the 
same probabilities. But for Bob who has prepared the original states of the two qubits, he 
will know completely the output state when Alice tells him the σ2,z measurement result. 
However, if it happens that Eve has complete information about both qubits, the probability is 

 (36)

where r is four times of the error bit rate ε detected by Alice and Bob using random 
sampling. For advanced privacy amplification, we can use the output qubit again as a 
control qubit and choose a third qubit from the batch as the target qubit and perform SQ-
QPA operation on them again. Since more qubits are used in the SQ-QPA process, Eve's 
information is reduced exponentially to 

 (37)

where m is the number of qubits that have been used in the SQ-QPA. In this way, Alice can 
condense a portion of single photons from a batch of N photons with negligibly small 
information leakage. This condensed single photon sequence can be used to encode secret 
message and complete the quantum secure direction communication. 
This SQ-QPA scheme is a practical method for quantum communication. Single qubit 
unitary and a two-qubit unitary operations are used for the QPA process. The measurement 
process consists of only single qubit measurement which is easy to realized using current 
technology. 

6. Conclusion 
In this study, we present several deterministic secure quantum communication and 
quantum secure direct communication protocols. The QSDC protocol permits exchange 
secret information directly through quantum channel. In QSDC, when the secure channel is 
established, all the eavesdropping behaviors will be discovered before the information 
transmission. Besides these protocols, high capacity QSDC protocols, QSDC with quantum 
error correction codes and QSDC networks are also discussed. DSQC is another form 
quantum direct communication. In DSQC secret messages can be transmitted between the 
legitimate users securely with the help of some classical communication. 
In these protocols, both single photons and entangled photon states are used as the 
information processing carriers for secure direct communication. Signals are transmitted 
both in optical fibers and in free space. Single photon detectors are usually required, and in 
some protocol, Bell-basis measurements are also required. 
At present, technical efforts are concentrated in quantum key distribution. We can see that 
in the future quantum technology will become more popular and demanding, the need and 
feasibility of other forms of quantum information processing such as QSDC and DSQC will 
increase. As we may see from this review, the technical requirements for QSDC and DSQC 
are almost the same as those for QKD. We expect that in the future intensive research on 
QSDC and DSQC, especially experimental studies of these subject, will remain and become 
an active and fruitful area of research. 
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1. Introduction 
For most three centuries after Hooke introduced optical microscopy, refinement of the 
instrumentation made microscopes more convinient than anything else. As in modern 
microscopy, a light source, an objective lens, and an eyepiece were used to project an image 
magnified from a 100-fold to 1,000-fold into a human eye. This range of magnifications and 
resolution (of the order of 200 nm) has brought cellular morphology and tissue structure into 
view and made optical microscopy the perfect partner for biological investigations. 
A resolution constraint in optical imaging is imposed by the diffraction limit discovered by 
Lord Rayleigh in the 19th century. Fundamentally, this restricts the ability to resolve two 
distant point sources, such as stars or planets, with an angular resolution α smaller than the 
wavelength of light λ divided by the numerical aperture of the imaging system D, α >λ /D. 
The ability to create small images is important for material processing technology and for 
improving the resolution of microscopy for bio-medical applications [1]. In recent years, 
there has been a continuous effort to achieve feature sizes smaller than the diffraction limit. 
One method uses nonlinearity in photoresist processing to generate narrower features 
(involving a combination of near field and high exposure techniques). Several other 
methods have been presented that are able to overcome the diffraction limit of the imaging 
system. Quantum microscopy is based on using a nonclassical optical field approach [2, 3]. 
Microscopy with classical fields can be enhanced by the nonlinear optical response of the 
medium [4]. Classical field amplitude and phase arrangements can be used to locate the 
position of an atom with subwavelength precision in an atomic beam [5, 6, 7], in a cavity [8], 
and then to apply localization technique to lithography [9, 10, 11], and to achieve 
subwavelength diffraction and imaging with classical light using the Doppleron-type 
resonances [12, 13]. Beating diffraction limit was experimentally demonstarted [14] using the 
dark states. 
Another method uses entangled two-photon states to write features of minimum size λ /4 in 
an N-photon absorbing substrate [4,5]. There are technical difficulties associated with the 
implementation of all these methods, in particular the latter method requires multi-photon 
absorbing photoresists that are insensitive to single photon effects which is difficult to 
achieve. 
An early discovery in the modern field of quantum optics is that by going to higher-order 
correlations in the radiation field, one can improve resolution in stellar interferometers, vis a 
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vis the Hanbury Brown-Twiss effect. Photon correlation interferometry is a powerful tool 
with applications ranging from the macro- to the micro-cosmos. For example, to measure 
stellar diameters and resolve binary stars the Hanbury Brown-Twiss effect can be used. As is 
also known that it is possible to improve the resolution of optical microscopy [2,3,4] by 
using photon correlation interferometry and entangled quantum states. This has been 
demonstrated in the elegant experiment [25] via two photon down conversion. 
Below we show how to improve microscopy by using higher order quantum correlation 
function, namely, G(2). Very recently, this concept has been brought down to the microscopic 
realm and carried the science an important step further by introducing a novel two-photon 
source, composed of Raman emission pairs, which allow the two-photon correlation to 
extract source details with a resolution that is far better than that allowed by the Rayleigh 
criterion [1]. 
Not long time ago, it has been shown that applying the geometry and physics of the original 
Raman quantum eraser scheme [2] allows one to resolve molecular markers separated by 
distances smaller than the wavelength of the probing radiation. Note that in many 
biophysical studies, the shape or conformation of a protein or a DNA strand is monitored as 
a function of various parameters. One way of making such measurements involves 
attaching markers, such as dye molecules or quantum dots, to two known points on the 
protein and observing their fluorescence as they move apart. 
The key features that enable the improved resolution in this scheme is the entanglement in 
the quantum field and the carefully chosen geometry of the photodetection apparatus, as 
described below. The space-time correlations between the emitted photons have novel 
interference properties that show anti-bunching and bunching effects spaced apart by the 
Rabi period. Experiments analyzing the photon statistics of this scheme [2,3] hint at new 
methods for the coherent storage and coupling of quantum information between atomic and 
photonic systems. 
In this Chapter, we review physics background of the methods and techniques that allow 
researchers to beat the so-called diffraction limit using classical as well as quantum fields. In 
particularly, we review the possibility of creating spatial patterns having subwavelength 
size by using the so-called dark states formed by the interaction between atoms and optical 
fields. These optical fields have a specified spatial distribution. Our experiments in Rb vapor 
display spatial patterns that are smaller than the length determined by the diffraction limit 
of the optical system used in the experiment. This approach may have applications to 
interference lithography and might be used in coherent Raman spectroscopy to create 
patterns with subwavelength spatial resolution. 

2. Beating diffraction limit with classical fields 
2.1 Two-level atoms 
Let us show here how the idea works for two-level atoms. The Hamiltonian of a two-level 
atom interacting with an optical resonant field (see Fig. 1) is given by 

 (1) 

where Ωd =℘dEd/  is the Rabi frequency of the drive Ed field;℘d is the dipole moment of the 
atomic transitions. Then, the atomic response is given by the set of density matrix equations 
[17] 
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Fig. 1. (a) Energy diagram of a two-level system interacting with a strong drive field. (b) 
Distribution of the drive field intensity vs. a transverse spatial coordinate. (c) Dependence of 
the population excited in the atomic medium vs spatial position. 

 
(2) 

where Γ describes the relaxation processes. In particular for a two-level system the set of 
equation has the following form 

 (3) 

 (4) 

where na = ρaa, nb = ρbb; Γab = γab +i(ωab −ν), γab = 1/T2, γ = 1/T1 (T1 and T2 are corresponding 
longitudinal and transverse relaxation times). Solving Eqs.(3,4) in a steady-state regime, we 
obtain 

 
(5) 

 

(6) 

Then the population in the upper atomic level is given by 

 

(7) 

for the case of resonance, ν =ωab, it is reduced to 

 
(8) 

We now assume that the drive field has a spatial distribution of intensity. 
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 (9) 

where f (x) is the spatial distribution of the intensity of optical drive field. For example, in 
the case of interference of two waves with wavevectors k1 and k2, the optical field is 

 (10)

and intensity distribution is given by 

 (11)

intensity at different spatial position changes between (|E1|−|E2|)2 and (|E1|+|E2|)2. 
Introducing G = 2|Ω0|2 T1T2, we can write 

 
(12)

Then, for the drive field at the position being near to its zero the Rabi frequency is given by 

 
(13)

where Ω0 = Ωd(z,x0), L is the separation distance between the peaks of the drive field 
distribution (for interference patern, L = λ /2sin(θ /2) > λ /2). A typical excitation profile vs. 
x shown in Fig. 1(c) demonstrates that the spatial width of excitation can be smaller than the 
intensity distribution of the optical field, and even smaller than the spot size determined by 
diffraction limited size. Indeed, the width of spatial distribution of excited atoms is given by 

 
(14)

The most important feature of Eq.(14)is that the width depends on the relaxation parameters 
and the field strength, but not the diffraction of optical field. 

2.2 Using Stark shifts 
Three-level atoms provide more flexibility for the localization of the excited atoms or 
molecules because of different physical mechanisms can be involved. For example, it is 
shown in Fig. 2 how to use Stark shifts for atomic localization [5]. Level structure of a three-
level atom is shown in Fig. 2a (for example 152Sm). Geometry of atomic beam and optical 
beams can be seen in Fig. 2b. Probe 1 beam is used to optically pump all population in level 
c. Then atoms reach the region where they have inhomogenious drive beam which is 
detuned from the atomic resonance and simultaneously this region has a probe beam 2 with 
frequency ν2. Due to Stark shift atoms at different spatial location have energy of the excited 
state a as 

 
(15)
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Fig. 2. Qualitative description of the idea of using Stark shifts for atomic localization. (a) 
Level structure of 152Sm, as an example, and the applied fields. (b) Geometry of atomic beam 
of 152Sm and optical beams. Probe 1 beam is used to pump all population in level c. Drive 
beam detuned from the atomic resonance and it has spatial distribution such that, at each 
location it has different Stark shift. Probe 2 beam resonantely interacts with atoms at the 
particular spatial location where it is resonant to the optical transition. The effect of probe 2 
beam is pumping resonant atoms to level b. Probe 3 is the field to excite fluorescence from 
the atoms in the ground state b. 

where Δ is the detuning of the drive beam, and Ω is the Rabi frequency of the drive beam. 
The atoms have different detuning from the resonance at different positions, and some of 
them are at the resonance when the detuning is less than the spontaneous emission rate γ, 

 
(16)

The resonant interaction of these atoms with probe 2 beam results in population of the 
ground state b. Then, the probe 3 beam resonantely interacts with atoms at the particular 
spatial location where it is resonant to the optical transition to cause fluorescence which is 
detected. The localization of the atoms can be found from Eq.(16) 

 

(17)

which is also determined by the relaxation rate γ, detuning Δ, and the spatial derivative of 
drive field intensity, and, the most important is not directly related to the diffraction, and 
consequently can be smaller than the wavelength of optical radiation as was demonstrated 
in [5]. 

2.3 Beating diffraction limit by using Dark states 
The Hamiltonian of a three-level atom interacting with optical fields (see the inset in Fig. 4) 
is given by 

 (18)
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where Ωd,p =℘d,pEd,p/  are the Rabi frequencies of the drive Ed and the probe Ep fields, 
respectively;℘d,p are the dipole moments of the corresponding optical transitions. Then, the 
atomic response is given by the set of density matrix equations [17] 

 
(19)

where Γ describes the relaxation processes. 
Here, we present a new approach that is based on coherent population trapping [15, 16, 17, 
18, 19]. Optical fields applied to a three-level quantum system excite the so-called dark state, 
which is decoupled from the fields. Similar approaches using coherent population trapping 
have also been developed by several groups (for example, see [20, 22, 23, 24]). 
 

 
Fig. 3. Qualitative description of the idea. (a) Distribution of the drive (1) and the probe (2) 
fields vs. a transverse spatial coordinate at the entrance to the cell. (b) Dependence of the 
absorption coefficient given by Eq.(21) vs position. Plots (c) and (d) show the distribution of 
the probe beam after propagating through the cell. Case (c) is for a strong drive field and 
relatively low optical density. Case (d) is for a relatively weak drive field and large optical 
density. 

As a qualitative introduction, assume that the drive field Rabi frequency Ωd has the 
particular spatial distribution sketched in Fig. 3(a) by the solid line (1). The weak probe field 
Rabi frequency Ωp (Ωp Ωd) has a diffraction limited distribution (shown by the dashed line 
(2) in Fig. 3(a)). The probe and drive fields are applied to the atom (see the inset in Fig. 4, for 
the case of 87Rb atoms, where |a〉 = |52P1/2, F = 1, m = 0〉, |b〉 = |52S1/2, F = 1, m = −1〉, |c〉 = 
|52S1/2, F = 1, m = +1〉). At all positions of nonzero drive field, the dark state, which is given 
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[15, 16, 17, 18, 19] by  is practically |b〉. When the drive 
field is zero, the dark state is |c〉, and the atoms at these positions are coupled to the fields 
and some atoms are in the upper state |a〉. The size of a spot where the atoms are excited 
depends on the relaxation rate γcb between levels |b〉 and |c〉. For γcb = 0, the size of spot is 
zero, smaller than the optical wavelength. 
The propagation of the probe field Ωp through the cell is governed by Maxwell’s Equations 
and, for propagation in the z-direction, can be written in terms of the probe field Rabi 
frequency as 

 
(20)

The first term accounts for the dispersion and absorption of the resonant three-level 
medium, and the second term describes the focusing and/or diffraction of the probe beam. 
The density matrix element ρab is related to the probe field absorption which in turn depends 
on the detuning and the drive field. This is characterized by an absorption coefficient: 

 
(21)

where Γcb = γcb +iω and Γab = γ +iω; ω = ωab −ν is the detuning from the atomic frequency ωab; 
γ is the relaxation rate at the optical transition; and η = 3λ2Nγr/8π; N is the atomic density; γr 
is the spontaneous emission rate. We now assume that the drive field has a distribution of 
intensity near its extrema given by 

 
(22)

where Ω0 = Ωd(z,x0), L is the separation distance between the peaks of the drive field 
distribution, and a typical absorption profile vs. x is shown in Fig. 3(b). Neglecting the 
diffraction term in Eq.(20), we can write an approximate solution for Eq. (20) as 

 (23)

For relatively low optical density (κz  1), nearly all of the probe field propagates through 
the cell except for a small part where the drive field is zero (see Fig. 3(a)). Absorption occurs 
there because the probe beam excites the atomic medium. The width of the region of the 
excited medium, in the vicinity of zero drive field, is characterized by 

 
(24)

where Ω = Ωd(z = 0,x = 0). This region is small, but its contrast is limited because of the finite 
absorption of the medium at the center of optical line (Fig. 3(c)). 
For higher optical density, this narrow feature becomes broadened (compare Fig. 3(c) and 
(d)), but two narrow peaks are formed during the propagation of the probe beam (see Fig. 
3(d)). For zero detuning, their width is given by 
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(25)

The drive field provides flexibility for creating patterns with sizes smaller than the 
wavelength of the laser. The distribution of fields is governed by electrodynamics and has a 
diffraction limit, while the distribution of molecules in their excited states is NOT related to 
the diffraction limit, but rather determined by the relaxation rates Γab and Γcb, and thus can 
have spatial sizes smaller than the wavelength. 

3. Experimental demonstration 
In this section, we report a proof-of-principle experiment in Rb vapor to demonstrate our 
approach. We have observed that the distribution of the transmitted probe beam intensity 
has a double-peak pattern, which is similar to that of the drive beam, but the width of the 
peaks of the probe beam is narrower than that of the drive beam. 
The experimental schematic is shown in Fig. 4. We obtain a good quality spatial profile by 
sending the radiation of an external cavity diode laser through a polarization-preserving 
single-mode optical fiber. The laser beam is vertically polarized and split into two beams 
(drive and probe). The probe beam carries a small portion of the laser intensity, and its 
polarization is rotated to be horizontal. 
To create a double-peak spatial distribution for the drive field, the drive beam is split into 
two beams that cross at a small angle, using a Mach-Zehnder interferometer (shown in the 
dashed square of Fig. 4). A typical two-peak interference pattern of crossing beams is shown 
as Fig. 4A. 
The probe and drive beams combine on a polarizing beam splitter, arranged so that the 
probe field and the interference pattern of the drive field are overlapped in a Rb cell. The Rb 
cell has a length of 4 cm, and is filled with 87Rb. A magnetic shield is used to isolate the cell 
from any environmental magnetic fields, while a solenoid provides an adjustable, longitude 
magnetic field. The cell is installed in an oven that heats the cell to reach an atomic density 
of 1012 cm−3. The laser is tuned to the D1 line of 87Rb at the transition 52S1/2(F = 2) → 52P1/2 
(F = 1). 
As stated above, the probe and drive beams have the orthogonal linear polarizations. A 
quarter-wave plate converts them into left and right circularly polarized beams, which 
couple two Zeeman sublevels of the lower level and one sublevel of the excited level of the 
Rb atoms (see the inset of Fig. 4). 
After passing through the cell, the probe and drive beams are converted back to linear 
polarizations by another quarter-wave plate and the separated by a polarizing beam splitter 
(PBS). The power of transmitted probe field is monitored by a photodiode (PD). The spatial 
intensity distribution of probe field is recorded by an imaging system, consisting of the lens 
L3 and a CCD camera. 
The intensity of the probe beam is low enough that its transmission through the cell is 
almost zero without the presence of drive laser. Applying the drive laser makes the atomic 
medium transparent for the probe laser wherever the EIT condition is satisfied. If the drive 
laser has a certain transverse spatial distribution, then that pattern can be projected to the 
transmission profile of the probe laser. 
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Fig. 4. Experimental schematic. λ /2: half-wave plate; λ /4: quarter-wave plate; L1, L2, L3: 
lenses; MZ: Mach-Zehnder interferometer; PZT: piezoelectric transducer; PBS: polarizing 
beam splitter, PD: photo diode; CCD: CCD camera. Picture A is the spatial intensity 
distribution of the drive field. Picture B is the beam profile of the parallel probe beam 
without the lens L1. Picture C is the beam profile of the diffraction limited probe beam with 
the lens L1. All three of pictures have been made with with the camera at the location of the 
cell, which has temporally been removed. The inset is the energy diagram of the Rb atom, 
showing representative sublevels. 
Two different experiments have been performed. In the first experiment, the lenses L1 and 
L2 are not used, and the probe beam is a parallel beam with a diameter of 1.4 mm. The 
image of the drive intensity distribution in the cell is shown in Fig. 5(a). The probe intensity 
has a Gaussian distribution before entering the cell, and its distribution is similar to the 
drive intensity distribution after the cell. As shown in Fig. 5(b), however, the transmitted 
probe intensity has a distribution that has sharper peaks compared with the pattern of the 
drive intensity. The horizontal cross-sections of the drive and the transmitted probe 
distributions are shown in Figs. 5(c) and (d) respectively. In the drive intensity profile, the 
width (FWHM) of the peaks is 0.4 mm. The width (FWHM) of the peaks in the transmitted 
probe intensity profile is 0.1 mm. The spacing between two peaks is the same for both the 
drive and transmitted probe fields. We define the finesse as the ratio of the spacing between 
peaks to the width of peaks. The finesse of the transmitted probe intensity distribution is a 
factor of 4 smaller than that of the drive intensity distribution. 
In the second experiment, the lenses L1 and L2 are used. A parallel probe beam (Fig. 4B) 
with a diameter of 1.4 mm is focused by the lens L1, which has a focal length of 750 mm. The 
beam size at the waist is 0.5 mm, which is diffraction limited. To assure experimentally that 
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Fig. 5. The results of the experiment with a parallel probe beam. Picture (a) shows the image 
of the intensity distribution of the drive field in the Rb cell. Picture (b) shows the intensity 
distribution of the transmitted probe field. Curves (c) and (d) are the corresponding 
intensity profiles. The widths of the peaks in curves (c) and (d) are 0.4 mm and 0.1 mm, 
respectively. 

the beam is diffraction limited, we increased the beam diameter of the parallel beam by the 
factor of 2, and the beam size at the waist became two times smaller. The lens L2 is used to 
make the drive beam smaller in the Rb cell, where the pattern of drive field is spatially 
overlapped with the waist of the probe beam. Classically, there should be no structures at 
the waist of the probe beam because it is diffraction limited. Structures can be created in a 
region smaller than the diffraction limit in our experiment, however. The experimental 
result is shown in Fig. 6. The drive field still has a double peak intensity distribution (Fig. 
6(a)). The transmission of the diffraction limited probe beam also has a double-peak 
intensity distribution as shown in Fig. 6(b). Curves (c) and (d) are the beam profiles of the 
drive and transmitted probe beams respectively. The width of the peaks in the drive beam is 
165 μm, and the width of the peaks in the transmitted probe beam is 93 μm. The finesse of 
the transmitted probe beam is 1.8 times greater than that of the drive beam. For the probe 
beam, the structure created within the diffraction limit has a size characterized by the width 
of peaks (93 μm). This characteristic size is 5 times smaller than the size of the diffraction 
limited probe beam (500 μm, see the spot of Fig. 4(C)). 
At the end, we would like to stress here that the concept based on dark states successfully 
works in Rb vapor. One can see that the width of the probe image (C) is at least three times 
smaller than the width of the drive image (A). Although the diffraction limit is “beaten,” the 
experiment does not violate any laws of optics. The probe beam is diffraction limited, but 
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Fig. 6. The results of the experiment with the diffraction limited probe beam. Picture (a) 
shows the image of the intensity distribution of the drive field in the Rb cell. Picture (b) 
shows the image of the intensity distribution of the transmitted probe field. Curves (c) and 
(d) are the corresponding profiles. The widths of the peaks in curves (c) and (d) are 165 μm 
and 93 μm, respectively. 

the atoms are much smaller than the size of diffraction-limited beam. Moreover, due to the 
strong nonlinearity of the EIT, the characteristic size of the pattern in the transmitted probe 
beam is much smaller than that of the drive beam and the diffraction limit of the probe 
beam. 
We have also measured the narrowing effect vs. the detuning of the probe field and have 
performed simulations using the density matrix approach. The results are shown in Fig. 7. 
The calculations reproduce the data satisfactorily. The dependence on detuning has not been 
considered in [20, 23, 24, 22]. It is unique for our approach and can be understood in the 
following way. Absorption by the atomic medium given by Eq.(21) with a drive intensity 
distribution given by Eq.(22) can be written as 

 
(26)

Then, ratio of the width of the probe intensity distribution to the width of the drive intensity 
distribution is given by 

 
(27)

From this we see that the finesse increases with the detuning. 
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Fig. 7. Narrowing of the transmitted probe intensity distribution as function of the probe 
detuning: (a) experimental results and (b) theoretical simulation. The transmition of the 
probe is shown as well. 

It is worth to mention here that a proof-of-principle experiment has been already reported in 
[14] that the concept works in Rb vapor and have experimentally demonstrated the 
possibility of creating structures having widths smaller than those determined by the 
diffraction limits of the optical systems. The results obtained here can be viewed as an 
experimental verification of our approach, as well as evidence supporting the theoretical 
predictions and results obtained by others [20, 23, 24, 22]. The challenges associated with 
pushing our method to the subwavelength regime are formidable. In vapor or gaseous 
medium, transit-time broadening is the dominant dephasing mechanism that limits the 
smallness of the region in which a dark state can be formed. Solid-state systems may be 
more appropriate, although, the most difficult aspect of this approach is devising a way to 
observe subwavelength structures. This technique might be used in microscopy by studying 
the distribution of molecules with subwavelength resolution or in lithography by 
manipulating molecules in the excited state. Also, note that it may be possible to apply this 
approach to coherent Raman scattering (for example, CARS). This may improve the spatial 
resolution of CARS microscopy. 
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4 Microscopy with quantum fields 
4.1 Simplified model 
Let us consider two identical marker molecules that are separated by distance d from each 
other (see Fig. 8). The level structure of molecules is shown in Fig. 9. We also assume that 
there is no dipole-dipole interaction between molecules, i.e. the level structure does not 
depend on the distance between molecules. 
 

 
Fig. 8. Two marker molecules at some distance that can be resolved by quantum microscopy 
analyzing shifts or magnitudes of G(2) fringes. 

 
Fig. 9. (a) Raman scheme to generate correlated pair of photons is shown. (b) In dressed state 
basis, one can see that the system is ladder scheme with splitted intermediate state similarly 
to eraser scheme studied in [2]. 

We shine the laser radiation on the system. It consists of two fields that we treat as classical 
fields: the first field Ωp is weak and it has large one-photon detuning from the resonance; the 
second field Ω is much stronger than the first one (Ωp  Ω) and it is resonant to the electron 
transition between the ground state and the excited state of two marker molecules. 
The first field having frequency νp excited the molecule from ground state level b to generate 
a Raman Stockes photon, and the molecule ends up in the level c. Then the second laser field 
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having frequency νd excites the molecule to level a to generate anti-Stokes photon and ends 
down to the starting ground level b. 
Now, if the two emitted photons are well separated in time, then the two photon state |Ψ〉 
can be factorized as a sum of products of one photon Stokes (|ν〉) and anti-Stokes (|ω〉) 
states from molecules at A and B, that is 

 
(28)

Then the spontaneous Stokes and anti-Stokes radiation of Fig. 1a will be independent, and 
the Glauber photon-photon correlation function factorizes. To see this we recall 

 
(29)

in which  is the positive frequency (annihilation operator) 
part of the electric field and E(–)(1) is the corresponding negative frequency (creation 
operator); 1 stands for 1, t1 where 1 is the vector to detector 1, etc (Fig. 1a). The times ti are 
controlled by e.g., shutters. 
The two-photon probability G(2)(1,2) = |Ψ(1,2)|2 for a single molecule has been calculated in 
[2]. The photon-photon correlation function for two molecules has been calculated from the 
two photon amplitude [2], and it is given by 

 

(30)

with  > 0,τ1 > 0,τ2 > τ1 and  > . Physically, this describes the finite time, governed by , 
to promote the molecule from b to a (similarly to the driven two-level system, see [17]). 
Mathematically, the vanishing of G(2) when τ1 =τ2, is a result of quantum interference 
between the two paths of Fig. 2. 

4.2 Determine minimal distance between marker molecules 
We are interested to determine how small distance between molecules d can be. To answer 
this question we present G(2) as series on d. The geometry is shown in Fig. 8. The distance 
from molecule A to detector 1 is given by 

 
(31)

We can rewrite  τ21 as r12 = α −dβ, and 1 as r12 = α +dβ, where α = kΩ(R1 − R2) = kΩR12 

and β = . Interference term is given by cos[ν(τ1 − )+ω(τ2 − )] = cosξ d, where  

ξ =  
The G(2)(x1,x2) is given then by 
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 (32)

First, we consider moving two detectors together, x1 = x2, so 

 
(33)

where we introduce Ω = (n1−n2),  = k(n1+n2). The location of the fringes is given by 

, or 

 
(34)

Using kd 1, the position of the first fringe can be given by 

 
(35)

Minimal distance between molecules can be found at the given accuracy of measurement of 
fringe position as 

 
(36)

where ε =δ xp/xp. While the change of distance between molecules can be measured much 
more accurately, namely 

 
(37)

where we introduce a function 

 
(38)

optimizing the Rabi frequency of the drive laser field we obtain 

 
(39)

for ΩD = π /( 5 −1). Thus optimize driving field we obtain 

 
(40)

Second, In the limit of small d r1,2,R1,2,d1,2, |x1,2|, we can rewrite Eq.(32) as 
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 (41)

Then the ratio is given by 

 
(42)

Assume that x1+x2 = 0 we obtain 

 
(43)

In addition, assume that we can measure the ratio with ε = 1% accuracy 

 
(44)

Interesting feature of the microscope is that it has high sensitivity to small changing of the 
distance between molecules. Indeed, 

 
(45)

5. Final remarks 
We have reviewed the basic physics underlying to localize atoms and molecules better than 
the the so-called diffraction limit. Precise atomic position measurement has attracted a great 
deal of interest for many years because of many applications such as atom lithography, 
microscopy, and atom localization. On the other hand, the resonance fluorescence emitted 
collectively by many interacting two-level atoms in an external driving laser field has been 
studied extensively for different parameter ranges [26, 27, 28, 29, 30, 31, 32, 33]. Following 
the idea of reaching subwavelength resolution for nonidentical, individually addressable 
objects [15], a relation between collective fluorescent light and the geometry of the setup was 
also shown experimentally [34]. 
In [35], motivated by the localization of an atom inside an optical field [36], it has been 
showed that distance and position information can be obtained by measuring the 
fluorescence spectrum of a two-atom system inside a standing-wave field, relying entirely 
on far-field measurement techniques. Typically, this scheme will be limited by the 
difficulties in fixing the positions of the two atoms rather than by constraints of the 
measurement scheme itself, which in principle allows one to achieve resolution far below 
the classical Rayleigh limit of optical microscopy technology. 
In addition to the fluorescence spectrum, also the intensity-intensity correlation function of 
the light emitted by a collection of two- and three-level atom systems subject to driving 
fields has been investigated [31, 32, 37, 38, 39]. Most of these works, however, focused on 
nonclassical properties of the emitted field. 
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The role of the dipole-dipole interaction between atoms has been recently taken into account 
in [21]. In particular, it was demonstrated how the distance information can be obtained by 
measuring the intensity-intensity correlation function of the emitted fluorescence field. It 
turns out that the power spectrum of the intensity-intensity correlation function is well 
suited to gaining distance information over a wide range of parameters with high accuracy. 
The obtained results can be applied to physical systems which may be approximated as two-
level systems, where the two energy states are connected by an electric-dipole-allowed 
transition. Possible examples include atoms, molecules, and artificial quantum systems such 
as quantum dots. 
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1. Introduction 
One of the most surprising consequences of quantum mechanics is the nonlocal correlation 
of a multi-particle system observable in joint-detection of distant particle-detectors. Ghost 
imaging is one of such phenomena. Taking a photograph of an object, traditionally, we need 
to face a camera to the object. But with ghost imaging, we can image the object by pointing a 
CCD camera towards the light source, rather than towards the object. Ghost imaging is 
reproduced at quantum level by a non-factorizable point-to-point image-forming correlation 
between two photons. Two types of ghost imaging have been experimentally demonstrated 
since 1995. Type-one ghost imaging uses entangled photon pairs as the light source. The 
non-factorizable image-forming correlation is the result of a nonlocal constructive-
destructive interference among a large number of biphoton amplitudes, a nonclassical entity 
corresponding to different yet indistinguishable alternative ways for the photon pair to 
produce a joint-detection event between distant photodetectors. Type-two ghost imaging 
uses chaotic light. The type-two non-factorizable image-forming correlation is caused by the 
superposition between paired two-photon amplitudes, or the symmetrized effective two-
photon wavefunction, corresponding to two different yet indistinguishable alternative ways 
of triggering a join-detection event by two independent photons. The multi-photon 
interference nature of ghost imaging determines its peculiar features: (1) it is nonlocal; (2) its 
imaging resolution differs from that of classical; and (3) the type-two ghost image is 
turbulence-free.1 Ghost imaging has attracted a great deal of attention, perhaps due to these 
features for certain applications. Achieving these features, the realization of nonlocal multi-
photon interference is a necessary condition. Classical simulations, such as the man-made 
factorizable speckle-speckle correlation, can never have such features. 
Before introducing the concept of ghost imaging, we briefly review the physics of classical 
optical imaging. Assuming an object that is either self-luminous or externally illuminated, 
imagining each point on the object surface as a point radiation sub-source, each point sub-
source will emit spherical waves to all possible directions. How much chance do we expect 
to have a spherical wave collapsing into a point or a “speckle” by free propagation? 
Obviously, the chance is zero unless an imaging system is applied. The concept of optical  
 

                                                 
1 For instance, any fluctuation of the refraction index or phase disturbance in the optical 
path has no influence to the type-two ghost image. 
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Fig. 1. Optical imaging: a lens produces an image of an object in the plane defined by the 
Gaussian thin-lens equation 1/si +1/so = 1/f. Image formation is based on a point-to-point 
relationship between the object plane and the image plane. All radiations emitted from a 
point on the object plane will “collapse” to a unique point on the image plane. 

imaging was well developed in classical optics for this purpose. Figure 1 schematically 
illustrates a standard imaging setup. In this setup an object is illuminated by a radiation 
source, an imaging lens is used to focus the scattered and reflected light from the object onto 
an image plane which is defined by the “Gaussian thin lens equation” 

 
(1) 

where so is the distance between the object and the imaging lens, si the distance between the 
imaging lens and the image plane, and f the focal length of the imaging lens. Basically this 
equation defines a point-to-point relationship between the object plane and the image plane: 
any radiation starting from a point on the object plane will “collapse” to a unique point on 
the image plane. It is not difficult to see from Fig. 1 that the point-to-point relationship is the 
result of constructive-destructive interference. The radiation fields coming from a point on the 
object plane will experience equal distance propagation to superpose constructively at one 
unique point on the image plane, and experience unequal distance propagations to 
superpose destructively at all other points on the image plane. The use of the imaging lens 
makes this constructive-destructive interference possible. 
A perfect point-to-point image-forming relationship between the object and image planes 
produces a perfect image. The observed image is a reproduction, either magnified or 
demagnified, of the illuminated object, mathematically corresponding to a convolution 
between the object distribution function  (aperture function) and a δ-function which 
characterizes the perfect point-to-point relationship between the object and image planes: 

 
(2) 

where I( ) is the intensity in the image plane,  and  are 2-D vectors of the transverse 
coordinates in the object and image planes, respectively, and m = si/so is the image 
magnification factor. 
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In reality, limited by the finite size of the imaging system, we may never obtain a perfect 
point-to-point correspondence. The incomplete constructive-destructive interference turns 
the point-to-point correspondence into a point-to-“spot” relationship. The δ-function in the 
convolution of Eq. (2) will be replaced by a point-spread function: 

 
(3) 

where the sombrero-like function, or the Airy disk, is defined as 

 
and J1(x) is the first-order Bessel function, and R the radius of the imaging lens, and R/so is 
known as the numerical aperture of the imaging system. The sombrero-like point-spread 
function, or the Airy disk, defines the spot size on the image plane that is produced by the 
radiation coming from point . It is clear from Eq. (3) that a larger imaging lens and shorter 
wavelength will result in a narrower point-spread function, and thus a higher spatial 
resolution of the image. The finite size of the spot determines the spatial resolution of the 
imaging system. 
Type-one and type-two ghost imaging, in certain aspects, exhibit a similar point-to-point 
imaging-forming function as that of classical except the ghost image is reproducible only in 
the joint-detection between two independent photodetectors, and the point-to-point 
imaging-forming function is in the form of second-order correlation, 

 
(4) 

where R12( ) is the joint-detection counting rate between photodetectors D1 and D2. 
Mathematically, the convolution is taken between the aperture function of the object 

 and a nontrivial poin-to-point second-order correlation function G(2)( , ), 
corresponding to the probability of observing a joint photo-detection event at coordinates  
and . It is the special physics behind G(2)( , ) made ghost imaging so special. 
The first type-one ghost imaging experiment was demonstrated by Pittman et al. in 1995 [1] 
enlightened by the theoretical work of Klyshko [2]. The schematic setup of the experiment is 
shown in Fig. 2. A continuous wave (CW) laser is used to pump a nonlinear crystal to 
produce an entangled pair of orthogonally polarized signal (e-ray of the crystal) and idler 
(o-ray of the crystal) photons in the nonlinear optical process of spontaneous parametric 
down-conversion (SPDC). The pair emerges from the crystal collinearly with ωs ≅ ωi ≅ ωp/2 
(degenerate SPDC). The pump is then separated from the signal-idler pair by a dispersion 
prism, and the signal and idler are sent in different directions by a polarization beam 
splitting Thompson prism. The signal photon passes through a convex lens of 400mm focal 
length and illuminates a chosen aperture (mask). As an example, one of the demonstrations 
used the letters “UMBC” for the object mask. Behind the aperture is the “bucket” detector 
package D1, which is made by an avalanche photodiode placed at the focus of a short focal 
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length collection lens. During the experiment D1 is kept in a fixed position. The idler photon 
is captured by detector package D2, which is basically an optical fiber coupled avalanche 
photodiode. The input tip of the fiber is scannable in the transverse plane by two step 
motors (along orthogonal directions). The output pulses of D1 and D2, both operate in the 
photon counting mode, are independently counted as the counting rate of D1 and D2, 
respectively, and counted by a coincidence circuit for the joint-detection events of the pair. 
The single detector counting rates of D1 and D2 are both monitored to be constants during 
the measurement. Surprisingly, a ghost image of the chosen aperture is observed in 
coincidences during the scanning of the fiber tip, when the following two experimental 
conditions are satisfactory: (1) D1 and D2 always measure a pair; (2) the distances so, which is 
the optical distance between the aperture to the lens, si, which is the optical distance from 
the imaging lens going backward along the signal photon path to the two-photon source of 
SPDC then going forward along the idler photon path to the fiber tip, and the focal length of 
the imaging lens f satisfy the Gaussian thin lens equation of Eq. (1). 
 
 
 

 
 
 
 

Fig. 2. Schematic set-up of the first “ghost” image experiment. The experimental 
demonstrations of ghost imaging and ghost interference [4] in 1995 together stimulated the 
foundation of quantum imaging in terms of geometrical and physical optics. 

Figure 3 shows a typical measured ghost image. It is interesting to note that while the size of 
the “UMBC” aperture inserted in the signal path is only about 3.5mm×7mm, the observed 
image measures 7mm×14mm. The image is therefore magnified by a factor of 2 which 
equals the expected magnification m = si/so. In this measurement so = 600mm and  
si = 1200mm. When D2 was scanned on transverse planes other than the ghost image plane 
the images blurred out. 
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Fig. 3. Upper: A reproduction of the actual aperture “UMBC” placed in the signal beam. 
Lower: The image of “UMBC”: coincidence counts as a function of the fiber tip’s transverse 
coordinates in the image plane. The step size is 0.25mm. The image shown is a “slice” at the 
half maximum value. 

The experiment was immediately given the name “ghost imaging” by the physics 
community due to its nonlocal feature. In the language of Einstein-Podolsky-Rosen (EPR) 
[3], the nonfactorizable2 point-to-point image-forming correlation 

 (5) 

observed in this experiment represents a nonlocal behavior of a measured pair of photons: 
neither the signal photon nor idler photon “knows” precisely where to go when the pair is 
created at the source. However, if one of them is observed at a point on the object plane, the 
other one must arrive at a unique corresponding point on the image plane.3 Although 
questions regarding fundamental issues of quantum theory still exist, the experimental 
demonstration of ghost imaging [1] and ghost interference [4] in 1995 together stimulated 
the foundation of quantum imaging in terms of geometrical and physical optics. 
Type-two ghost imaging uses chaotic radiation sources. Different from type-one, the 
nonfactorizable point-to-point image-forming correlation between the object and image 
planes is only partial with at least 50% constant background, 

 (6) 

                                                 
2 Statistically, a factorizable correlation function G(2)(r1, t1; r2, t2) = G(1)( r1, t1)G(1)( r2, t2) 
characters independent radiations at space-time (r1, t1) and (r2, t2). In ghost imaging, the 
light on the object plane and the light at the CCD array is described by a non-factorizeable 
point-to-point image-forming function, indicating nontrivial statistical correlation between 
the two measured intensities. 
3 The ghost imaging experiment is thus considered a demonstration of the historical 
Einstein-Podolsky-Rosen (EPR) experiment. 
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The first near-field lensless ghost imaging experiment was demonstrated by Scarcelli et al in 
2005 and 2006 [5][6] after their experimental demonstration of two-photon interference of 
chaotic light in 2004 [7]. Figure 4 illustrates an improved setup of the type-two ghost 
imaging experiment by Meyers et al. [8]. The thermal radiation of a chaotic source, which 
has a fairly large size in the transverse dimension, is split into two by a 50%−50% 
beamsplitter. One of the beams illuminates a toy soldier as shown in Fig. 4. The scattered 
and reflected photons from the solider (object) are collected and counted by a “bucket” 
detector D2. In the other beam a high resolution CCD array, operated at the photon counting 
regime, is placed toward the radiation source for joint-detection with the “bucket” detector 
D2. The counting rate of D2 and the un-gated output of the CCD are both monitored to be 
constants during the measurement. Surprisingly, a 1:1 ghost image of the toy soldier is 
captured in the joint-detection between D2 and the CCD, when taking z1 = z2. The 1:1 ghost 
image of the toy soldier is shown in Fig. 5. The images “blurred out” when the CCD is 
moved away from z1 = z2, either to the side of z1 > z2 or z1 < z2. 
 

 
Fig. 4. Near-field lensless ghost imaging of chaotic light demonstrated by Meyers et al.. D2 is 
a “bucket” photon counting detector that is used to collect and count all random scattered 

and reflected photons from the object. The joint-detection between D2 and the CCD array is 
realized by a photon-counting-coincidence circuit. D2 is fixed in space. The counting rate of 
D2 and the un-gated output of the CCD are both monitored to be constants during the 

measurement. Surprisingly, a 1:1 ghost image of the object is captured in joint-detection 

between D2 and the CCD, when taking z1 = z2. The images “blurred out” when the CCD is 
moved away from z1 = z2, either in the direction of z1 > z2 or z1 < z2. 
There is no doubt that chaotic radiations propagate to any transverse plane in a random and 
chaotic manner. A brief discussion for Fresnel free-propagation is given in the appendix. In 
the lensless ghost imaging experiment, a large transverse sized chaotic light source, as 
shown in Fig. 4, is usually used for achieving better spatial resolution. The source consists a 
large number of independent point sub-sources randomly distributed on the source plane. 
Each point sub-source may randomly radiate independent spherical waves to the object and 
image planes. Due to the chaotic nature of the source there is no interference between these 
sub-fields. These independent sub-intensities simply add together, yielding a constant total 
intensity in space and in time on any transverse plane. In the lensless ghost imaging setup,  
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Fig. 5. Ghost image of a toy soldier model. 

there is no lens applied to force these spherical waves collapsing to a point or a “speckle”, 
and there is no chance to have two identical copies of any “speckle” of the source onto the 
object and image planes. What is the physical cause of the point-to-point image-forming 
correlation? Although the non-factorizable point-to-point correlation between the object and 
image planes is only partial, the type-two ghost imaging looks more surprising than type-
one because of the nature of the light source. Unlike the signal-idler photon pair, the jointly 
measured photons in type-two ghost imaging are just two independent photons that fall 
into the coincidence time window by chance only. Nevertheless, analogous to EPR, the non-
factorizable partial point-to-point correlation represents a nonlocal behavior of a measured 
pair of independent photons: neither photon-one nor photon-two “knows” precisely where 
to go when they are created at each independent sub-sources; however, if one of them is 
observed at a point on the object plane, the other one has twice greater probability of 
arriving at a unique corresponding point on the image plane.4 
We have concluded and will show that the partial point-to-point correlation between the 
object and image planes in type-two ghost imaging is the result of two-photon interference. 
Similar to that of type-one, it involves the nonlocal superposition of two-photon amplitudes, 
a nonclassical entity corresponding to different yet indistinguishable alternative ways of 
triggering a joint-detection event [9]. Different from that of type-one, the joint-detection 
events observed in type-two ghost imaging are triggered by two randomly distributed 
independent photons. It is interesting to see that the quantum mechanical concept of two-
photon interference is applicable to “classical” thermal light.5 In fact, this is not the first time in 
the history of physics we apply quantum mechanical concepts to thermal light. We should 
not forget Planck’s theory of blackbody radiation originated the quantum physics. The 

                                                 
4 Similar to the HBT correlation, the contrast of the near-field partial point-to-point image-
forming function is 50%, i.e., two to one ratio between the maximum value and the constant 
background, see Eq. (33). 
5 There exist a number of definitions for classical light and for quantum light. One of the 
commonly accepted definitions considers thermal light classical because its positive  
P-function. 
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radiation Planck dealt with was thermal radiation. Although the concept of “two-photon 
interference” comes from the study of entangled biphoton states [9], the concept should not 
be restricted to entangled systems. The concept is generally true and applicable to any 
radiation, including “classical” thermal light. The partial point-to-point correlation of 
thermal radiation is not a new discovery either. The first set of temporal and spatial far-field 
intensity-intensity correlations of thermal light was demonstrated by Hanbury Brown and 
Twiss (HBT) in 1956 [10][11]. The HBT experiment created quite a surprise in the physics 
community and lead to a debate about the classical or quantum nature of the phenomenon 
[11][12]. Although the discovery of HBT initiated a number of key concepts of modern 
quantum optics, the HBT phenomenon itself was finally interpreted as statistical correlation 
of intensity fluctuations and considered as a classical effect. It is then reasonable to ask: Is 
the near-field type-two ghost imaging with thermal light a simple classical effect similar to 
that of HBT? Is it possible that the ghost imaging phenomenon itself, including the type-one 
ghost imaging of 1995, is merely a simple classical effect of intensity fluctuation 
correlation?[13][14][15][16] This article will address these important questions and explore 
the multi-photon interference nature of ghost imaging. 
To explore the two-photon interference nature, we will analyze the physics of type-one and 
type-two ghost imaging in five steps. (1) Review the physics of coherent and incoherent 
light propagation; (2) Review classical imaging as the result of constructive-destructive 
interference among electromagnetic waves; (3) analyze type-one ghost imaging in terms of 
constructive-destructive interference between the biphoton amplitudes of an entangled 
photon-pair; (4) analyze type-two ghost imaging in terms of two-photon interference 
between chaotic sub-fields; and (5) discuss the physics of the phenomenon: whether it is a 
quantum interference or a classical intensity fluctuation correlation. 

2. Classical imaging 

To understand the multi-photon interference nature of ghost imaging, it might be helpful to 
see the constructive-destructive interference nature of classical imaging first. We start from a 
typical classical imaging setup of Fig. 6 and ask a simple question: how does the radiation 
field propagate from the object plane to the image plane? In classical optics such 
propagation is usually described by an optical transfer function h(r−r0, t−t0). We prefer to 
work with the single-mode propagator, namely the Green’s function, g (k, r − r0, t − t0) 
[17][18], which propagates each mode of the radiation from space-time point (r0, t0) to space-
time point (r, t). We treat the field E(r, t) as a superposition of these modes. A detailed 
discussion about g(k, r − r0, t − t0) is given in the Appendix. It is convenient to write the 
field E(r, t) as a superposition of its longitudinal and transverse modes under the Fresnel 
paraxial approximation, 

 
(7) 

where  ( , ω) is the complex amplitude for the mode of frequency ω and transverse wave-
vector . In Eq. (7) we have taken z0 = 0 and t0 = 0 at the object plane as usual. To simplify 
the notation, we have assumed one polarization. 
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Fig. 6. Typical imaging setup. A lens of finite size is used to produce a magnified or 
demagnified image of an object with limited spatial resolution. 

Based on the experimental setup of Fig. 6 and following the Appendix, g ( , ω; , z) is found 
to be 

 

(8) 

where , , and  are two-dimensional vectors defined, respectively, on the object, lens, 
and image planes. The first curly bracket includes the aperture function A( ) of the object 
and the phase factor  contributed at the object plane by each transverse mode . The 
terms in the second and fourth curly brackets describe free-space Fresnel propagation-
diffraction from the source/object plane to the imaging lens, and from the imaging lens to 
the detection plane, respectively. The Fresnel propagator includes a spherical wave function 

 and a Fresnel phase factor  The third curly 
bracket adds the phase factor introduced by the imaging lens. 
We now rewrite Eq. (8) into the following form 

 

(9) 

The image plane is defined by the Gaussian thin-lens equation of Eq. (1). Hence, the second 
integral in Eq. (9) reduces to, for a finite sized lens of radius R, the so-called point-spread 
function, or the Airy disk, of the imaging system: 

 
(10)

where the sombrero-like function somb(x) = 2J1(x)/x with argument  
has been defined in Eq. (3). Eq. (10) indicates a constructive interference. 
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Substituting Eqs. (9) and (10) into Eq. (7) enables one to obtain the classical self-correlation 
function of the field, or, equivalently, the intensity on the image plane 

 (11)

where 〈...〉 denotes an ensemble average. To simplify the mathematics, monochromatic light 
is assumed as usual. 
Case (I): Incoherent imaging. The ensemble average yields zeros except when . The 
image is thus 

 
(12)

An incoherent image, magnified by a factor of m, is thus given by the convolution between 
the modulus square of the object aperture function and the point-spread function. The 
spatial resolution of the image is determined by the finite width of the |somb|2 -function. 
Case (II): Coherent imaging. The coherent superposition of the  modes in both E∗( , τ) and 
E( , τ) results in a wavepacket. The image, or the intensity distribution on the image plane, 
is 

 
(13)

A coherent image, magnified by a factor of m, is thus given by the modulus square of the 
convolution between the object aperture function (multiplied by a Fresnel phase factor) and 
the point-spread function. 
For si < so and so > f, both Eqs. (12) and (13) describe a real demagnified inverted image. In 
both cases, a narrower somb-function yields a higher spatial resolution. Therefore the use of 
a larger imaging lens and shorter wavelengths will improve the spatial resolution of an 
imaging system. 

3. Biphoton and type-one ghost imaging 
In this section we analyze type-one ghost imaging. Type-one ghost imaging uses entangled 
photon pairs such as the signal-idler biphoton pairs of SPDC [19][9]. The nearly collinear 
signalidler system generated by SPDC can be described, in the ideal case, by the following 
entangled biphoton state [9]: 

 
(14)

where ωj , j (j = s, i, p), are the frequency and transverse wavevector of the signal, idler, 
and pump, respectively. For simplicity a CW single mode pump with p = 0 is assumed. Eq. 
(14) indicates that the biphoton state of the signal-idler pair is an entangled state. The single-
photon state of the signal and the idler can be evaluated by taking a partial trace of its twin, 
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(15)

Although the signal-idler system is in a pure state, the state of the signal photon and the 
idler photon, respectively, are both mixed states. 
Let us imagine a measurement in which two point-like photon counting detectors (D1 and 
D2) are placed at the output plane of an SPDC source for the detection of the signal photon 
and the idler photon, respectively, and for the joint-detection of the signal-idler pair. The 
probability of observing a photo-detection event in the SPDC output plane  at time  
tj, j = s, i, is calculated from the first-order photo-detection theory of Glauber [20] 

 (16)

where we have chosen zj = 0 for the SPDC output plane as usual. It is easy to find that 

 (17)

which means that the signal photon and the idler photon both have equal probability to be 
observed at any position in the output plane of the SPDC at any time. The probability of 
observing a jointdetection event between D1 and D2 located at  and  in the SPDC output 
plane of zs = zi = 0 is calculated from the second-order photo-detection theory of Glauber [20]: 

 

(18)

where Ψ( , ts; , ti) is defined as the effective biphoton wavefunction. The transverse 
spatial part of the effective biphoton wavefunction is easily calculated to be: 

 (19)

under the condition ts  ti. Equations (14), (17), and (19) suggest that the entangled signal-
idler photon pair is characterized by the EPR correlation [3] in transverse momentum and 
transverse position; hence, similar to the original EPR state, we have [21] 

 
(20)

In EPR’s language, the signal photon and the idler photon may come from any point in the 
output plane of the SPDC. However, if the signal (idler) is found in a certain position, the 
idler (signal) must be observed in the same position, with certainty (100%). Simultaneously, 
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the signal photon and the idler photon may have any transverse momentum. However, if a 
certain value and direction of the transverse momentum of the signal (idler) is observed, the 
transverse momentum of the idler (signal) will be uniquely determined with equal value 
and opposite direction. 
The EPR δ-functions, δ(  − ) and δ  in transverse position and momentum, are 
the key to understanding the ghost imaging experiment of Pittman et al. of 1995. δ(  − ) 
indicates that the signal-idler pair is always emitted from the same point on the output 
plane of the biphoton source. Simultaneously, δ  defines the angular correlation of 
the pair: the signal-idler pair always exists at roughly equal but opposite angles relative to 
the pump for degenerate SPDC. This then allows for a simple explanation of the experiment 
in terms of “usual” geometrical optics in the following manner: we envision the nonlinear 
crystal as a “hinge point” and “unfold” the schematic of Fig. 2 into the Klyshko picture [2] of 
Fig. 7. The signal-idler biphoton amplitudes can then be represented by straight lines (but 
keep in mind the different propagation directions) and therefore the image is reproduced in 
coincidences when the aperture, lens, and fiber tip are located according to the Gaussian 
thin lens equation of Eq. (1). The image is exactly the same as that one would observe on a 
screen placed at the fiber tip if detector D1 were replaced by a point-like light source and the 
nonlinear crystal by a reflecting mirror. 
Comparing the “unfolded” schematic of the ghost imaging experiment with that of the 
classical imaging setup of Fig. 1, it is not difficult to find that any “light point” on the object 
plane has a unique corresponding “light point” on the image plane. This point-to-point 
correspondence is the result of the constructive-destructive interference among these 
biphoton amplitudes that are illustrated as the geometrical rays in Fig. 7. Similar to the 
situation in classical imaging, these biphoton amplitudes which experience equal optical 
path propagation will superpose constructively at each pair of one-to-one points of the 
object plane and the image plane for a joint-detection event, while these that experience 
unequal distance propagation will superpose destructively at all other points on the object 
and image planes. The use of the imaging lens makes this constructivedestructive 
interference possible. It is this unique point-to-point EPR correlation that makes the “ghost” 
image of the object-aperture function possible. Despite the completely different physics from 
classical optics, the remarkable feature is that the relationship between the focal length f of 
the lens, the aperture’s optical distance so, and the image’s optical distance si, satisfies the 
Gaussian thin lens equation of Eq. (1). It is worth emphasizing again that the geometric rays 
in Fig. 7 represent the biphoton amplitudes of a signal-idler photon pair, and the point-
topoint correspondence is the result of the constructive-destructive interference of these 
biphoton amplitudes. 
We now calculate G(2)( , ) for the “ghost” imaging experiment in detail, where  and  
are the transverse coordinates of the point-like photodetector D1 and D2, on the object and 
image planes, respectively. We will show that there exists a δ-function-like point-to-point 
correlation between the object and image planes, δ(  − /m). We will then show how the 
object function of A( ) is transferred to the image plane as a magnified image A( /m). 
We first calculate the effective biphoton wavefunction Ψ( , z1, t1; , z2, t2), as defined in Eq. 
(18). By inserting the field operators into Ψ( , z1, t1; , z2, t2), and considering the 
commutation relations of the field operators, the effective biphoton wavefunction is 
calculated to be 
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Fig. 7. An unfolded schematic of the 1995 ghost imaging experiment, which is helpful for 
understanding the physics. Since the biphoton “light” propagates along “straight lines”, it is 
obvious that any point on the object plane corresponds to a unique point on the image 
plane. Although the placement of the lens, the object, and detector D2 obeys the Gaussian 
thin lens equation, it is important to notice that the geometric rays in the figure actually 
represent the biphoton amplitudes of an entangled photon pair. The point-to-point 
correspondence is the result of a constructive-destructive interference of these biphoton 
amplitudes. 

 

(21)

Equation (21) indicates a coherent superposition of all the biphoton amplitudes shown in 
Fig. 7. 

 
Fig. 8. In arm-1 the signal propagates freely over a distance d1 from the output plane of the 
source to the imaging lens, passes an object aperture at distance so, and then is focused onto 
photon-counting detector D1 by a collection lens. In arm-2 the idler propagates freely over a 
distance d2 from the output plane of the source to a point-like photon counting detector D2. 
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Next, we follow the unfolded experimental setup of Fig. 8 to establish the Green’s functions 
g ( , ωs, , z1) and g ( , ωi, , z2). In arm-1 the signal propagates freely over a distance d1 
from the output plane of the source to the imaging lens, passes an object aperture at distance 
so, and then is focused onto photon-counting detector D1 by a collection lens. We will 
evaluate g ( , ωs, , z1) by propagating the field from the output plane of the biphoton 
source to the object plane. In arm-2 the idler propagates freely over a distance d2 from the 
output plane of the biphoton source to a point-like detector D2. g ( , ωi, , z2) is thus a free 
propagator. 
(I) Arm-1 (source to object): 
The optical transfer function or Green’s function in arm-1, which propagates the field from 
the source plane to the object plane, is given by: 

 

(22)

where  and  are the transverse vectors defined, respectively, on the output plane of the 
source and on the plane of the imaging lens. The terms in the first and second curly brackets 
in Eq. (22) describe free space propagation from the output plane of the source to the 
imaging lens and from the imaging lens to the object plane, respectively. Again, 

 and  are the Fresnel phases as defined in the Appendix. Here 
the imaging lens is treated as a thin-lens, and the transformation function of the imaging 
lens is approximated as a Gaussian, . 
(II) Arm-2 (from source to image): 
In arm-2, the idler propagates freely from the source to the plane of D2, which is also the 
plane of the image. The Green’s function is 

 
(23)

where  and  are the transverse vectors defined, respectively, on the output plane of the 
source and the plane of photodetector D2. 
(III) Ψ ( , ) and G(2)( , ) (object plane - image plane): 
For simplicity, in the following calculation we consider degenerate (ωs = ωi = ω) and 
collinear SPDC. The effective transverse biphoton wavefunction Ψ ( , ) is then evaluated 
by substituting the Green’s functions g( , ω; , z1) and g( , ω; , z2) into Eq. (21), 

 

(24)
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where all the proportionality constants have been ignored. After completing the double 
integral of d  and d   

 
Eq. (24) becomes 

 
Next, we complete the integral for d  

 
(25)

where we have replaced d1+d2 with si (as depicted in Fig. 8). Although the signal and idler 
propagate in different directions along two optical arms, interestingly, the Green function in 
Eq. (25) is equivalent to that of a classical imaging setup, as if the field is originated from a 
point  on the object plane and propagated the lens and then arrived at point  on the 
imaging plane. The mathematics is consistent with our previous qualitative analysis of the 
experiment. 
The finite integral on d  yields a point-to-“spot” relationship between the object plane and 
the image plane that is defined by the Gaussian thin-lens equation 

 
(26)

If the integral is taken to infinity, by imposing the condition of the Gaussian thin-lens 
equation the effective transverse biphoton wavefunction can be approximated as a δ function 

 (27)

where we have replaced  and  with  and , respectively, to emphasize the point-to-
point EPR correlation between the object and image planes. To avoid confusion with the 
“idler” we have used  to label the image plane. 
We now include an object-aperture function, a collection lens and a photon counting 
detector D1 into the optical transfer function of arm-1 as shown in Fig. 2. The collection-
lens−D1 package can be simply treated as a “bucket” detector. The “bucket” detector 
integrates the biphoton amplitudes Ψ ( , ), which are modulated by the object aperture 
function A( ) into a joint photodetection event. This process is equivalent to the following 
convolution 

 
(28)
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Again, D2 is scanned in the image plane (  = ). A ghost image of the object is thus 
reproduced on the image plane by means of the joint-detection between the point-like-
detector D2 and the bucket detector D1. 
The physical process corresponding to the above convolution is rather simple. Suppose the 
point detector D2 is triggered by an idler photon at a transverse position of  in a joint-
detection event with the bucket detector D1 which is triggered by the signal twin that is 
either transmitted or reflected from a unique point  on the object plane. This unique point-
to-point determination comes from the non-factorizable correlation function δ(  + /m). 
Now, we move D2 to another transverse position  and register a joint-detection event. The 
signal photon that triggers D1 must be either transmitted or reflected from another unique 
point  on the object plane which is determined by δ( + /m). The chances of receiving 
a joint detection event at  and at  would be modulated by the values of the aperture 
function A( ) and A( ), respectively. Accumulating a large number of joint-detection 
events at each transverse coordinates on the image plane, the aperture function A( ) is thus 
reproduced in the joint-detection as a function of . 
The observation of type-one ghost imaging has demonstrated a non-factorizable point-to-
point EPR correlation between the object and image planes. This point-to-point correlation is 
the result of a constructive-destructive interference between biphoton amplitudes, 

 
(29)

In this view we consider the ghost imaging experiment of Pittman et al. a realization of the 
1935 EPR gedankenexperiment [21] [22]. 
Classical theory has difficulties when facing type-one ghost imaging phenomenon. In the 
classical theory of light, a joint measurement between two photodetectors D1 and D2 

measures the statistical correlation of intensity fluctuations, 

 (30)

Therefore, the point-to-point image-forming correlation is considered as a result of the 
statistical correlation of intensity fluctuations between the object and the image planes. 
Comparing Eq. (30), which has a constant background ( ) ( ), with Eq. (29), which has 
a zero background, the mean intensities ( ) and ( ) must be zero, otherwise the result 
would lead to non-physical conclusions. The measurements, however, never yield zero 
mean values of ( ) and ( ) under any circumstances. In fact, the individual-detector 
counting rates of D1 and D2 were monitored in the experiment of Pittman et al. with much 
greater value than that of the coincidences. It is clear that the classical theory of statistical 
correlation of intensity fluctuations does not reflect the correct physics behind type-one 
ghost imaging. 

4. Type-two ghost imaging with chaotic radiation 
In this section we discuss the physics of type-two ghost imaging. The near-field lensless 
ghost imaging with chaotic radiation was first demonstrated by Scarcelli et al. in the years 
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Fig. 9. Near-field lensless ghost imaging with chaotic light demonstrated in 2006 by Scarcelli 
et al. D1 is a point-like photodetector that is scannable along the x1-axis. The joint-detection 
between D1 and the bucket detector D2 is realized either by a photon-counting coincidence 
counter or by a standard HBT linear multiplier (RF mixer). In this measurement D2 is fixed 
in the focal point of a convex lens, playing the role of a bucket detector. The counting rate or 
the photocurrent of D1 and D2, respectively, are measured to be constants. Surprisingly, an 
image of the 1-D object is observed in the joint-detection between D1 and D2 by scanning D1 
in the plane of z1 = z2 along the x1-axis. The image, is blurred out when z1 ≠ z2. There is no 
doubt that thermal radiations propagate to any transverse plane in a random and chaotic 
manner. There is no lens applied to force the thermal radiation “collapsing” to a point or 
speckle either. What is the physical cause of the point-to-point image-forming correlation in 
coincidences? 

from 2005 to 2006 [5][6] following their experimental demonstration of two-photon 
interference of chaotic light [7]. The schematic experimental setup of their 2006 
demonstration is shown in Fig. 9. Radiation with a narrow spectral bandwidth Δω of a few 
millimeters diameter from a chaotic pseudothermal source [23] was equally divided into 
two by a 50% − 50% non-polarizing beam-splitter. In the reflected arm, a double-slit with slit 
separation b = 1.5 mm and slit width a = 0.2 mm, was placed at a distance z2 = 139 mm from 
the source and a bucket detector D2 was placed just behind the object. In the transmitted arm 
a point detector D1 was scanned in the transverse plane of z1 = z2. Scarcelli et al tested two 
different joint detection schemes, namely the photon counting coincidence circuit and the 
standard HBT correlator. In the photon counting regime two Geiger mode avalanche 
photodiodes were employed for single-photon detection. In the bright light condition, two 
silicon PIN diodes were used with a standard analog HBT linear multiplier. The bucket 
detector D2 was simulated by using a short focal length lens (f = 25mm) to focus the light 
coming from the object onto the active area of the detector while the point detector D2 was 
simulated by a pinhole like aperture. After a large number of reaped measurements for 
different experimental schemes and conditions, Scarcelli et al reported the following 
observations. 
Observation (1): A typical measured ghost image of the double-slit is shown in Fig. 10. The 
measured curve reports the joint-detection counting rate between D1 and D2, or the output 
current of a HBT linear multiplier, as a function of the transverse position of the point 
detector D1 along x1 axis. Notice, in Fig. 10 the constant background has been removed from 
the correlation. 
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Fig. 10. The double-slit and its ghost image. Notice, the constant background has been 
removed from the correlation. 
Observation (2): The measured contrasts vary significantly under different experimental 
schemes and conditions. It was found that the image contrast can achieve ~50% in photon 
counting measurement if no more than one joint-detection event occurring within the time 
window of the coincidence circuit. 50% is the maximum image contrast we expect for 
thermal light ghost imaging. 
Observation (3): To achieve less than one joint-detection event per coincidence time 
window, weak light source is not a necessary condition. It can be easily achieved under 
bright light condition by using adjustable ND-filters with D1 and D2. 
 

 
Fig. 11. Unfolded schematic experimental setup of a secondary image measurement of the 
ghost image and the measured secondary images. By using a convex lens of focal length f, 
the ghost image is imaged onto a secondary image plane, which is defined by the Gaussian 
thin-lens equation, 1/so + 1/si = 1/f, with magnification m = −si/so. This setup is useful for 
distant large scale ghost imaging applications. 
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To confirm the observations are imaged images, and not “projection shadows”, Scarcelli et 
al. made two additional measurements. In the first measurement, photodetector D1 was 
moved away from the ghost image plane of z1 = z2. Whether moved in the direction of z1 > z2 

or z1 < z2, the ghost image became “blurred”. The measurement also showed that the depth 
of the image is a function of the angular size of the thermal source: a larger angular sized 
source (opening angle Δθ relative to the photodetectors) produces sharper image with 
shorter image depth. In the second measurement, Scarcelli et al. constructed a secondary 
imaging system, illustrated schematically in Fig. 11. By using a convex lens of focus length f 
the ghost image is imaged onto a secondary image plane, which is defined by the Gaussian 
thin-lens equation, 1/so + 1/si = 1/f, with magnification m = −si/so. In this measurement the 
scanning photodetector D1 is placed on the secondary imaging plane. The secondary image 
of the ghost image is observed in the joint-detection between D1 and D2 by means of either a 
photon-counting coincidence counter or a HBT linear multiplier. 

4.1 What is the physical cause of chaotic light ghost imaging? 
It is the partial point-to-point correlation between the object plane and the image plane that 
makes ghost imaging with thermal light possible. Similar but different from classical 
imaging and type-one ghost imaging, mathematically, type-two ghost imaging is the result 
of a convolution between the aperture function |A( )|2 and a δ-function like partial point-to-
“spot” correlation function 

 
(31)

in 2-D, where Δθ is the angular diameter of the radiation source viewed from the 
photodetector,  and  are the transverse coordinates on the object plane and the image 
plane, respectively, or 

 
(32)

in 1-D. For a chosen wavelength, the spatial resolution of the ghost image is determined by 
the angular diameter of the light source: the larger the size of the source in transverse 
dimensions, the higher the spatial resolution of the lensless ghost image. The point-to-“spot” 
image-forming functions in Eqs. (31) and (32) have been verified experimentally by Scarcelli 
et al. 
The physical process corresponding to the convolution of Eq. (31) and (32) is similar to that 
of the type-one ghost imaging. Suppose the point detector D1 or a CCD element is triggered 
by a photon at a transverse position of  in a joint-detection event with the bucket detector 
D2 which is triggered by another photon that is either transmitted or reflected from the 
object. According to Eq. (31) and (32), under condition of z1 = z2, the photon from the object 
would have twice greater chance to be found at  = . Now, we move D1 to another 
transverse position 1, or locate another CCD element at 1 for joint-detection. The photon 
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that triggers D2 would have twice greater chance of been located at obj = 1. The 
probabilities of receiving a joint detection event at  =  and at  = obj would be 
modulated by the values of the aperture function A( ) and A( obj), respectively. 
Accumulating a large number of joint-detection events for each transverse coordinates , or 
for each CCD element in the image plane, a 50% contrast aperture function A( ) = A( ) 
is thus reproduced in the joint-detection as a function of .6 
To achieve thermal light ghost image with 50% contrast, we need (1) randomly distributed 
radiations on the object plane and on the image plane, respectively; and (2) for any 
photoelectron event at  there exists a unique corresponding point  =  on the object 
plane which has twice chance of observing another photoelectron event jointly and 
simultaneously. There is no doubt that random and chaotic radiation would propagate to 
any transverse plane in a random and chaotic manner. Therefore, condition (1) is satisfied 
automatically for chaotic thermal radiation. However, it is not easy to understand condition 
(2). We have been asking ourself a question since the first observation of lensless thermal 
light ghost image: what is the physical cause of the non-factorizable partial point-to-point 
image-forming function of 1+δ(  − )? There seems no reason to have such a statistical 
correlation for thermal light. Figure 12 schematically illustrates this situation. To simplify 
the picture we assume the source in 1-D with a large number of independent point sub-
sources randomly distributed from −b/2 to b/2. Each point sub-source, such as the jth and 
the kth sub-source, randomly radiates independent spherical waves to the object and image 
planes, respectively. Due to the chaotic nature of the source, these independent and 
incoherent subintensities simply add together yielding a constant total intensity spatially 
and temporally on any transverse plane. The more chaotic sub-fields that contribute to the 
intensity sum, the less value of ΔI/I is expected. For any two transverse planes, such as the 
object and the image planes in Fig. 9, each with independent and randomly distributed 
intensities, statistically, there is no reason to expect any spatial or temporal correlations. 
What is the physical cause that forces a twice large probability for the thermal radiation to 
jointly appear at  = ? 
In fact, we have been facing this question since 1956, after the discovery of Hanbury Brown 
and Twiss (HBT). The lensless ghost imaging setup looks similar to that of the historical 
HBT spatial interferometer which was used for measuring the angular size of distant stars. 
A significant difference is that the lensless ghost imaging measurement is in near-field7 for 
imaging purposes [5]. 
The HBT experiment created quite a surprise in the physics community with an enduring 
debate about the classical or quantum nature of the phenomenon [11][12]. Figure 13 is a 
schematic of the historical HBT experiment which measures the transverse spatial  
 

                                                 
6 To observe thermal light ghost image with maximum 50% contrast requires achieving a 
necessary experimental condition: no more than one joint detection event within the 
coincidence time window. 
7 The concept of “near-field” was defined by Fresnel to be distinct from the Fraunhofer far-
field. The Fresnel near-field is different from the “near-surface-field” which considers a 
distance of a few wavelengths from a surface. 
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Fig. 12. A large number of independent point sub-sources, such as the jth and kth, are 
randomly distributed on the plane of a thermal source. These point sub-sources randomly 
radiate independent spherical waves to the object and image planes, respectively. Due to the 
chaotic nature of the source, these independent sub-intensities simply added together 
yielding a constant total intensity in space and in time on any transverse planes. 
 

 
Fig. 13. Schematic of the historical Hanbury Brown and Twiss experiment which measures 
the transverse spatial correlation of far-field thermal radiation. 

correlation of far-field thermal radiation. Performing the measurement in 1-D by scanning 
photodetectors D1 and/or D2 along the axes x1 and x2, the second-order transverse spatial 
correlation function G(2)(x1, x2) was found to be 

 
(33)

where Δθ is the angular size of the star, λ the wavelength of the radiation. The far-field HBT 
correlation of Eq. (33) has been interpreted as the result of classical statistical correlation of 
the intensity fluctuations 

 
where 1 and 2 are the mean intensities of the radiation measured by photodetectors D1 and 
D2, respectively. The second term in Eq. (33), , is 
phenomenologically interpreted as the intensity fluctuation correlation 〈ΔI1ΔI2〉 in classical 
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theory. For visible wavelengths and large values of Δθ this function quickly drops from its 
maximum to minimum when x1 − x2 moves from zero to a value such that Δθ(x1 − x2)/λ = 1. 
In this situation we effectively have a “point-to-point” relationship between the x1 and x2 

axes: for each point on the x1 there exists only one point on the x2 that may have a nonzero 
intensity fluctuation correlation. 
 

 
Fig. 14. A phenomenological interpretation of the historical HBT experiment. Upper: the two 
photodetectors receive identical modes of the far-field radiation and thus experience 
identical intensity fluctuations. The joint measurement of D1 and D2 gives a maximum value 
of 〈ΔI1ΔI2〉. Lower: the two photodetectors receive different modes of the far-field radiation. 
In this case the joint measurement gives 〈ΔI1ΔI2〉 = 0. Unfortunately, this hand-waving 
interpretation does not reflect the correct physics in the case of Δθ ≠ 0. For a finite angular 
sized source, there is no chance, at least realistically, for D1 and D2 to receive radiation from a 
single radiation mode only. Nevertheless, the above theory has convinced us to believe that 
the observation of the intensity fluctuation correlation only takes place in the far-field zone 
of the thermal source. 

The well-accepted interpretation of the HBT phenomenon is the following: in HBT the 
measurement is taken in the far-field zone of the radiation source, which is equivalent to the 
Fourier transform plane. When D1 (D2) is scanned in the neighborhood of x1 = x2, the two 
detectors measure the same mode of the radiation field. The measured intensities have the 
same fluctuations and yield a maximum value of 〈ΔI1ΔI2〉. The two upper curves of I(t) in 
Fig. 15 schematically illustrate this situation. When the two photodetectors move apart from 
x1 = x2, D1 and D2 measure different modes of the radiation field. In this case, the measured 
two modes may have completely different fluctuations. The measurement yields 〈ΔI1ΔI2〉 = 0 
and gives 〈I1I2〉 = 1 2. This situation is illustrated in the two lower curves of I(t) in Fig. 15. 
Unfortunately, this handwaving interpretation does not reflect the correct physics in the 
case of Δθ ≠ 0. For a finite angular sized source, there is no chance, at least realistically, for 
D1 and D2 to receive radiation from a single radiation mode only. Nevertheless, the above 
theory has convinced us to believe that the observation of the intensity fluctuation 
correlation only takes place in the far-field zone of the thermal source. 
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Fig. 15. Schematic illustration of the light intensities I1(t) at D1 and I2(t) at D2. The two upper 
(lower) curves of I(t) corresponds to the upper (lower) configuration in Fig 14. 
 

 
Fig. 16. Modified near-field HBT measurement - an unfolded Klyshko picture of the setup. 
Assuming a large sized disk-like near-field chaotic source, each point on the disk can be 
considered as an independent sub-source. It is easy to see that (1) D1 and D2 are capable of 
receiving radiation from a large number of sub-sources; and (2) D1 and D2 have more 
chances to be triggered jointly by radiations from different sub-sources; (3) The ratio 
between the joint-detections triggered by radiation from a single sub-source and from 
different sub-sources is roughly N/N2 = 1/N in any transverse position of D1 and D2. 

What will happen if we move the photodetectors D1 and D2 to the “near-field” as shown in 
the unfolded schematic of Fig. 16? Does this hand-waving argument still predict the point-
to-point correlation in this situation? We consider a disk-like thermal source with a large 
number of independent and randomly radiating point sub-sources and assume the 
radiations coming from the same sub-source have the same intensity fluctuation, and the 
radiations coming from different sub-sources have different intensity fluctuations. It is easy 
to see that in the near-field, (1) each photodetector, D1 and D2, is capable of receiving 
radiations from a large number of sub-sources; and (2) D1 and D2, have more chances to be 
triggered jointly by radiation from different subsources; (3) The ratio between the joint-
detections triggered by radiation from a single sub-source and from different sub-sources is 
roughly N/N2 = 1/N in any transverse position of D1 and D2. For a large value of N the 
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contribution of joint-detections triggered by radiation from a single subsource in any 
transverse position of D1 and D2 has the same negligible value 〈ΔI1ΔI2〉/ 1 2 ~ 0. Following 
the above philosophy, the near-field G(2)( , ) should be a constant for any chosen 
transverse coordinates  and . The experimental observations, however, have shown a 
different story. 
 

 
Fig. 17. G(2)(t1 − t2) of a chaotic source. The temporal correlation width is measured ~ 0.5μs, 
which means that unless t1 − t2 > 0.5μs, the value of G(2)(t1 − t2)will stay at the neighborhood 
of its maximum. 

The nontrivial near-field point-to-point correlation was experimentally observed in a 
modified HBT experiment by Scarcelli et al. in 2005 before the near-field lensless ghost 
imaging demonstration. The modified HBT has a similar experimental setup as that of the 
historical HBT of Fig. 13, except replacing the distant star with a near-field disk-like chaotic 
source. This light source has a considerably large angular diameter from the view of the 
photodetectors D1 and D2. The point photodetectors D1 and D2 are scannable along the axes 
of x1 and x2, respectively. The frequency bandwidth Δω of this thermal source is chosen to be 
narrow enough to achieve ~μs correlation width of G(2)(t1 − t2) which is shown in Fig. 17. 
This means to change G(2) from its maximum (minimum) value to minimum (maximum) 
value requires a few hundred meters optical delay in the arm of either D1 or D2. The 
transverse intensity distributions were examined before the measurement of transverse 
correlation. The counting rate (weak light condition) or the output photocurrent (bright light 
condition) of each individual photodetector was found to be constant, i.e., I( )~ constant 
and I( )~ constant by scanning D1 and D2 in the transverse planes of z1 = z0 and z2 = z0, 
respectively. There is no surprise to have constant I( ) and I( ). The physics has been 
clearly illustrated in Fig. 12. By using this kind of chaotic source, Scarcelli et al. measured the 
1-D near-field normalized transverse spatial correlation of g(2)(x1 − x2) by scanning D1 in the 
neighborhood of x1 = x2. The measurements confirmed the point-to-“spot” correlation of 

 
(34)
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where, again, Δθ is the angular diameter of the near-field disk-like chaotic source. It is worth 
emphasizing that g(2)(x1−x2) dependents on x1−x2 only. Taking x1−x2 = constant, g(2)(x1−x2) is 
invariant under the displacements of transverse coordinates. 
A simplified summary of the experimental observation is shown in Fig. 18: (1) In the upper 
figure, D1 and D2 are placed at equal distances from the source and aligned symmetrically on 
the optical axis. The normalized joint-detection, or the value of g(2) achieved its maximum of 
~ 2. (2) In the middle figure, D1 is moved up a few millimeters to a non-symmetrical 
position, the normalized joint-detection, or the value of g(2) is measured to be ~ 1. (3) In the 
lower figure, D2 is moved a few millimeters up to a symmetrical position with respect to D1. 
The normalized joint-detection, or the value of g(2) turned back to its maximum of ~ 2 again. 
 

 
Fig. 18. Schematic of the near-field spatial correlation measurement of Scarcelli et al. Upper: 
g(2)  ~ 2, where D1 and D2 are placed at equal distances from the source and aligned 
symmetrically on the optical axis. In the spirit of the traditional interpretation of HBT the 
intensities measured by D1 and D2 must have same fluctuations as shown in the figure. 
Middle: g(2)  ~ 1, where D1 is moved up a few millimeters to an asymmetrical position. In the 
spirit of the traditional interpretation of HBT the intensities measured by D1 and D2 must 
have different fluctuations. Lower: g(2)  ~ 2, where D2 is moved up to a symmetrical position 
with respect to D1, again. In the spirit of the traditional interpretation of HBT the intensities 
measured by D1 and D2 must have same fluctuations again. What is the physical cause of the 
changes of the intensity fluctuations then? Remember the G(2)(t1 − t2) function has a width of 
~ 0.5μ, see Fig. 17. 

It is easy to see that the classical theory of statistical correlation of intensity fluctuations is 
facing difficulties in explaining the experimental results. In near-field D1 and D2 receive the 
same large number of modes at any  and . In the spirit of the traditional interpretation of 
HBT, there seems no reason to have a different intensity fluctuation correlation between  
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 =  and  ≠  for the G(2) function shown in Fig. 17. In the upper measurement, we have 
obtained the maximum value of g(2) ~ 2 at z1 = z2 and x1 = x2, which indicates the achievement 
of a maximum intensity fluctuation correlation as shown in Fig. 17 with |t1−t2| ~ 0. In the 
middle measurement, g(2) ~ 1 indicates a minimum intensity fluctuation correlation by 
moving D1 a few millimeters up, which means the intensities measured by D1 and D2 must 
have different fluctuations. In the lower measurement D2 is moved up a few millimeters to a 
new symmetrical position with respect to D1, the measurements obtain g(2) ~ 2 again. The 
intensities measured by D1 and D2 must have same fluctuations again. What is the physical 
cause of the changes of the intensity fluctuations then? Remember the G(2)(t1 − t2) function 
has a width of ~ 0.5μ. 
For half a century since 1956, it has been believed that the HBT correlation is observable in 
the far-field only. It was quite a surprise that in 2005 Scarcelli et al. successfully 
demonstrated a near-field point-to-point transverse correlation of chaotic light, indicating 
that the nontrivial HBT spatial correlation is observable in the near-field and is useful for 
reproducing ghost images in a nonlocal manner.8 The experiment of Scarcelli et al. raised a 
question: “Can two-photon correlation of chaotic light be considered as correlation of 
intensity fluctuations?” [5] At least, this experiment suggested we reexamine the 
relationship between the quantum mechanical concept of joint-detection probability with 
the classical concept of intensity fluctuation correlation. It seems that jointly observing a pair 
of photons at space-time point (r1, t1) and (r2, t2) is perhaps only phenomenologically 
connected but not physically caused by the classical statistical correlation of intensity 
fluctuations. The point-to-point image-forming correlation is more likely the result of an 
interference. In the view of two-photon interference, far-field is not a necessary condition for 
observing the partial point-to-point correlation of thermal light. Furthermore, it is quite 
common in two-photon interference type experiments to observe constant counting rates or 
intensities in individual photodetectors D1 and D2, respectively, and simultaneously observe 
nontrivial space-time correlation in the joint-detection between D1 and D2. These 
observations are consistent with the quantum theory of two-photon interferometry [9]. 

4.2 Quantum theory of thermal light ghost imaging 
According to the quantum theory of light, the observed partial point-to-point image-
forming correlation is the result of multi-photon interference. In Glauber’s theory of photo-
detection [20], an idealized point photodetector measures the probability of observing a 
photo-detection event at space-time point (r, t) 

 (35)

where  is the density operator which characterizes the state of the quantized 
electromagnetic field, E(−)(r, t) and E(+)(r, t) the negative and positive field operators at 
space-time coordinate (r, t). The counting rate of a point photon counting detector, or the 

                                                 
8 We cannot help but stop to ask: What has been preventing this simple move from far-field 
to near-field for half a century? 
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output current of a point analog photodetector, is proportional to G(1)(r, t). A joint-detection 
of two independent point photodetectors measures the probability of observing a joint-
detection event of two photons at space-time points (r1, t1) and (r2, t2) 

 (36)

where (rj , tj), j = 1, 2, is the space-time coordinate of the jth photo-detection event. The 
coincidence counting rate of two photon counting detectors, or the output reading of a 
linear multiplier (RF mixer) between two photodetectors, is proportional to G(2)(r1, t1; r2, t2). 
To calculate the partial point-to-point correlation between the object plane and the image 
plane, we need (1) to estimate the state, or the density matrix, of the thermal radiation; and 
(2) to propagate the field operators from the radiation source to the object and the image 
planes. We will first calculate the state of thermal radiation at the single-photon level for 
photon counting measurements to explore the physics behind ghost imaging as two-photon 
interference and then generalize the result to any intensity of thermal radiation. 
We assume a large transverse sized chaotic source consisting of a large number of 
independent and randomly radiating point sub-sources. Each point sub-source may also 
consist of a large number of independent atoms that are ready for two-level atomic 
transitions in a random manner. Most of the time, the atoms are in their ground state. There 
is, however, a small chance for each atom to be excited to a higher energy level E2 (ΔE2 ≠ 0) 
and later return back to its ground state E1. It is reasonable to assume that each atomic 
transition generates a field in the following single-photon state 

 
(37)

where  is the probability amplitude for the atomic transition,  is 
the probability amplitude for the radiation field to be in the single-photon state of wave 
number k and polarization . For this simplified two-level 
system, the density matrix that characterizes the state of the radiation field excited by a large 
number of possible atomic transitions is thus 

 

(38)

where  is a random phase factor associated with the jth atomic transition. Since 
, it is a good approximation to keep the necessary lower-order terms of ε in Eq. (38). 

After summing over t0j (t0k) by taking into account all its possible values we obtain 
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(39)

Similar to our earlier discussion we will focus our calculation on the transverse correlation 
by assuming a narrow enough frequency bandwidth in Eq. (39). In the experiments of 
Scarcelli et al. the coherence time of the radiation was chosen ~μs, the maximum achievable 
optical path differences ~ps by the scanning of D1 and D2, and the response time of the 
photodetectors is much less than the coherence time. The transverse spatial correlation 
measurement is under the condition of achieving a maximum temporal coherence of  
G(2)(t1 − t2) ~ 2 during the scanning of D1 and D2 at any  and . In the photon counting 
regime, under the above condition, it is reasonable to model the thermal light in the 
following mixed state 

 
(40)

Basically we are modeling the light source as an incoherent statistical mixture of single-
photon states and two-photon states with equal probability of having any transverse 
momentum. The spatial part of the second-order coherence function is thus calculated as 

 

(41)

where we have defined an effective two-photon wavefunction in transverse spatial 
coordinates 

 (42)

The transverse part of the electric field operator can be written as 

 
(43)

again, gj( , zj ; ) is the Green’s function. Substituting the field operators into Eq. (42) we 
have 

 
(44)

and 
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(45)

representing the key result for our understanding of the phenomenon. Eqs. (44) and (45) 
indicates an interference between two alternatives, different yet indistinguishable, which 
leads to a joint photo-detection event. This interference phenomenon is not, as in classical 
optics, due to the superposition of electromagnetic fields at a local point of space-time. This 
interference is the result of the superposition between g2( , z2; )g1( , z1; ) and  
g2( , z2; )g1( , z1; ), the socalled two-photon amplitudes, non-classical entities that 
involve both arms of the optical setup as well as two distant photo-detection events at  
( , z1) and ( , z2), respectively. Examining the effective wavefunction of Eq. (44), we find 
this symmitrized effective wavefunction plays the same role as that of the symmitrized 
wavefunction of identical particles in quantum mechanics. This peculiar nonlocal 
superposition has no classical correspondence, and makes the type-two ghost image 
turbulence-free, i.e., any phase disturbance in the optical path has no influence on the ghost 
image [24]. Fig. 19 schematically illustrates the two alternatives for a pair of mode  and  
to produce a joint photo-detection event: 1 × 2 and 2 × 1. The superposition of each 
pair of these amplitudes produces an individual sub-interference-pattern in the joint-
detection space of ( , z1, t1; , z2, t2). A large number of these sub-interference-patterns 
simply add together resulting in a nontrivial G(2)( , z1; , z2) function. It is easy to see that 
each pair of the twophoton amplitudes, illustrated in Fig. 19, will superpose constructively 
whenever D1 and D2 are placed in the positions satisfying    and z1  z2; and 
consequently, G(2)( , z1; , z2) achieves its maximum value as the result of the sum of these 
individual constructive interferences. In other coordinates, however, the superposition of 
each individual pair of the two-photon amplitudes may yield different values between 
constructive maximum and destructive minimum due to unequal optical path propagation, 
resulting in an averaged sum. 
 

 
Fig. 19. Schematic illustration of two-photon interference: a superposition between two-
photon amplitudes g2( , z2 )g1( , z1; ) and g2( , z2; )g1( , z1; ). It is clear that the 
amplitudes g2( , z2; )g1( , z1; ) and g2( , z2; )g1( , z1; ) will experience equal optical 
path propagation and superpose constructively when D1 and D2 are located at    and  
z1  z2. This nonlocal superposition has no classical correspondence. 

Before calculating G(2)( , z1; , z2) we examine the single counting rate of the point 
photodetectors D1 and D2 which are placed at ( , z1) and ( , z2), respectively. With 
reference to the experimental setup of Fig. 9, the Green’s function of free-propagation is 
derived in the Appendix 
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where  is the transverse vector in the source plane, and the field has propagated from the 
source to the  plane and  plane in arms 1 and 2, respectively. The single detector 
counting rate or the output photocurrent is proportional to G(1)(r, t) as shown in Eq. (35), 

 

(46)

where j = 1, 2 indicating the jth photodetector. 
Although G(1)( , z1) and G(1)( , z2) are both constants, G(2)( , z1; , z2) turns to be a 
nontrivial function of ( , z1) and ( , z2), 

 

(47)

where 

 
 

If we choose the distances from the source to the two detectors to be equal (z1 = z2 = d), the 
above integral of d  yields a point-to-point correlation between the transverse planes z1 = d 
and z2 = d, 

 
(48)

where the δ-function is an approximation by assuming a large enough thermal source of 
angular size Δθ ~ R/d and high enough frequency ω, such as a visible light source. The 
nontrivial G(2) function is therefore, 

 (49)



The Physics of Ghost Imaging  

 

579 

In the ghost imaging experiment, the joint-detection counting rate is thus 

 
(50)

where R0 is a constant and A( ) is the aperture function of the object. 
So far, we have successfully derived an analytical solution for ghost imaging with thermal 
radiation at the single-photon level. We have shown that the partial point-to-point 
correlation of thermal radiation is the result of a constructive-destructive interference caused 
by the superposition of two two-photon amplitudes, corresponding to two alternative ways 
for a pair of jointly measured photons to produce a joint-detection event. In fact the above 
analysis is not restricted to single-photon states. The partial point-to-point correlation of 
G(2)( ; ) is generally true for any order of quantized thermal radiation [25]. Now we 
generalize the calculation to an arbitrary quantized thermal field with occupation number 
from nk,s = 0 to nk,s  1 by keeping all higher order terms in Eq. (38). After summing over t0j 

and t0k the density matrix can be written as 

 
(51)

where p{n} is the probability for the thermal field in the state 

 
The summation of Eq. (51) includes all possible modes k, polarizations s, occupation 
numbers nk,s for the mode (k, s) and all possible combinations of occupation numbers for 
different modes in a set of {n}. Substituting the field operators and the density operator of 
Eq. (51) into Eq. (35) we obtain the constant G(1)( , zj, tj), j = 1, 2, which corresponds to the 
intensities I( , z1, t1) and I( , z2, t2), 

 

(52)

Although G(1)( , z1, t1) and G(1) ( , z2, t2) are both constants, substituting the field 
operators and the density operator of Eq. (51) into Eq. (36), we obtain a nontrivial point-to-
point correlation function of G(2)( ; ) at the two transverse planes z1 = d and z2 = d, 
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(53)

It is clear that in Eq. (53), the partial point-to-point correlation of thermal light is the result of 
a constructive-destructive interference between two quantum-mechanical amplitudes. We 
also note from Eq. (53) that the partial point-to-point correlation is independent of the 
occupation numbers, {n}, and the probability distribution, p{n}, of the quantized thermal 
radiation. 
It is interesting but not surprising to see that the effective two-photon wavefunction in 
bright light condition 

 
is the same as that of weak light at single-photon level. In fact, the above effective 
wavefunction does play the same role in specifying two different yet indistinguishable 
alternatives for the two annihilated photons contributing to a joint-detection event of D1 and 
D2, which implies that the partial point-to-point correlation is the result of two-photon 
interference in bright light condition. This nonlocal partial correlation indicates that a 50% 
contrast ghost image is observable at bright light condition provided registering no more 
than one coincidence event within the joint-detection time window. This requirement can be 
easily achieved by using adjustable ND-filters with D1 and D2. 
Quantum theory predicts and calculates the probability of observing a certain physical 
event. The output photocurrent of an idealized point photodetector is proportional to the 
probability of observing a photo-detection event at space-time point (r, t). The joint-
detection between two idealized point photodetectors is proportional to the probability of 
observing a joint photo-detection event at space-time points (r1, t1) and (r2, t2). In most of the 
experimental situations, there exists more than one possible alternative ways to produce a 
photo-detection event, or a joint photo-detection event. These probability amplitudes, which 
are defined as the single-photon amplitudes and the two-photon amplitudes, respectively, 
are superposed to contribute to the final measured probability, and consequently determine 
the probability of observing a photo-detection event or a joint photo-detection event. In the 
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view of quantum theory, whenever the state of the quantum system and the alternative 
ways to produce a photo-detection event or a joint photo-detection event are determined, 
the result of a measurement is determined. We may consider this as a basic criterion of 
quantum measurement theory. 

4.3 A semiclassical model of nonlocal interference 
The multi–photon interference nature of type-two ghost imaging can be seen intuitively 
from the superposition of paired-sub-fields of chaotic radiation. Let us consider a similar 
experimental setup as that of the modified HBT experiment of Scarcelli et al.. We assume a 
large angular sized disk-like chaotic source that contains a large number of randomly 
radiating independent point “sub-sources”, such as trillions of independent atomic 
transitions randomly distributed spatially and temporally. It should be emphasized that a 
large number of independent or incoherent subsources is the only requirement for type-two 
ghost imaging. What we need is an ensemble of point-sub-sources with random relative 
phases so that the sub-fields coming from these sub-sources are able to take all possible 
values of relative phases in their superposition. It is unnecessary to require the radiation 
source to have either nature or artificial intensity fluctuations at all. In this model, each point 
sub-source contributes to the measurement an independent spherical wave as a sub-field of 
complex amplitude , where aj is the real and positive amplitude of the jth sub-
field and ϕj is a random phase associated with the jth sub-field. We have the following 
picture for the source: (1) a large number of independent point-sources distribute randomly 
on the transverse plane of the source (counted spatially); (2) each point-source contains a 
large number of independently and randomly radiating atoms (counted temporally); (3) a 
large number of subsources, either counted spatially or temporally, may contribute to each 
of the independent radiation mode ( , ω) at D1 and D2 (counted by mode). The 
instantaneous intensity at space-time (rj, tj), measured by the jth idealized point 
photodetector Dj, j = 1, 2, is calculated as 

 

(54)

where the sub-fields are identified by the index l and m originated from the l and m sub-
sources. The first term is a constant representing the sum of the sub-intensities, where the lth 
sub-intensity is originated from the lth sub-source. The second term adds the “cross” terms 
corresponding to different sub-sources. When taking into account all possible realizations of the 
fields, it is easy to find that the only surviving terms in the sum are these terms in which the 
field and its conjugate come from the same sub-source, i.e., the first term in Eq. (54). The 
second term in Eq. (54) vanishes if ϕl − ϕm takes all possible values. We may write Eq. (54) into 
the following form 

 (55)
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where 

 
(56)

The notation 〈...〉 denotes the mathematical expectation, when taking into account all possible 
realizations of the fields, i.e., taking into account all possible complex amplitudes for the large 
number of sub-fields in the superposition. In the probability theory, the expectation value of 
a measurement equals the mean value of an ensemble. In a real measurement, the 
superposition may not take all possible realizations of the fields and consequently the 
measured instantaneous intensity I(r, t) may differ from its expectation value 〈I(r, t)〉 from 
time to time. The variation δI(r, t) turns to be a random function of time. The measured  
I(r, t) fluctuate randomly in the neighborhood of 〈I(r, t)〉 non-deterministically. 
In the classical limit, a large number of independent and randomly radiated sub-sources 
contribute to the instantaneous intensity I(rj, tj). These large number of independent 
randomly distributed sub-fields may have taken all possible realizations of their complex 
amplitudes in the superposition. In this case the sum of the cross terms vanishes, 

 
(57)

therefore, 

 
Now we calculate the second-order correlation function G(2)(r1, t1; r2, t2), which is defined as 

 
(58)

where the notation 〈 ... 〉, again, denotes an expectation operation by taking into account all 
possible realizations of the fields, i.e., averaging all possible complex amplitudes for the sub-
fields in the superposition. In the following calculation we only take into account the 
random phases of the subfields without considering the amplitude variations. Due to the 
chaotic nature of the independent sub-sources, after taking into account all possible 
realizations of the phases associated with the sub-fields, the only surviving terms in the 
summation are those with: (1) j = k, l = m, (2) j = m, k = l. Therefore, G(2)(r1, t1; r2, t2) reduces 
to the sum of the following two groups: 

 

(55)
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Fig. 20. Schematic illustration of . It is clear that the amplitude pairs 
j1 × l 2 with l1 × j 2, where j and l represent all point sub-sources, pair by pair, will 
experience equal optical path propagation and superpose constructively when D1 and D2 are 
located at   , z1  z2. This interference is similar to symmetrizing the wavefunction of 
identical particles in quantum mechanics. 

It is not difficult to see the nonlocal nature of the superposition shown in Eq. (59). In Eq. 
(59), G(2)(r1, t1; r2, t2) is written as a superposition between the paired sub-fields Ej (r1, t1) 
El(r2, t2) and El(r1, t1)Ej(r2, t2). The first term in the superposition corresponds to the 
situation in which the field at D1 was generated by the jth sub-source, and the field at D2 was 
generated by the lth sub-source. The second term in the superposition corresponds to a 
different yet indistinguishable situation in which the field at D1 was generated by the lth 
sub-source, and the field at D2 was generated by the jth sub-source. Therefore, an 
interference is concealed in the joint measurement of D1 and D2, which physically occurs at 
two space-time points (r1, t1) and (r2, t2). The interference corresponds to |Ej1El2 + El1Ej2|2. It 
is easy to see from Fig. 20, the amplitude pairs j 1 × l 2 with l 1 × j 2, j ‘1 × l ‘2 with l ‘1 × j ‘2,  
j 1 × l ‘2 with l ‘1 × j 2, and j ‘1 × l 2 with l 1 × j ‘2, etc., pair by pair, experience equal total optical 
path propagation, which involves two arms of D1 and D2, and thus superpose constructively 
when D1 and D2 are placed in the neighborhood of  = , z1 = z2. Consequently, the 
summation of these individual constructive interference terms will yield a maximum value. 
When ≠ , z1 = z2, however, each pair of the amplitudes may achieve different relative phase 
and contribute a different value to the summation, resulting in an averaged constant value. 
It does not seem to make sense to claim a nonlocal interference between [(Ej goes to D1) ×  
(El goes to D2)] and [(El goes to D1) × (Ej goes to D2)] in the framework of Maxwell’s 
electromagnetic wave theory of light. This statement is more likely adapted from particle 
physics, similar to symmetrizing the wavefunction of identical particles, and is more 
suitable to describe the interference between quantum amplitudes: [(particle-j goes to D1) × 
(particle-l goes to D2)] and [(particle-l goes to D1) × (particle-j goes to D2)], rather than 
waves. Classical waves do not behave in such a manner. In fact, in this model each sub-
source corresponds to an independent spontaneous atomic transition in nature, and 
consequently corresponds to the creation of a photon. Therefore, the above superposition 
corresponds to the superposition between two indistinguishable two-photon amplitudes, 
and is thus called two-photon interference [9]. In Dirac’s theory, this interference is the result 
of a measured pair of photons interfering with itself. 
In the following we attempt a near-field calculation to derive the point-to-point correlation of 
G(2)( , z1; , z2). We start from Eq. (59) and concentrate to the transverse spatial correlation 
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(60)

In the near-field we apply the Fresnel approximation as usual to propagate the field from 
each subsource to the photodetectors. G(2)( , z1; , z2) can be formally written in terms of 
the Green’s function, 

 

(61)

In Eq. (61) we have formally written G(2) in terms of the first-order correlation functions G(1), 
but keep in mind that the first-order correlation function G(1) and the second-order 
correlation function G(2) represent different physics based on different measurements. 
Substituting the Green’s function derived in the Appendix for free propagation 

 
into Eq. (61), we obtain G(1)( , z1)G(1)( , z2) ~constant and 

 
Assuming a2( ) ~constant, and taking z1 = z2 = d, we obtain 

 

(62)

where we have assumed a disk-like light source with a finite radius of R. The transverse 
spatial correlation function G(2)( ; ) is thus 

 
(63)

Consequently, the degree of the second-order spatial coherence is 

 
(64)
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For a large value of 2R/d ~ Δθ, where Δθ is the angular size of the radiation source viewed 
at the photodetectors, the point-spread somb-function can be approximated as a δ-function 
of |  − |. We effectively have a “point-to-point” correlation between the transverse 
planes of z1 = d and z2 = d. In 1-D Eqs. (63) and (64) become 

 
(65)

and 

 
(66)

which has been experimentally demonstrated and reported in Fig. 18. 
We have thus derived the same second-order correlation and coherence functions as that of 
the quantum theory. The non-factorizable point-to-point correlation is expected at any 
intensity. The only requirement is a large number of point sub-sources with random relative 
phases participating to the measurement, such as trillions of independent atomic transitions. 
There is no surprise to derive the same result as that of the quantum theory from this simple 
model. Although the fields are not quantized and no quantum formula was used in the 
above calculation, this model has implied the same nonlocal two-photon interference 
mechanism as that of the quantum theory. Different from the phenomenological theory of 
intensity fluctuations, this semiclassical model explores the physical cause of the 
phenomenon. 

5. Classical simulation 
There have been quite a few classical approaches to simulate type-one and type-two ghost 
imaging. Different from the natural non-factorizable type-one and type-two point-to-point 
imaging-forming correlations, classically simulated correlation functions are all factorizable. 
We briefly discuss two of these man-made factoriable classical correlations in the following. 
(I) Correlated laser beams. 
In 2002, Bennink et al. simulated ghost imaging by two correlated laser beams [26]. In this 
experiment, the authors intended to show that two correlated rotating laser beams can 
simulate the same physical effects as entangled states. Figure 21 is a schematic picture of the 
experiment of Bennink et al.. Different from type-one and type-two ghost imaging, here the 
point-to-point correspondence between the object plane and the “image plane” is made 
artificially by two co-rotating laser beams “shot by shot”. The laser beams propagated in 
opposite directions and focused on the object and image planes, respectively. If laser beam-1 
is blocked by the object mask there would be no joint-detection between D1 and D2 for that 
“shot”, while if laser beam-1 is unblocked, a coincidence count will be recorded against that 
angular position of the co-rotating laser beams. A shadow of the object mask is then 
reconstructed in coincidences by the blocking−unblocking of laser beam-1. 
A man-made factorizable correlation of laser beam is not only different from the non-
factorizable correlations in type-one and type-two ghost imaging, but also different from the 
standard statistical correlation of intensity fluctuations. Although the experiment of Bennink 
et al. obtained a ghost shadow, which may be useful for certain purposes, it is clear that the 
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Fig. 21. A ghost shadow can be made in coincidences by “blocking-unblocking” of the 
correlated laser beams, or simply by “blocking-unblocking” two correlated gun shots. The 
man-made trivial “correlation” of either laser beams or gun shots are deterministic, i.e., the 
laser beams or the bullets know where to go in each shot, which are fundamentally different 
from the quantum mechanical nontrivial nondeterministic multi-particle correlation. 

physics shown in their experiment is fundamentally different from that of ghost imaging. In 
fact, this experiment can be considered as a good example to distinguish a man-made trivial 
deterministic classical intensity-intensity correlation from quantum entanglement and from 
a natural nonlocal nondeterministic multi-particle correlation. 
(II) Correlated speckles. 
Following a similar philosophy, Gatti et al. proposed a factorizable “speckle-speckle” 
classical correlation between two distant planes,  and , by imaging the speckles of the 
common light source onto the distant planes of  and , [13] 

 (67)

where  is the transverse coordinate in the plane of the light source.9 
The schematic setup of the classical simulation of Gatti et al. is depicted in Fig. 22 [13]. Their 
experiment used either entangled photon pairs of spontaneous parametric down-conversion 
(SPDC) or chaotic light for obtaining ghost shadows in coincidences. To distinguish from 
 

                                                 
9 The original publications of Gatti et al. choose 2f-2f classical imaging systems with  
1/2f + 1/2f = 1/f to image the speckles of the source onto the object plane and the ghost 
image plane. The man-mde speckle-speckle image-forming correlation of Gatti et al. shown 
in Eq. (67) is factorizeable, which is fundamentally different from the natural non-
factorizable image-formimg correlations in type-one and type-two ghost imaging. In fact, it 
is very easy to distinguish a classical simulation from ghost imaging by examining its 
experimental setup and operation. The man-made speckle-speckle correlation needs to have 
two sets of identical speckles observable (by the detectors or CCDs) on the object and the 
image planes. In thermal light ghost imaging, when using pseudo-thermal light source, the 
classical simulation requires a slow rotating ground grass in order to image the speckles of 
the source onto the object and image planes (typically, sub-Hertz to a few Hertz). However, 
to achieve a natural HBT nonfactorizable correlation of chaotic light for type-two ghost 
imaging, we need to rotate the ground grass as fast as possible (typically, a few thousand 
Hertz, the higher the batter). 



The Physics of Ghost Imaging  

 

587 

 
Fig. 22. A ghost “imager” is made by blocking-unblocking the correlated speckles. The two 
identical sets of speckles on the object plane and the image plane, respectively, are the 
classical images of the speckles of the source plane. The lens, which may be part of a CCD 
camera used for the joint measurement, reconstructs classical images of the speckles of the 
source onto the object plane and the image plane, respectively. so and si satisfy the Gaussian 
thin lens equation 1/so + 1/si = 1/f. 

ghost imaging, Gatti et al. named their work “ghost imager”. The “ghost imager” comes 
from a man-made classical speckle-speckle correlation. The speckles observed on the object 
and image planes are the classical images of the speckles of the radiation source, 
reconstructed by the imaging lenses shown in the figure (the imaging lens may be part of a 
CCD camera used for the joint measurement). Each speckle on the source, such as the jth 
speckle near the top of the source, has two identical images on the object plane and on the 
image plane. Different from the non-factorizeable nonlocal image-forming correlation in 
type-one and type-two ghost imaging, mathematically, the speckle-speckle correlation is 
factorizeable into a product of two classical images of speckles. If two point photodetectors 
D1 and D2 are scanned on the object plane and the image plane, respectively, D1 and D2 will 
have more “coincidences” when they are in the position within the two identical speckles, 
such as the two jth speckles near the bottom of the object plane and the image plane. The 
blocking-unblocking of the speckles on the object plane by a mask will project a ghost 
shadow of the mask in the coincidences of D1 and D2. It is easy to see that the size of the 
identical speckles determines the spatial resolution of the ghost shadow. This observation 
has been confirmed by quite a few experimental demonstrations. There is no surprise that 
Gatti et al. consider ghost imaging classical [27]. Their speckle-speckle correlation is a man-
made classical correlation and their ghost imager is indeed classical. The classical simulation 
of Gatti et al. might be useful for certain applications, however, to claim the nature of ghost 
imaging in general as classical, perhaps, is too far [27]. The man-made factorizable speckle-
speckle correlation of Gatti et al. is a classical simulation of the natural nonlocal point-to-
point image-forming correlation of ghost imaging, despite the use of either entangled 
photon source or classical light. 

6. Local? Nonlocal? 
We have discussed the physics of both type-one and type-two ghost imaging. Although 
different radiation sources are used for different cases, these two types of experiments 
demonstrated a similar non-factorizable point-to-point image-forming correlation: 
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Type-one: 

 
(68)

Type-two: 

 

(69)

Equations (68) and (69) indicate that the point-to-point correlation of ghost imaging, either 
typeone or type-two, is the results of two-photon interference. Unfortunately, neither of 
them is in the form of  or , and neither is measured at a local space-time 
point. The interference shown in Eqs. (68) and (69) occurs at different space-time points 
through the measurements of two spatially separated independent photodetectors. 
In type-one ghost imaging, the δ-function in Eq. (68) means a typical EPR position-position 
correlation of an entangled photon pair. In EPR’s language: when the pair is generated at the 
source the momentum and position of neither photon is determined, and neither photon-
one nor photon-two “knows” where to go. However, if one of them is observed at a point at 
the object plane the other one must be found at a unique point in the image plane. In type-
two ghost imaging, although the position-position determination in Eq. (69) is only partial, it 
generates more surprises because of the chaotic nature of the radiation source. Photon-one 
and photon-two, emitted from a thermal source, are completely random and independent, 
i.e., both propagate freely to any direction and may arrive at any position in the object and 
image planes. Analogous to EPR’s language: when the measured two photons were emitted 
from the thermal source, neither the momentum nor the position of any photon is 
determined. However, if one of them is observed at a point on the object plane the other one 
must have twice large probability to be found at a unique point in the image plane. Where 
does this partial correlation come from? If one insists on the view point of intensity 
fluctuation correlation, then, it is reasonable to ask why the intensities of the two light 
beams exhibit fluctuation correlations at  =  only? Recall that in the experiment of 
Sarcelli et al. the ghost image is measured in the near-field. Regardless of position, D1 and D2 

receive light from all (a large number) point sub-sources of the thermal source, and all sub-
sources fluctuate randomly and independently. If ΔI1ΔI2 = 0 for  ≠ , what is the physics 
to cause ΔI1ΔI2 ≠ 0 at  = ? 
The classical superposition is considered “local”. The Maxwell electromagnetic field theory 
requires the superposition of the electromagnetic fields, either  or , takes 
place at a local space-time point (r, t). However, the superposition shown in Eqs. (68) and 
(69) happens at two different space-time points (r1, t1) and (r2, t2) and is measured by two 
independent photodetectors. Experimentally, it is not difficult to make the two photo-
detection events space-like separated events. Following the definition given by EPR-Bell, we 
consider the superposition appearing in Eqs. (68) and (69) nonlocal. Although the two-
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photon interference of thermal light can be written and calculated in terms of a semiclassical 
model, the nonlocal superposition appearing in Eq. (69) has no counterpart in the classical 
measurement theory of light, unless one forces a nonlocal classical theory by allowing the 
superposition to occur at a distance through the measurement of independent 
photodetectors, as we have done in Eq. (59). Perhaps, it would be more difficult to accept a 
nonlocal classical measurement theory of thermal light rather than to apply a quantum 
mechanical concept to “classical” thermal radiation. 

7. Conclusion  
In summary, we may conclude that ghost imaging is the result of quantum interference. 
Either type-one or type-two, ghost imaging is characterized by a non-factorizable point-to-
point image-forming correlation which is caused by constructive-destructive interferences 
involving the nonlocal superposition of two-photon amplitudes, a nonclassical entity 
corresponding to different yet indistinguishable alternative ways of producing a joint photo-
detection event. The interference happens within a pair of photons and at two spatially 
separated coordinates. The multi-photon interference nature of ghost imaging determines its 
peculiar features: (1) it is nonlocal; (2) its imaging resolution differs from that of classical; 
and (3) the type-two ghost image is turbulence-free. Taking advantage of its quantum 
interference nature, a ghost imaging system may turn a local “bucket” sensor into a nonlocal 
imaging camera with classically unachievable imaging resolution. For instance, using the 
Sun as light source for type-two ghost imaging, we may achieve an imaging spatial 
resolution equivalent to that of a classical imaging system with a lens of 92-meter diameter 
when taking pictures at 10 kilometers.10 Furthermore, any phase disturbance in the optical 
path has no influence on the ghost image. To achieve these features the realization of multi-
photon interference is necessary. 
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Appendix: Fresnel free-propagation 

We are interested in knowing how a known field E (r0, t0) on the plane z0 = 0 propagates or 
diffracts into E (r, t) on another plane z = constant. We assume the field E (r0, t0) is excited by 
an arbitrary source, either point-like or spatially extended. The observation plane of  
z = constant is located at an arbitrary distance from plane z0 = 0, either far-field or near-field. 
Our goal is to find out a general solution E (r, t), or I (r, t), on the observation plane, based 
on our knowledge of E (r0, t0) and the laws of the Maxwell electromagnetic wave theory. It is 
not easy to find such a general solution. However, the use of the Green’s function or the 

                                                 
10 The angular size of Sun is about 0.53°. To achieve a compatible image spatial resolution, a 
traditional camera must have a lens of 92-meter diameter when taking pictures at 10 
kilometers. 
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field transfer function, which describes the propagation of each mode from the plane of  
z0 = 0 to the observation plane of z = constant, makes this goal formally achievable. 
Unless E (r0, t0) is a non-analytic function in the space-time region of interest, there must 
exist a Fourier integral representation for E (r0, t0) 

 
(A-1) 

where wk(r0, t0) is a solution of the Helmholtz wave equation under appropriate boundary 
conditions. The solution of the Maxwell wave equation , namely the 
Fourier mode, can be a set of plane-waves or spherical-waves depending on the chosen 
boundary condition. In Eq.  is the complex amplitude of the 
Fourier mode k. In principle we should be able to find an appropriate Green’s function 
which propagates each mode under the Fourier integral point by point from the plane of  
z0 = 0 to the plane of observation, 

 

(A-2) 

where . The secondary wavelets that originated from 
each point on the plane of z0 = 0 are then superposed coherently on each point on the 
observation plane with their after-propagation amplitudes and phases. It is convenient to 
write Eq. (A−2) in the following form 

 (A-3) 

where we have used the transverse-longitudinal coordinates in space-time (  and z) and in 
momentum ( , ω). 
Fig. A−1 is a simple example in which the field propagates freely from an aperture A of 
finite size on the plane σ0 to the observation plane σ. Based on Fig. A−1 we evaluate  
g ( , ω; , z), namely the Green’s function for free-space Fresnel propagation-diffraction. 
According to the Huygens-Fresnel principle the field at a given space-time point ( , z, t) is 
the result of a superposition of the spherical secondary wavelets that originated from each 
point on the σ0 plane (see Fig. A−1), 

 
(A-4) 

where we have set z0 = 0 and t0 = 0 at plane σ0, and defined  In Eq. 
(A−4), ( ) is the complex amplitude or relative distribution of the field on the plane of σ0, 
which may be written as a simple aperture function in terms of the transverse coordinate 

, as we have done in the earlier discussions. 
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Fig. A−1. Schematic of free-space Fresnel propagation. The complex amplitude ( ) is 
composed of a real function A( ) and a phase  associated with each of the 
transverse wavevectors  in the plane of σ0. Notice: only one mode of wavevector k( , ω) is 
shown in the figure. 
 

In the near-field Fresnel paraxial approximation, when  we take the first-
order expansion of r in terms of z and , 

 
(A-5) 

so that E( , z, t) can be approximated as 

 
 

where   is named the Fresnel phase factor. 
Assuming that the complex amplitude ( ) is composed of a real function A( ) and a 
phase , associated with the transverse wavevector and the transverse coordinate on 
the plane of σ0, as is reasonable for the setup of Fig. A−1, we can then write E( , z, t) in the 
form 

 
The Green’s function g( , ω; , z) for free-space Fresnel propagation is thus 

 
(A-6) 

In Eq. (A−6) we have defined a Gaussian function , namely the Fresnel 
phase factor. It is straightforward to find that the Gaussian function  has the 
following properties: 
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(A-7) 

Notice that the last equation in Eq. (A−7) is the Fourier transform of the  function. 
As we shall see in the following, these properties are very useful in simplifying the 
calculations of the Green’s functions g( , ω; , z). 
Next, we consider inserting an imaginary plane  between σ0 and σ. This is equivalent to 
having two consecutive Fresnel propagations with a diffraction-free  plane of infinity. 
Thus, the calculation of these consecutive Fresnel propagations should yield the same 
Green’s function as that of the above direct Fresnel propagation shown in Eq. (A−6): 

 

(A-8) 

where C is a necessary normalization constant for a valid Eq. (A−8), and z = d1 +d2. The 
double integral of d  and d  in Eq. (A−8) can be evaluated as 

 
where we have applied Eq. (A−7), and the integral of d  has been taken to infinity. 
Substituting this result into Eq. (A−8) we obtain 
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Therefore, the normalization constant C must take the value of C = −iω/2πc. The 
normalized Green’s function for free-space Fresnel propagation is thus 

 
(A-9) 
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1. Introduction     
Holography is a very powerful technology for high density and fast data storage, which 
have been applied to the systems known as holographic polymer dispersed liquid crystal 
(HPDLC), in which gratings are formed by anisotropic distribution of polymer and LC-rich 
layers through photopolymerization of monomers or oligomers and following phase 
separation of LC in the form of interference patterns of incident two laser beams [1-5]. Much 
attentions have been attracted to HPDLC systems due to their unique switching property in 
electric field to make them applicable to information displays, optical shutters, and 
information storage media [6-15]. 
Many research groups have made efforts to realize useful recording materials for high 
performance holographic gratings [16-18]. Photo-polymerizable materials, typically multi-
functional acrylates, epoxy, and thiol-ene derivatives have been mostly studied because of 
their advantages of optical transparency, large refractive index modulation, low cost, and 
easy fabrication and modification[19-25]. T.J. Bunning group has reported investigation that 
the correlation between polymerization kinetics, LC phase separation, and polymer gel 
point in examining thiol-ene HPDLC formulations to enable more complete understanding 
of the formation of thiol-ene HPDLCs [26]. Kim group has developed that the doping of 
conductive fullerene particles to the formulations based on polyurethane acrylate oligomers 
in order to reduce the droplet coalescence of LC and operating voltage [27].  
Further extensive research has been devoted to the organic-inorganic hybrid materials 
having the sensitivity to visible laser beam to resolve the drawbacks of photopolymerizable 
materials such as volume shrinkage, low reliability, and poor long term stability even high 
reactivity of them as well waveguide materials, optical coatings, nonlinear optical materials, 
and photochromic materials [28-29]. Blaya et al. theoretically and experimentally analyzed 
the angular selectivity curves of nonuniform gratings recorded in a photopolymerizable 
silica glass due to its rigidity suppressing the volume shrinkage [30]. Ramos et al. found that 
a chemical modification of the matrix with tetramethylorthosilicate noticeably attenuates the 
shrinkage, providing a material with improved stability for permanent data storage 
applications [31]. 
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However, those materials still have significant drawbacks such as volume shrinkage, low 
reliability, and poor long term stability. 
Recently, we have focused on the siloxane-containing derivatives by taking advantage of 
their chemical and physical properties with high thermal stability, high optical clarity, 
flexibility, and incompatibility[32]. 
In this research, first, siloxane-containing epoxides were used to induce the efficient 
separation of LC from polymerizable monomer and to realize high diffraction efficiency and 
low volume shrinkage during the formation of gratings since the ring-opening 
polymerization (ROP) systems with increased excluded free-volume during the 
polymerization suppress the volume shrinkage [33]. Although various epoxide derivatives 
were used, cyclohexane oxide group should be more suitable to control the volume 
shrinkage in the polymerization due to their ring structure with more bulky group. 
Actually, we improved the volume shrinkage causing a serious problem during the 
photopolymerization, by using the ROP system with novel siloxane-containing 
spiroorthoester and bicyclic epoxides. 
Generally, the performance of holographic gratings in HPDLC systems strongly depends on 
the final morphologies, sizes, distribution, and shapes of phase-separated LC domains 
controlled by adjusting the kinetics of polymerization and phase separation of LC during 
the polymerization. Control of the rate and density of cross-linking in polymer matrix is 
very important in order to obtain clear phase separation of LC from polymer matrix to 
homogeneous droplets. Too rapid initial cross-linking by multi-functional acrylate makes it 
difficult to control the diffusion and phase separation of LC. At the same time, high ultimate 
conversion of polymerizable double bond leading to high cross-linking is important for 
long-term stability. These are not easy to achieve at the same time.  
Till now optimization of cross-linking process has been mainly pursued by controlling the 
average functionality of multi-functional acrylate by mixing dipentaerythritol pentaacrylate 
(DPEPA), trimethylolpropane triacrylate (TMPTA) and tri(propyleneglycol) diacrylate, or 
by diluting the system with mono-functional vinyl compound like 1-vinyl-2-pyrollidone 
(NVP) [34-37]. In case of TMPTA, considerably high concentration was used. Mono-
functional NVP adjusts the initial polymerization rate and final conversion of acrylate 
functional groups by lowering the concentration of cross-linkable double bonds [38]. 
However, the effects were so far limited, and these systems still caused serious volume 
shrinkage and low final conversion of polymerizable groups. Thus, the gratings are not 
long-term stable, either. Moreover, the phase separation of LC component during the 
matrix formation was governed only by its intrinsic property difference against polymer 
matrix, accordingly not well-controlled. These systems could be called as “passive grating 
formation” systems. 
Thus, if we consider the structure and reactivity of siloxane compounds in relation with the 
property, it will be possible to propose new systems to improve the performance of HPDLC 
gratings. 
Second, the objective of this research is to show the effectiveness of the simultaneous 
siloxane network in formation of polymer matrix by radically polymerizable multi-
functional acrylate by using trialkoxysilyl (meth)acrylates, and to characterize the 
application of dense wavelength division multiplexing (DWDM) systems. By loading high 
concentration of trialkoxysilyl-containing derivatives, volume shrinkage during the 
formation of polymer matrix should be restrained.  The principal role of multi-functional 
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acrylate in grating formation is to make the LC phase-separate by the formation of cross-
linked polymer matrix.  
Our idea is to improve the property of gratings through importing the siloxane network in 
polymer matrix, by not only lowering the contribution of initial rapid radical cross-linking 
of TMPTA and realizing complete conversion of double bonds, but also maintaining the 
desirable total cross-linking density assisted by hydrolysis-condensation cross-linking of 
trialkoxysilyl group in the (meth)acrylate component to control the phase separation of LC 
from polymer matrix [39]. Such cross-linking can be promoted by the proton species 
produced from the initiating system together with radical species by photo-reaction [40-42]. 
In our system, phase separation of LC is not so fast compared with simple multi-functional 
acrylate system, and secondary cross-linking by the formation of siloxane network enforce 
the LC to completely phase-separate to homogeneous droplets, and high diffraction 
efficiency could be expected. We named this process as “proton assisted grating formation”.  
These systems should provide many advantages over traditional systems induced only by 
radical polymerization by improving: 1) the volume shrinkage by reducing the contribution 
of radical initial cross-linking by importing the siloxane network in whole polymer 
networks, 2) the contrast of siloxane network formed by the hydrolysis of ω-
methacryloxyalkyltrialkoxysilane against polymer matrix, and 3) the stability of final 
gratings via combination of the characteristics of siloxane gel and rather loosely cross-linked 
radically polymerized system. 
Finally, poly (propylene glycol) (PPG) derivatives functionalized with triethoxysilyl, 
hydroxyl, and methacrylate groups were synthesized to control the reaction rate and extent 
of phase separation of LC, and their effects were investigated on the performance of 
holographic gratings. The well-constructed morphology of the gratings was evidenced by 
atomic force microscopy (SEM). 

2. Experimental 
2.1 Holographic recording materials 
Multi-functional acrylates, trimethylolpropane triacrylate (TMPTA) and dipentaerythritol 
penta-/hexa- acrylate (DPHA), purchased from Aldrich Chemical Co., were used as 
radically cross-linkable monomers to tune the reaction rate and cross-linking density. 
Structures of ring-opening cross-linkable monomers used in this study are shown in Figure 
1. Bisphenol-A diglycidyl ether (A), neopentyl glycol diglycidyl ether (B), bis[(1,2-
epoxycyclohex-4-yl)methyl] adipate (F) from Aldrich Chemical Co. and 1,3-bis(3-
glycidoxypropyl)-1,1,3,3-tetramethyldisiloxane (C), 1,5-bis(glycidoxypropyl)-3-phenyl- 
1,1,3,5,5-pentamethyltrisiloxane (E) from Shin-Etsu Co. were used without further 
purification. 1,5-Bis(glycidoxypropyl)-1,1,3,3,5,5-hexamethyltrisiloxane (D), 1,3-bis[2-(1,2-
epoxycyclohex-4- yl)ethyl]-1,1,3,3-tetramethyldisiloxane (G), and 1,5-bis[2-(1,2-
epoxycyclohex-4-yl)ethyl]- 1,1,3,3,5,5-hexamethyltrisiloxane (H) were synthesized by 
hydrosilylation of allyl glycidyl ether, or 4-vinyl-1-cyclohexene-1,2-epoxide (Aldrich 
Chemical Co.) with 1,1,3,3,5,5-hexamethyltrisiloxane, or 1,1,3,3-tetramethyldisiloxane (Silar 
Laboratories) in toluene at 60~70˚C for 24h in the presence of 
chlorotris(triphenylphosphine)rhodium(I) [RhCl(PPh3)3] (KANTO chemical co. Inc.). 
Methacryloxymethyltrimethylsilane (MM-TMS), methacryloxymethyltrimethoxysilane (MM-
TMOS), 3-methacryloxypropyltrimethoxysilane (MP-TMOS), 3-
methacryloxypropyltriethoxysilane (MP-TEOS), 3-N-(2-
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methacryloxyethoxycarbonyl)aminopropyltriethoxysilane (MU-TEOS), and 3-N-(3-
methacryloxy-2-hydroxypropyl)aminopropyltriethoxysilane (MH-TEOS), purchased from 
Gelest, Inc., were used as reactive diluents (Figure 2). Methacrylate with trialkoxysilane are 
capable of not only radical polymerization but also hydrolysis-condensation. 
To investigate the effects of functional groups of photo-reactive PPG derivatives on 
performance of holographic gratings, three types of PPG derivatives were functionalized 
with triethoxysilyl, hydroxyl, and methacrylate groups as shown in Figure 3. PPG 
derivative with difunctional triethoxysilyl groups (PPG-DTEOS) and PPG derivative 
together with hydroxyl and triethoxysilyl groups (PPG-HTEOS) were synthesized by using 
1 mol of PPG (Polyol.co. Ltd.) with 2 mol and 1 mol of 3-(triethoxysilyl)propyl isocyanate 
(Aldrich), respectively. PPG derivative together with methacrylate and triethoxysilyl groups 
PPG-MTEOS was synthesized by using 1 mol of PPG-HTEOS with 1 mol of 2-
isocyanatoethyl methacrylate (Gelest, Inc.). 
 1-Vinyl-2-pyrrolidone (NVP) was used as another radically polymerizable reactive diluent. 
Commercial nematic LC, TL203 (TNI=74.6 °C, ne=1.7299, no=1.5286, Δn=0.2013) and E7 
(TNI=61 °C, ne=1.7462, no=1.5216, Δn=0.2246) , purchased from Merck & Co. Inc., were used 
without any purification. 

2.2 Composition of photo-initiator system and recording solution 
Photo-sensitizer (PS) and photo-initiator (PI) having sensitivity to visible wavelength of Nd-
YAG laser (λ= 532 nm) selected for this study are 3, 3’-carbonylbis(7-diethylaminocoumarin) 
(KC, Kodak) and diphenyliodonium hexafluorophosphate (DPI, AVOCADO research 
chemicals Ltd.), respectively, which produce both cationic and radical species [43-45]. The 
concentrations of the PS and PI were changed in the range of 0.2-0.4 and 2.0-3.0 wt % to 
matrix components, respectively. 
Recording solution was prepared by mixing the matrix components (65 wt%) and LC (35 
wt%), and injected into a glass cell with a gap of 14 μm and 20 μm controlled by bead spacer. 

2.3 Measurement of photo-DSC and FTIR 
The rate of polymerization was estimated from the heat flux monitored by photo-differential 
scanning calorimeter (photo-DSC) equipped with a dual beam laser light of 532nm 
wavelength. Matrix compounds were placed in uncovered aluminum DSC pans and cured 
with laser light by keeping the isothermal state of 30 °C at various light intensities. 
Infrared absorption spectra in the range 4000-400 cm-1 were recorded on polymer matrix 
compounds by Fourier Transform Infrared Spectroscopy (FTIR) (Perkin-Elmer, Spectrum 
One). 

2.4 Optical setup for transmission holographic gratings 
Nd:YAG solid-state continuous wave laser with 532 nm wavelength (Coherent Inc., Verdi-
V2) was used as the irradiation source as shown in Figure 4. 
The beam was expanded and filtered by spatial filters, and collimated by collimator lens. s-
Polarized beams were generated and split by controlling the two λ/2 plates and polarizing 
beam splitter. Thus separated two s-polarized beams with equal intensities were reflected by 
two mirrors and irradiated to recording solution at a pre-determined external beam angle 
(2θ) which was controlled by rotating the motor-driven two mirrors and moving the 
rotation stage along the linear stage. In this research, the external incident beam angle was 
fixed at 16° (2θ) against the line perpendicular to the plane of the recording cell. 
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Real-time diffraction efficiency was measured by monitoring the intensity of diffracted 
beam when the shutter was closed at a constant time interval during the hologram 
recording. After the hologram was recorded, diffraction efficiency was measured by rotating 
the hologram precisely by constant angle by using motor-driven controller, with the shutter 
closed to cut-off the reference light, to determine the angular selectivity. Holographic 
gratings were fabricated at 20mW/cm2 intensity for one beam, and the optimum condition 
was established to obtain the high diffraction efficiency, high resolution, and excellent long-
term stability after recording. Diffraction efficiency is defined as the ratio of diffraction 
intensity after recording to transmitting beam intensity before recording. 
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Fig. 1. Chemical structures of ring-opening cross-linkable monomers. 
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Fig. 2. Structures of ω-methacryloxyalkyltri-alkyl or -alkoxysilanes. 
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Fig. 4. Experimental setup for the holographic recording and real-time reading; P: 1/2λ 
plate, M: mirror, SF: spatial filter, L: collimating lens, PBS: polarizing beam splitter, S: 
shutter, 2θ: external inter-beam angle, PD: power detector. 

2.5 Morphology of holographic gratings 
Surface morphology of gratings was examined with scanning electron microscope (SEM, 
HITACHI, S-4100). The samples for measurement were prepared by freeze-fracturing in liquid 
nitrogen, and washed with methanol for 24h to extract the LC, in case necessary. Exposed 
surface of the samples for SEM was coated with a very thin layer of Pt-Pd to minimize artifacts 
associated with sample charging (HITACHI, E-1030 ion sputter). Surface topology of 
transmission holographic grating was examined with atomic force microscopy (AFM, 
KIYENCE, VN8000). The samples for measurement were prepared by freeze-fracturing in 
liquid nitrogen, and washed with methanol for 24h to extract the LC. AFM having a contact 
mode cantilever (KIYENCE, OP-75042) was used in tapping mode for image acquisition. 

3. Results and discussion 
3.1 Effects of siloxane-containing bis(glycidyl ether)s and bis(cyclohexene oxide)s on 
the real-time diffraction efficiency 
Real-time diffraction efficiency, saturation time, and stability of holographic gratings 
according to exposure time were evaluated. Figure 5 shows the effects of chemical structures 
of bis(glycidyl ether)s (A - E) on real-time diffraction efficiency at constant concentration of 
E7 (10 wt %) in recording solution [DPHA : NVP : (A - E) = 50: 10: 40 relative wt %]. 
In general, high diffraction efficiency can be obtained by the formulation of recording 
solution with large difference in refractive indexes between polymer matrix and LC, and by 
inducing the good phase separation between polymer rich layer and LC rich layer. As 
expected, gratings formed with C having siloxane component had remarkably higher 
diffraction efficiency than gratings formed with A and B without siloxane component, 
which seemed to have resulted from effects of siloxane component to induce good phase 
separation of E7 from polymer matrix toward low intensity fringes by its incompatible 
property against E7. Longer induction period for grating formation of C was attributed to 
lower viscosity of recording solution, and the diffraction efficiency gradually increased and 
reached to higher value, which resulted from the further phase separation of E7 due to the 
flexible siloxane chain that helped migration of E7 toward low intensity fringes. 
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Fig. 5. Real-time diffraction efficiency of the gratings formed with (A - E) with 10 wt % E7 
[DPHA: NVP: (A - E) = 50: 10: 40 relative wt %]. 

All the gratings formed with (C – E) having siloxane component showed high diffraction 
efficiencies.  The highest diffraction efficiency 97% was observed for D with trisiloxane 
chain, probably due to its incompatible property with E7.  However, gratings formed with 
E, having phenyl group in the trisiloxane chain, showed the lowest diffraction efficiency.  
Bulky phenyl group attached in the siloxane chain reduced the flexibility of the chain to 
result in the suppression of phase separation.  It might have contributed to the increase of 
the interaction between polymer matrix with E7 having bi-/terphenyl group. 
  Figure 6 shows the real-time diffraction efficiency of the gratings formed with 
bis(cyclohexene oxide) derivatives (F - H) at constant concentration of E7 (10 wt %) [DPHA: 
NVP: (F - H) = 50: 10: 40 relative wt %]. 

Gratings formed with G and H having siloxane component had higher diffraction efficiency 
than F without it, which seemed to indicate that, as mentioned above, siloxane chain in G 
and H made the solution less viscous, and incompatible with E7, which helped the easy 
diffusion and good phase separation between polymer matrix and E7 to result in high 
refractive index modulation, n.  Especially, H showed higher diffraction efficiency than E, 
probably due to flexibility and incompatibility brought about by its longer siloxane chain.  
However, compared with C and D, G and H did not give higher diffraction efficiency, even 
with longer siloxane chain.  This may be understood because of the difference in the 
chemical structure of ring-opening cross-linkable group.  G and H have bulkier cyclohexene 
oxide as functional group and have higher viscosity, accordingly its diffusion toward high 
intensity fringes seems difficult compared with that of C or D. 

3.2 Volume shrinkage of the gratings depending on the structure of bis(epoxide) 
Photo-polymerizable system as holographic recording material usually causes significant 
volume shrinkage during the formation of gratings, which can distort the recorded fringe 
pattern and cause angular deviations in the Bragg profile.  Therefore, it is very important to 
solve the problem of volume shrinkage in photopolymerization systems. 
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Fig. 6. Real-time diffraction efficiency of the gratings formed with (F – H) and 10 wt % E7 
[DPHA: NVP: (F - H) = 50: 10: 40 relative wt %]. 

For the measurement of volume shrinkage, slanted holographic gratings were fabricated by 
simply changing the angles of reference (R) and signal (S) beams, as shown in Figure 7 [46]. 
 

 
Fig. 7. Fringe-plane rotation model for slanted transmission holographic recording to 
measure the volume shrinkage. 

R and S are recording reference (0°) and signal (32°) beams.  ϕ (16° in this study) is the 
slanted angle against the line perpendicular to the plane of the recording cell of gratings 
formed with S and R. Solid line in the grating indicates the expected grating.  d is the sample 
thickness. Actual grating formed by S and R was deviated from the expected grating shown 
by dashed line by volume shrinkage of the grating. Presumed signal beam (S’), which 
should have given actual grating was detected by rotating the recorded sample with 
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reference light R off.  This rotation of angle was taken as deviation of slanted angle.  R’ and 
S’ are presumed compensation recording reference and signal beams.  ϕ’ is the slanted angle 
in presumed recording with S’ and R’, and d’ is the decreased sample thickness caused by 
volume shrinkage.  Degree of volume shrinkage can be calculated by following equation; 

)
d'

tan ,
d

'(tan
tan

'tan1
d
d'-1shrinkage  volumeof Degree Λ=Λ=−== ϕϕ

ϕ
ϕ
　　

 
(1) 

Figure 8 shows the angular deviations from the Bragg profile of the gratings formed with C 
and G having bis(glycidyl ether) and bis(cyclohexene oxide), respectively, at constant 
concentration of E7 (10 wt %) [DPHA : NVP: (C or G) = 50: 10: 40 relative wt%].  The angular 
shifts from the Bragg matching condition (0 degree) at both positions of diffracted R and S 
beams indicates the extent of volume shrinkage of the gratings.  Grating prepared from the 
recording solution containing only radically polymerizable compounds [DPHA : NVP = 50: 
50 in relative wt%] was used as the reference. 
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                                               (a)                                                                          (b) 

Fig. 8. Angular deviation from the Bragg profile for the gratings formed with C and G 
[DPHA: NVP : (C or G) = 50: 10: 40 relative wt %] detected by (a) diffracted S beam, and (b) 
diffracted R beam. 

As shown in Figure 8, gratings formed with G having bis(cyclohexene oxide) showed 
smaller deviation from Bragg matching condition than gratings formed with C having 
bis(glycidyl ether) for both diffracted R and S beams. The diffraction efficiency after 
overnight was only slightly changed, which indicated the volume shrinkage after overnight 
was negligible. 
Diffraction efficiency, angular deviation, and volume shrinkage of each system were 
summarized in Table 1. 
Gratings formed with only radically polymerizable multifunctional acrylate (DPHA: NVP = 
50:50 relative wt %) showed the largest angle deviation, and the largest volume shrinkage of 
10.3% as is well known.  Such volume shrinkage could be reduced by combining the ring-



High Performance Holographic Polymer Dispersed Liquid Crystal Systems Formed  
with the Siloxane-containing Derivatives and Their Applications on Electro-optics  

 

605 

opening cross-linkable monomers. Especially, bis(cyclohexene oxide)s were effective to 
reduce the volume shrinkage (5.6 %), probably due to its cyclic structure, although their 
diffraction efficiency was lower than those formed with bis(glycidyl ether)s. 
 

Angular deviation of 
diffracted Recording 

solution 
Diffraction 

efficiency (%)a S beam 
(degree) 

R beam 
(degree) 

ϕ’ Degree of volume 
shrinkage (%) 

DPHA: NVP 
=50:50 wt % 2 1.8 1.35 14.42 10.3 

DPHA: NVP : C 
= 50: 10: 40 wt % 47 1.2 1.1 14.85 7.5 

DPHA: NVP: G 
= 50:10:40 wt % 29 0.7 1.0 15.15 5.6 

DPHA: NVP : D 
= 50: 10: 40 wt % 54 0.83 0.76 15.21 5.2 

DPHA: NVP: H 
= 50:10:40 wt % 31 0.66 0.70 15.32 4.5 

Table 1. Deviations from Bragg angle of diffracted S and R beams (degree) and degree of 
volume shrinkage and diffraction efficiency determined by S beama. 
The shrinkage effect could be caused by mechanical reduction of the grating pitch and a real 
time change in refractive index of the irradiated mixture.  Which factor is playing a major 
role is not clear at present.  Distinction of these factors will be a future problem.  
One of the possible reasons for small volume shrinkage is the effective formation of IPN 
structure in the grating in the recording system DPHA : NVP : G = 50: 10: 40 relative wt %.  
The balance between the formation of initial cross-linking of DPHA and following cross-
linking by G might be proper to produce effective IPN structure. 
Good evidence for these was shown in Figure 9 of SEM morphologies. 
Figure 9 (a) and (c) show clearly phase-separated polymer layers after the treatment with 
methanol, which means almost perfect phase separation between polymer rich layers and E7 
rich layers.  Cross-sectional and surface views of the sample could be observed.  When 20 wt 
% E7 was used, a little incompletely phase separated E7 layers were shown in Figure 9 (d), 
although much higher E7 was phase separated than the case of 5 wt % E7 [Figure 9 (b)].  
Grating spacing was close to the calculated value from the composition of recording 
solution for the grating prepared with 5 wt % E7. 

3.3 Angular selectivity 
When the multiplex hologram recording is required, it is necessary to know the angular 
selectivity.  The smaller the value, the more multiplex data or gratings can be recorded [47-49]. 
Angular selectivity (Δθang) is defined by Kogelnik’s coupled wave theory as follows [50]:  

 
2 21

2 sin cosang
n

n T
λθ

θ θ

⎡ ⎤Δ⎛ ⎞ ⎛ ⎞⎢ ⎥Δ = −⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 (2) 
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                                            (a)                                                                         (b) 

   
                                            (c)                                                                         (d) 

Fig. 9. SEM morphologies of gratings formed with H, TMPTA and various concentration of 
E7 [TMPTA : NVP: H = 50: 10: 40 relative wt %] (a) 5 wt %, (b) 5 wt %, ×60K, (c) 20 wt %, 
and (d) 20 wt %, ×60K. 

where n is the average refractive index of recording solution, θ is the internal incident beam 
angle, T is the thickness of the hologram, λ is the recording wavelength, and n is the 
modulation of refractive index of the recording solution after recording. 
Angular selectivity of our samples were similar, irrespective of the structures of epoxides 
(about 4˚) as typically shown in Figure 10.  Solid line represents the simulated theory values 
according to the Kogelnik’s coupled wave theory. 
G. Montemezzani group reported that the use of Kogelnik’s expression assuming fully 
symmetric beam geometries in highly birefringent materials such as LC leads to a large error 
[51]. Our experimental data showed only a little deviation from the theoretical values by the 
Kogelnik’s coupled wave theory.  This maybe attributed to the slight thickness reduction by 
small volume shrinkage still existing. The role of both factors should be clarified in the 
future. 
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Fig. 10. Angular selectivity of gratings formed with H , TMPTA, and 5 wt % E7 [TMPTA : 
NVP : H = 50: 10: 40 relative wt %]. 

3.4 Effectiveness of MM-TMOS on formation of holographic gratings 
As a preliminary experiment, MM-TMS and MM-TMOS were compared as a diluent for the 
polymer matrix component (totally 65 wt%, TMPTA : MM-TMS, or MM-TMOS : NVP = 10 : 
80 : 10 in wt%, average double bond functionality = 1.1 on mole base), together with 35wt% 
LC of TL203. As shown in Figure 11 gratings could not be formed with MM-TMS even with 
30 min irradiation of light, because of the low average functionality of the polymerization 
system. G. P. Crawford reported that HPDLC gratings made with monomer mixtures with 
average double bond functionality less than 1.3 were mechanically very weak[52]. In 
general, it is difficult to form holographic gratings with low concentration of multi-
functional acrylate (average double bond functionality < 1.2) by dilution with mono-
functional component in radical polymerization. 

Dramatic enhancing in the diffraction efficiency to about 86% (induction period of 144 sec) 
was observed in case of MM-TMOS, even with only 10 wt% TMPTA by using 0.2 wt% KC 
and 2wt% DPI. Only trimethoxysilyl and trimethylsilyl parts are different in these two 
formulations. Hydrolysis of trimethoxysilyl group by moisture and following condensation 
seems responsible for the increased diffraction efficiency. 
Effects of Alkyl and Spacer Groups in ω-Methacryloxyalkyltrialkoxysilanes on the 
Formation and Performance of Gratings 
In order to systematically study the influence of alkyl group and spacer group of ω-
methacryloxyalkyltrialkoxysilanes on the formation and performance of the formed 
gratings, their chemical structures were modified as shown in Figure1. The relative 
concentration was set as TMPTA : ω-methacryloxyalkyltrialkoxysilane : NVP = 10 : 80 : 10 
wt% to clearly extract the effects of hydrolysis-condensation of trialkoxysilyl group on the 
formation of the gratings and the performance of the formed gratings. 
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Figure 11 shows the real-time diffraction efficiency of holographic gratings formed with 
various ω-methacryloxyalkyltrialkoxysilanes capable of radical photo-polymerization and 
hydrolysis- condensation. 
When spacer was changed from methylene to propylene (MP-TMOS), the diffraction 
efficiency was dropped to 72% with longer induction period (576 sec). This seems to be 
because of the higher hydrophobicity of the spacer group compared with MM-TMOS. The 
rate of the hydrolysis-condensation of trialkoxysilyl functions seems very important. 
By changing the trialkoxysilyl functional group from trimethoxy to triethoxy (MP-TMOS to 
MP-TEOS) with the same propylene spacer, not only the diffraction efficiency was decreased 
to 13%, but the induction period was also elongated to 693 sec, which again strongly 
suggested that the hydrolysis-condensation process of trialkoxysilane function is playing an 
essential role in grating formation.  
In grating formation, induction period basically depends on the time of the formation of 
cross-linked polymer matrix.  In classical grating formation by radical polymerization of 
multi-functional acrylates, induction period is observed because polymerization does not 
start until the complete consumption of oxygen present in the system as an inhibitor. In 
the present system, the induction period depends on the actual gelation time of recording 
solution assisted by hydrolysis-condensation of trialkoxysilyl functions. The induction 
period varies by the physical property of ω-methacryloxyalkyltrialkoxysilane derivatives. 
The rate of the hydrolysis-condensation of trialkoxysilyl functions by moisture strongly 
depends on the hydrophobicity of the methacrylate monomer. Polymerization of recording 
solution leads to changes in the chemical potential of the system, and increases the 
miscibility gap between LC and polymerized matrix 
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Fig. 11. Real-time diffraction efficiency of the gratings formed with various ω-
methacryloxyalkyltrialkoxysilanes in the recording solution with 65 wt% matrix compounds 
of TMPTA : ω-methacryloxyalkyltrialkoxysilane : NVP = 10 : 80 : 10 wt% and 35 wt% TL203, 
and KC-DPI (0.2 wt% - 2 wt% to matrix compounds) with one beam intensity of 20 mW/cm2. 
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To investigate the effects of chemical structures of spacer between trialkoxysilylalkyl group 
and methacrylate group, hydrophilic urethane and hydroxylpropylene groups were 
introduced in the spacer of the monomer structure. The highest diffraction efficiency of 75% 
and remarkably shorter induction period of 75 sec were obtained for grating formed with 
MU-TEOS having urethane linkage in spacer group. In addition, gratings formed with MH-
TEOS having hydroxylpropylene group in the spacer showed the shortest induction period 
of 18 sec, although the diffraction efficiency was considerably low (20%). 
To summarize the results, we may consider that the radically mono-functionally 
polymerizable 3-methacryloxypropyltrialkoxysilane became apparently multi-functional 
cross-linkable monomer by hydrolysis and condensation of trialkoxysilyl group as shown in 
Scheme 1, which induced the high concentration of cross-linking with moderate rate by the 
hydrolysis. 
Scheme 1 proposed matrix formation processes: 1) radical cross-linking by TMPTA, 2) 
simultaneous radical cross-linking of TMPTA and small amounts of multi-functional 
methacrylate formed via hydrolysis-condensation of trialkoxysilyl group, followed by 
further cross-linking by hydrolysis, 3) competing rapid cross-linking of (meth)acrylate 
functions and sol-gel process of trialkoxysilane function, followed by further cross-linking 
by radical polymerization and sol-gel process. 
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Scheme 1. Proposed matrix formation processes: 1) radical cross-linking by TMPTA, 2) 
simultaneous radical cross-linking of TMPTA and small amounts of multi-functional 
methacrylate formed via hydrolysis-condensation of trialkoxysilyl group, followed by 
further cross-linking by hydrolysis, 3) competing rapid cross-linking of (meth)acrylate 
functions and sol-gel process of trialkoxysilane function, followed by further cross-linking 
by radical polymerization and sol-gel process. 
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In case of methacryloxymethyltrimethylsilane, cross-linking density is not high enough to 
form grating. This process corresponds to type 1) in Scheme 1. In TMOS or TEOS system, 
the hydrolysis of trialkoxysilyl group is relatively slow compared with the fast radical 
polymerization of TMPTA. Thus, grating formation is not rapid, but following cross-linking 
by hydrolysis assisted the formation of polymer matrix and further diffusion of LC to form 
gratings with high diffraction efficiency. By the introduction of urethane function in the 
spacer, the hydrophilic nature of the spacer increases the hydrolysis of triethoxysilyl group 
by moisture, and converts mono-functional methacrylate to apparently multi-fumctional 
methacrylate, and assisted the formation of polymer matrix by radical polymerization 
together with cross-linking by hydrolysis condensation. This process corresponds to type 2) 
in Scheme 1. In case of the introduction of hydroxypropylene spacer, too much hydrophilic 
nature of the spacer strongly enhanced the hydrolysis of the trialkoxysilyl group, and 
created the situation where apparently high concentration of multi-functional 
(meth)acrylates in the initial polymerization solution, and resulted in rapid formation of 
grating by radical cross-linking, but low diffraction efficiency. This process corresponds to 
type 3) in Scheme 1. 
The spectral responses of the demultiplexer are measured by use of a broadband erbium-
doped fiber amplifier (EDFA) source and are monitored by means of an optical spectrum 
analyzer for each channel. Figure 12 shows the spectra of the two output channels with the 
uniform gratings formed with MU-TEOS at the ratio of TMPTA: MU-TEOS: PI solution = 40: 
50: 10 wt% (35 wt% of TL203 to monomer solution). All the channels had a 3-dB bandwidth 
of 0.13 nm and a channel spacing of 0.4 nm, and the interchannel cross-talk level, defined as 
the difference between the maximum power of a channel at the band edge and its power at 
the adjacent signal’s band edge, is reduced by ~18dB. 
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Fig. 12. Spectra of two output channels with 0.4 channel spacing for uniform gratings 
formed with MU-TEOS at the ratio of TMPTA: MU-TEOS: PI solution = 40: 50: 10 wt% (35 
wt% of TL203 to monomer solution). 
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3.5 Effects of triethoxysilyl, hydroxyl, and methacrylate functional groups based on 
PPG derivatives on performance of holographic gratings  
Figure 13 shows the AFM surface topology of the gratings formed with the formulation with 
65 wt% polymer matrix compound of the ratio 20: 10: 50: 20 in TMPTA: NVP: Mu-TEOS: 
PPG-DTEOS and 35wt% of E7. Very regular and well-defined gratings were fabricated as 
shown in Figure 13(a) scanned in 10 μm length. The grating spacing was approximately 
839.8 nm as shown in Figure 13(b) scanned in 3 μm length, which was in good agreement 
with the calculated spacing value of 965 nm by Bragg’s equation (grating spacing Λ = λ / 
2sinθ, λ is 532 nm wavelength of laser light and θ is 16 degree of incident external half angle 
in this experiment). Polymer matrix layers are shown as the sinusoidal pattern in profile of 
AFM topology since the LC layers were washed out by methanol from the positions of the 
valley parts in sinusoidal pattern, which maybe concluded that polymer matrix with PPG-
DTEOS was exactly formed by photo-reaction in high intensity regions and E7 was phase-
separated in low intensity regions of interference pattern of two laser beams. 
 
 
 

   
 

                                          (a)                                                                              (b) 
 

Fig. 13. AFM surface topologies of the gratings formed with the formulation with 65 wt% 
polymer matrix compound of the ratio 20: 10: 50: 20 in TMPTA: NVP: Mu-TEOS: PPG-
DTEOS and 35wt% of E7 in (a) 10 μm and (b) 3 μm scanning lengths. 

The effectiveness of functional groups of PPG derivatives were observed on real-time 
diffraction efficiency as shown in Figure 14. Photo-reactive solutions (matrix components) 
were prepared from the ratios of 20: 10: 50: 20 wt% in TMPTA: NVP: Mu-TEOS: PPG 
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derivatives. Holographic recording solutions with E7 were ready to make holographic 
gratings in the ratio of 65 wt% and 35wt% as photo-reactive solutions and E7, respectively. 
By changing the functional groups of PPG derivatives as triethoxysilyl, hydroxyl, and 
methacrylate groups, remarkable differences were observed on diffraction efficiency even 
though the induction periods for grating formation were similar with 33 second. The highest 
final diffraction efficiency of 93% was observed in holographic gratings formed from PPG-
DTEOS with difunctional triethoxysilyl groups at 240 second of irradiation of light. In the 
case of PPG-HTEOS together with hydroxyl and triethoxysilyl groups, maximum diffraction 
efficiency was approximately 78%. When the PPG-MTEOS together with methacrylate and 
triethoxysilyl groups was used, maximum diffraction efficiency reached at 96% and 
gradually decreased to 60%. These phenomena may be considered that the functional 
groups of PPG derivatives affected strongly on the diffraction efficiency attributed to the 
difference of reaction kinetics and extend of LC phase separation. In the case of PPG-DTEOS 
and PPG-HTEOS, phase separation of LC should not be so fast compared with the case of 
PPG-MTEOS, and further cross-linking by the formation of siloxane network helped the LC 
to gradually phase-separate into low intensity regions of interference patterns, and 
maximum diffraction efficiency was reached at slower exposure time than PPG-MTEOS. 
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Fig. 14. Real-time diffraction efficiency of the gratings formed with PPG-DTEOS, PPG-
HTEOS, and PPG-MTEOS in the recording solution with 65 wt% polymer matrix 
compounds of the ratios 20 : 10 : 50 : 20 wt% in TMPTA : NVP: Mu-TEOS: PPG derivatives, 
and 35 wt% E7. 
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4. Conclusion 
We have demonstrated the effectiveness of the introduction of siloxane component to ring 
opening crosslinkable monomer as polymer matrix component to enhance the performance 
of HPDLC grating.  High diffraction efficiency over 97% was obtained by using 1,3-bis(3-
glycidoxypropyl)-1,1,3,3,5,5-hexamethyltrisiloxane (D), which induces a fast and good phase 
separation due to flexible and incompatible properties of siloxane component even at low 
concentration of E7 (10wt %). Gratings with much higher performance such as low volume 
shrinkage with 5.57% could be obtained in the case of 1,3-bis[2-(1,2-epoxycyclohex-4- 
yl)ethyl]-1,1,3,3-tetramethyldisiloxane (G). 
Stable transmission holographic polymer dispersed liquid crystal gratings were efficiently 
prepared via network formation by radical polymerization of tri-functional acrylate assisted 
by hydrolysis-condensation reaction or trialkoxysilane functional group of ω-
methacryloxyalkyltrialkoxysilane, induced by radical and proton species produced in the 
photo-decomposition of initiating system composed of 3, 3’-carbonylbis[7’-
diethylaminocoumarine] as a photo-sensitizer and diphenyliodonium hexafluorophosphate 
as a photo-initiator. 
The longest grating spacing of 0.9 μm indicated the least volume shrinkage. 
At higher concentration of methacrylate, gratings formed with trimethoxysilylmethyl 
methacrylate capable of siloxane network formation showed remarkably higher diffraction 
efficiency than that formed with trimethylsilylmethyl methacrylate, which does not have 
functional groups to be cross-linked by hydrolysis 
High diffraction efficiency of 72% was obtained in gratings formed with 
trimethoxysilylpropyl acrylate and E7 (35wt%) with 0.2 wt% 3, 3’-carbonylbis(7-
diethylaminocoumarin), and 1 wt% diphenyliodonium hexafluorophosphate. In SEM 
morphology, very regular and well-defined gratings were observed for the gratings formed 
with trimethoxysilylpropyl acrylate. Although gratings formed with high concentration of 
trimethoxysilylpropyl acrylate had some cracks in polymer matrix, the largest grating 
spacing was observed indicating the lowest volume shrinkage. 
We developed a very useful holographic recording materials based on polypropylene glycol 
(PPG) derivatives functionalized with triethoxysilyl, hydroxyl, and methacrylate groups by 
taking into account the reaction rates and extent of phase separation of E7  
of nematic LC in transmission holographic polymer dispersed liquid crystal (HPDLC) 
systems. 
Holographic gratings were clearly formed from the radical polymerization and hydrolysis-
condensation reaction of recording solution with PPG derivatives, which was demonstrated 
by AFM topology with very regular and well-defined morphology having the grating 
spacing of approximately 839.8 nm. 
The highest final diffraction efficiency of 93% was observed in holographic gratings formed 
from PPG-DTEOS with difunctional triethoxysilyl groups at 240 second of irradiation of 
light. In the case of PPG-HTEOS together with hydroxyl and triethoxysilyl groups, 
maximum diffraction efficiency was approximately 78%. When the PPG-MTEOS together 
with methacrylate and triethoxysilyl groups was used, maximum diffraction efficiency 
reached at 96% and gradually decreased to 60%. These phenomena may be considered that 
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the functional groups of PPG derivatives affected strongly on the diffraction efficiency 
attributed to the difference of reaction kinetics and extend of LC phase separation. 
Consequently, if I consider the structure and reactivity of siloxane compounds in relation 
with the property, it will be possible to propose new systems to improve the performance of 
HPDLC gratings. I believe that these novel recording materials controlled in nanometer 
scale can be significantly contributed to the development and progress in the optics, 
electronics, photo-induced patterning, microsystem, and nanotechnololgy. Especially, 
electrically switchable holographic gratings are very promising for actual application such 
as 3-D image storage, full color LC display, dense wavelength division multiplexing 
(DWDM), and polarization-selective element. Moreover, this research will contribute to the 
establishment of new-generation display or device technology and will encourage the 
activity of industries. 
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1. Introduction     
Quantum coherence and interference (Scully & Zubairy, 1997) are leading edge topics in 
quantum optics and laser physics, and have led to many important novel effects, such as 
coherent population trapping (CPT) (Arimondo & Orriols, 1976; Alzetta et al., 1976; Gray et al., 
1978), lasing without inversion (LWI) (Harris, 1989; Scully et al., 1989; Padmabandu et al., 
1996), electromagnetically induced transparency (EIT) (Boller et al., 1991; Harris, 1997; Ham et 
al., 1997; Phillips et al., 2003; Fleischhauer et al., 2005; Marangos, 1998), high refractive index 
without absorption (Scully, 1991; Scully & Zhu 1992; Harris et al., 1990), giant Kerr nonlinear 
effect (Schmidt & Imamoglu, 1996), and so on. In particular, EIT, which can dramatically 
modify the absorption and dispersion characteristics of an optical medium, plays an important 
role in quantum optics. In the last two decades, EIT has attracted great attention and has been 
successfully applied to ultraslow and stopping light (Kasapi et al., 1995; Hau et al., 1999; 
Kocharovskaya et al., 2001; Liu et al., 2001; Turukhin et al., 2002), quantum switching (Ham & 
Hemmer, 2000), quantum memory (Ham et al., 1997; ibid., 1998), quantum entanglement 
generation (Lukin & Imamoglu, 2000), and quantum computing (Lukin & Imamoglu, 2001). 
It is well established that light is the fastest information carrier in nature. However, 
controlling light for localized application is very difficult. Thus, manipulation of light 
velocity becomes a crucial task in optical and quantum information processing (Nielsen & 
Chuang, 2000). Recently light localization using EIT has been demonstrated for stationary 
light (Bajcsy et al., 2003). Stationary light gives novel effects to nonlinear quantum optics in 
the context of lengthening light-matter interaction time. Compared with ultraslow light, 
where the medium’s length is a limiting factor, stationary light is free from spatial 
constraint. For example, the interaction time using ultraslow light in a semiconductor 
quantum dot, whose spatial dimension is less than a few tens of nanometers, is much less 
than nanosecond. By using a stationary light technique, however, we can enormously 
increase the interaction time of the light with such a nano optical medium. In this chapter, 
we discuss stationary light based on the EIT-induced ultraslow light phenomenon. We 
theoretically investigate how to dynamically manipulate multicolor (MC) stationary light in 
the multi double lambda-type system by simply changing the parameters of control fields, 
and demonstrate ultralong trapping of light, which is different from the conventional 
quantum mapping phenomenon. Quantum coherent control of the stationary light has 
potential applications to various quantum optical processing such as quantum 
nondemolition measurement and quantum wavelength conversion. 
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This chapter is organized as follows. In section 2, quantum coherent control of two-color 
stationary light is described. In section 3, quantum manipulation of MC stationary light is 
presented. In section 4, we give the results of MC stationary light, with discussions. Finally, 
section 5 offers conclusions. 

2. Quantum coherent control of light 
2.1 Model and theory 
In this section, we present dynamic control of two-color stationary light in a double-lambda 
type four-level system using EIT. Fig. 1 shows the energy level diagram. We assume that 
initially one weak probe quantum field E+ which couples the transition |1> − |3> enters the 
medium in a forward propagation direction k+, where all the atoms are in the ground state 
|1>. Under the influence of classical control field Ω+, which is resonant with the transition 
|2> − |3> and propagates in the same direction κ+, the probe field propagates at an 
ultraslow group velocity. After the probe pulse enters the medium completely, we 
adiabatically switch on the second control field Ω−, which is resonant with the transition |2> 
− |4> and propagates in the backward direction κ−. The probe pulse will be almost 
stationary if the stationary light condition is satisfied. The propagation direction k− of the 
field E- is determined by phase matching with the Bragg condition: k−= k+−κ+ +κ−. Here 
Ω+ and Ω− are the Rabi frequencies of two control fields. Below we will study the evolution 
of the stationary light when (1) Ω− is switched off after a certain time while keeping the 
control filed Ω+ on, and (2) Ω+ is switched off after a certain time while keeping the control 
filed Ω− on (see Fig. 2). 
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Fig. 1. Energy level diagram for two-color stationary light. 
For theoretical analytical purposes, we introduce a quantum field 

( / )
0/(2 ) . .i t z cE V A e H Cσω σ

σ σ σω ε − −= += , where /σ = + −  stands for forward/backward 
field, respectively, which is traveling in a ±z direction. Aσ  is the slowly varying field 
operator, = is the Planck’s constant, and 0ε  is the electric permittivity. We assume that the 
quantization volume V is 1. Under the rotating-wave approximation, we obtain the 
following Hamiltonian for the quantum fields and atoms in the interaction picture: 
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where ( )j j
nm mnP P += are the atomic operators, /(2 )og Vσ σ σω ε=℘ = is the coupling 

constant of photons with atoms, ℘  is the dipole moment for each transition, and ±=σϕ  are 
the phases of the control fields, 31ωω =+ and 41ωω =− . Using Hamiltonian (1) and adding the 
decay constants 3γ , 4γ , and 2γ for the atomic transitions |1> − |3>, |1> − |4> and |1> − 
|2>, we derive equations for the field Aσ  and atomic operators j

mnP .  
Under the typical adiabatic condition for the slow light propagations (Fleischhauer & Lukin, 
2000; Zibrov et al., 2002), we introduce new field operators 

21( / ) /i z ce N g Aσωσφ
σ σ σ

+−Ψ = Ω (N is atomic density). Due to a weak field Eσ =±  under the 

slow-light propagation 2 2 /gv c Ng c+ +≅ Ω << , we ignore the atomic population on the 

excited levels |3> and |4> and assume slowly varying amplitudes of the laser fields. Then 
we can obtain the following coupled wave equations for the new field operators: 
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where 2 /Ng cσ σξ γ=  are the absorption coefficients, 2 2
2/[ ]σ σα γγ Σ= Ω + Ω , 2 2 2

Σ + −Ω = Ω + Ω , 
2 2

2'[ ]/( )
t

dt g Nτ γγ Σ +−∞
= + Ω∫  is a new time scale, and ' 2 2 1

2 2 2[ ]Ngγ γγ γ−
+ Σ= + Ω . 

 

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

1t 1t2t 2tt t

+Ω

−Ω

+Ω −Ω

(a) (b)

0

1 0

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

1t 1t2t 2tt t

+Ω

−Ω

+Ω −Ω

(a) (b)  
Fig. 2. Temporal scheme of the switching sequence of the two control fields. (a) Ω− is turned 
off at t=t2, (b) Ω+ is turned off at t=t2. 

Using spatial Fourier transformation ( , ) ( , )ikzz dke kσ στ τ
∞
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Ψ = Ψ∫ � , we can find the following 

analytical solutions of Eqs. (2) and (3): 
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where ( , ) ( ) ( , )o ok f k kτ τ− −+ +Ψ = Ψ�� � , ( ) (1 / ) /(1 / )f k ik ikξ ξ−+ + −= + −� , 2 2
2( )η γγ −

Σ Σ= Ω + Ω  and 
2( / )g gα α α+ − + −= −� .  The functions , ( , )o zτ+ −Ψ� are determined by the initial conditions for 

the field ,A+ − which enters the medium ( 1( ) 0t t−Ω < = ). From Eq. (4) we obtain the coupled 
fields ( , ')t z+Ψ  and ( , )t z−Ψ  expressed by nonlocal spatial relations: 
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where 
' '

( ' )( ') (1 ) ( ' ) ( ')z zf z z z z e z zσ σσ

σ σ

ξ ξξ
σ σ ξ ξξ η δ− −− = + − − −  ( 1, ' 1σ σ= ± = ∓ , ,1)0( =≥xη ( 0) 0xη < =  

and ε  is a small value 0ε → ). Eq. (6) points out that spatial quantum correlations between 
the fields ( , )t z+Ψ and ( , ')t z−Ψ spread out within the spatial size 1

σξ − . This means that the 
fields ( , ')t z+Ψ and ( , )t z−Ψ  can be quantum copies of each other if the spatial size l of 

( , ')t z±Ψ  is larger than 1
σξ − . Therefore the spatial correlations of quantum fields E+ and E- 

can be determined by Eq. (6).  
Now we study temporal dynamics of the two-color coupled fields. Initially the control field 
Ω+ (Ω-=0) is turn on and a probe pulse A+ with a Gaussian shape 
( 2 2

,( , 0) exp{ /(2 )}oA t z A t T+ += = − , , oA+ and T are the amplitude and temporal duration of 
the field) enters the medium. The solution of Eq. (4) describes the propagation of the field 

+Ψ , that is, 21( / )2 1/2( ) i z cA g N e φ ω+ +−
+ + + += Ω Ψ  with an ultraslow group velocity 

2 2(0) /gv c Ng c+ +≅ Ω << , and the initial spatial size o gl v T=  with an amplitude decay in 
accordance with 2exp{ }tηγ− . Thus, due to the EIT effect, the field A+ is transparent to the 
optically dense medium ( , 1olξ+ − >> ). At time 1t t= , we turn on the backward control field 

−Ω . Using the dispersion relation ( )kω  in Eq. (5), we obtain the group velocity for the 
interacting fields A+ and A− : 

 2 2 2 2 2 2 2 2
2 0[( ) / ] k [ ]/[ ( ) ]kv Ng c g g N g gγγ ω ηΣ + = − + + − + −= − Ω + ∂ ∂ = Ω − Ω   (7) 

From Eq. (7), the stationary light condition ( 0v = ) can be derived: 

 / /g g+ + − −Ω = Ω   (8) 

Thus the group velocity of the coupled light can be easily controlled by manipulating the 
control field Rabi frequencies. If the stationary light condition is satisfied, the two coupled 
lights can be completely stopped. Ignoring small terms proportional to 3 2/ck ξ−  in Eq. (5), 
we find the approximate solution of the integral (Eq. (4)) for arbitrarily varying amplitudes 
of the control laser fields: 

 
,

' 2 2
2 210

( )( ( ) )( , )
( ) (0)( (0) )

exp{ ( ) ' ( ( ) / ) /(2 ( ))}exp{ ( / }

o
o

glA z A
сB g

d z c B i z c

σ
σ

σ
τ

σ σ

η τ ττ
τ η

ηγ τ β τ τ φ σω

+
+

+

Ω
=

Ω

× − − − +∫
  (9) 
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where 

 
0

1 2
1 1 '( ) ' ( '), / , { ( ) ( )}o cdd M z c M

τ

τβ τ τ τ β β ξ η ξ α ξ α ηα− ∂
+ − + − − + + −= = − = − −∫ �   (10) 

 )}~)(~{,)'(')/2()/()( 2
'2

2
22

2

0
αηαξαξαηξηξτττ τ

τ

cdo MMdcclB ∂
−++−−

−
− +−−=+= ∫   (11) 

and 1( ) ( )oz ξ ξ ξ ξ−
− + + −= +  is a spatial shift of A− with respect to the envelope A+  ( o oz l<< ). 

2.2 Numerical simulations and discussions 
Here we numerically demonstrate quantum manipulation of a traveling light pulse for the 
two-color stationary light by solving Eqs. (2) and (3). For simplicity we ignore the weak 
decay rate 2γ  between the two ground states |1> and |2>, and assume small level 
splitting 21ω  to ignore the phase mismatch between the fields +Ψ  and −Ψ . When the 
backward control field is turned off ( 0−Ω = ), Eqs. (2) and (3) satisfy slow-light wave 
equations (Hau et al., 1999; Turukhin et al., 2002). We note that Eqs. (2) and (3) coincide with 
the standing single-frequency light based on a standing wave grating in a three-level system 
if g g+ −=  with Doppler broadening (Bajcsy et al., 2003). It should be noted that Eqs. (2) and 
(3) show general coupled equations of standing lights whether the optical dense medium is 
Doppler broadened or not. At  1t t= , both control fields +Ω  and −Ω  are turned on. The 
coupled quantum fields  Aσ are therefore generated and they propagate and evolve together 
in the medium. If the stationary light condition / / 1g g+ − + −= Ω Ω = is satisfied, the coupled 
fields  Aσ  should be standing still with nearly the same amplitude until one control field is 
turned off. This condition corresponds to the appearance of the so-called dark state in the 
double-Λ system (Korsunsky & Kosachiov, 1999), which can also dramatically change the 
interaction of the copropagating light fields.  
Compared with the standing-wave grating case (Bajcsy et al., 2003; Andre et al., 2005), the 
group velocity 2 2

1( / )v cM NgΣ += Ω  in Eq. (11) can be changed by adjusting the two control 

fields. However, the lowest velocity is realized only if ' 0сdτ ηα∂ →�  and ( ) 0ξ α ξ α− + + −− →  
occur with complete light stoppage ( 0v = ). The fields A+ and A- are strongly coupled and 
move or stay together with the following amplitude ratio: ( / ) ( , ) ( / ) ( , )g A t z g A t z− − − + + +Ω ≅ Ω . 
This means the field A- can be generated by the frequency shift 41ω ω δω− += +  if the 
frequency of the field A+ is tuned to 31ω ω δω+ += + . The standing field 

( / ) ( / )1 1ˆ( , ) ~ i t z c i t z cE t z g e g eω ω−+− − − +− −
+ + + − − −Ω Ψ + Ω Ψ   is bound to the coherence moving grating 

(Moiseev & Ham, 2006; Ham, 2006; Moiseev et al., 2006; Moiseev & Ham, 2007; Ham & 
Hahn, 2009) which is completely different from the standing-wave grating (Bajcsy et al., 
2003; Andre et al., 2005).  
At time 2t t= , we turn off one control laser +Ω  or −Ω . Fig. 2 gives the switching sequence of 
two control fields for these two cases: (a) the control field +Ω is always on, while the −Ω is 
on only for 1 2t t t< < ; (b) the control field +Ω is on for 20 t t< < , while the control field −Ω is 
on for 1t t< . 
Fig. 3 shows numerical simulation of the two-color stationary light for case (a) mentioned 
above (also see Fig. 2(1)). For simplification, we set 2 0γ =  and assume the same Rabi  



 Advances in Lasers and Electro Optics 

 

622 
 

 
 

(a) (b)

(c) (d)

(e) (f)

(g) (h)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

 
Fig. 3. Numerical simulation of two-color stationary light. The control field +Ω is always on, 
while the −Ω is on only for 1 2(4) (11)t t t< < . 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(a) (b)

(c) (d)

(e) (f)

(g) (h)

 
 

Fig. 4. Numerical simulation of two-color stationary light for wavelength conversion. The 
control field +Ω is on for 20 (11)t t< < , while the −Ω is on for 1(4) 15t t< < . 
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frequencies for the control fields. Fig. 3(c) and Fig. 3(d) show the top view of the fields A+ 
and A- propagation, respectively. Fig. 3(e) and Fig. 3(f) show the temporal evolutions of the 
field amplitudes A+ and A-, respectively. Fig. 3(g) and Fig. 3(h) show space-time evolution of 
the fields A+ and A-, respectively. These figures show that when the control pulse −Ω is 
turned off at 2t t= ( 2 11t = ), the standing field A- disappears completely, and the original 
field A+ keeps propagation moving in the same direction at the same group velocity as it 
had for 10 t t< < ( 1 4t = ). 
Fig. 4 shows numerical simulation of the two-color stationary light for case (b) (see Fig. 2(2)). 
Similar to Fig. 3, Fig. 4(c) and Fig. 4(d) show the top view of the coupled fields. Fig. 4(e) and 
Fig. 4(f) show the temporal evolutions of the coupled field amplitudes. Fig. 4(g) and Fig. 4(h) 
show space-time evolution of the coupled fields. As seen in Figs. 4(c) and 4(d), when +Ω  is 
turned off at 2t t= ( 2 11t = ) while the −Ω  is kept turned on, the quantum field A+ disappears 
at 2t t= , but the A- propagates in the backward direction with new carrier frequency ω− . 
Figs. 3 and 4 show that by controlling the coupling fields, the coupled fields E+ and E- can be 
manipulated for stationary light or frequency conversion, which has potential application 
for quantum nonlinear optics which needs a longer interaction time. Here we note that the 
maximum trapping time of stationary light is determined by the coherence decay rate 2γ  
between the two ground states |1> and |2>. Thus for practical application, we may choose 
an optically dense medium with a long spin decay time. 
In summary, we have demonstrated two-color stationary light and quantum wavelength 
conversion using a quantum-mechanically reversible process between photons and atomic 
coherence in a double- Λ  four-level system. In this scheme, a traveling quantum field can be 
manipulated by simply adjusting the control fields’ parameters for (1) determination of two-
color stationary light, (2) selection of propagation direction, either forward or backward, 
and (3) dynamic quantum frequency conversion. The present quantum manipulation of 
two-color stationary light can be used for enhanced nonlinear interactions between single 
photon fields. 

3. Quantum manipulation of MC stationary light 

If we choose a multilevel system, MC stationary light should be possible. In this section, we 
show quantum coherent control of multiple travelling light pulses in an optically dense 
medium by generalizing the approach we used in the previous section. Fig. 5 shows an 
energy level diagram of the present MC stationary light. The control fields with Rabi 
frequencies mΩ copropagate forward along with the weak quantum fields ( [1,..., ])mE m M+∈

�
, 

whereas the other quantum fields ( [1,..., ])nE n M−∈
�

 propagate backward along with their 
control fields with Rabi frequencies nΩ . The propagation directions of fields for the effective 
generation and strong interaction between the fields should satisfy the phase matching 
condition. As shown in Fig. 5, the quantum fields mE

�
 and nE

�
are nearly resonant with 

optical transitions 1 m− and 1 n− , respectively. The control fields mΩ and nΩ have 
frequencies close to the frequencies of transitions 2 m− and 2 n− , respectively (where 

,( ) ( ) mi
m m ot t e ϕΩ = Ω , ,( ) ( ) ni

n n ot t e ϕΩ = Ω , and ( )m nφ are the constant phases of the fields). 
We assume that initially all the atoms stay in the ground state 1 and only one weak probe 

quantum field lE
�

enters into the medium with a forward propagation direction lk  and the 
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Fig. 5. Energy level diagram for MC stationary light. 

atoms are driven by one classical control field 0lΩ ≠ with same propagation direction lK . 
The initial state of light and atoms in the interaction picture is given by 

( 0) 1lin atomstϕ ϕ<< = ( 1 1 jatoms j
= ∏ and lϕ are the ground state of the atoms and initial 

state of the probe field, respectively). The quantum field lE
�

propagates at a slow group 

velocity due to the control field lΩ , and atomic coherent wave 12P
�

 is created between two 

ground states 1 and 2 . After the probe pulse completely enters the medium, we switch 
on the additional control fields ( 1( ) 0m t tΩ > ≠ and 1( ) 0n t tΩ > ≠ ). Due to the ultraslow 
propagation of the probe field, such switching processes can be easily realized.  The new 
atomic polarization waves with wave vectors , ,m n l l m nk k K K= − + (phase matching condition) 

which generate the new light field ,m nE
�

 are created. Therefore all the quantum fields become 

coupled with each other via atomic coherence 12P
�

which has the quantum information of 

the initial probe field lE
�

. Below we will study the evolution of MC stationary light in the 
coherent resonance medium driven by the M++M- control fields. 
For a theoretical analysis of MC stationary light based on the multi double lambda-type 
scheme in Fig. 5, we introduce quantum fields , ,( )

, , 0 ,( , ) /(2 ) ( , ) m n m ni t k z
m n m n m nE t z S A t z e ωω ε −= ∓��

= , 

where down indexes m and n are related to the signs ∓ or ± in the equations. ( )m nA
�

 are 

slowly varying field operators, where ,[ ( , ), ( , ')] ( ')p q p qA t z A t z z zδ δ= −
� �

, = is the Planck’s 
constant, 0ε is the electric permittivity, and S is a cross section of light beams (Loudon 2000). 
The interaction of the quantum fields with atoms driven by the control laser fields ( )m tΩ and 

( )n tΩ is given by the following Hamiltonian in the interaction picture: 

 0

0

( ) ( ( ) )
1 2

1 1

( ) ( ( ) )
1 2

1 1

( ) ( ) ( ) . .,

( ) { ( , ) ( ) }

( ) { ( , ) ( ) }

m m j m m j

n n j n n j

f b

M M
i t k z i t k k zj j

f m m j m m m
j m m

M M
i t k z i t k k zj j

b n n j n n n
j n n

H t V t V t H C

V t g A t z e P t e P

V t g A t z e P t e P

+ +

− −

− Δ − − Δ − −

= =

− Δ − − Δ − −

= =

= + +

= − + Ω

= − + Ω

∑ ∑ ∑

∑ ∑ ∑

� � �

�� � �
=

�� � �
=

  (12) 
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where ' 'j
ll jj

P l l=
�

is an operator of the j-th atom, )2/( 01,1, Sg lll =εωμ= is a coupling constant 

of photons with atoms, ',l lμ is a dipole moment for the transition between the states 

'l l→ , 1m m mv ω= + Δ , 1n n nv ω= + Δ , and 0 21 /k cω= . 
Using Eq. (12) and adding the relaxation constants and Langevin forces associated with the 
atomic relaxation processes, we derive the Heisenberg equations for the atomic operators 

1 1 exp{ ( )}j j
m m m m jS P i t k z= Δ −
� �

, 1 1 exp{ ( )}j j
n n n n jS P i t k z= Δ +
� �

and 12
jP
�

: 

 0
1 1 1 11 12 1 ;(1)( , )( ) ( )jik zj j j j j j

m m m m m j mm m mS S ig A t z P P i e P F t
t

γ −∂ = − + − + Ω +
∂
� � � � � � �

�   (13) 

 0
1 1 1 11 12 1 ;(1)( , )( ) ( )jik zj j j j j j

n n n n n j nn n nS S ig A t z P P i e P F t
t

γ∂ = − + − + Ω +
∂
� � � � � � �

�   (14) 

 
0 0* *

12 12 12 1 1
1 1

2 2 12 ;(0)

( ) ( )

( , ) ( , ) ( )

j j

m n

M M
ik z ik zj j j j

m n
m n

j j j
m m j m n n j n

P P i t e S i t e S
t

ig A t z S ig A t z S F t

γ
+ −

−

= =

∂ = − + Ω + Ω
∂

− − +

∑ ∑
� �� �

� � � � �
  (15) 

where , , ,m n m n m niγ γ= − Δ� , 1 ;(1) 1 ;(0)( ) exp{ ( )} ( )j j
m m m j mF t i t k z F t= Δ −
� �

, 1 ;(1) 1 ;(0)( ) exp{ ( )} ( )j j
n n n j nF t i t k z F t= Δ +
� �

 
and the fluctuations satisfy the usual properties 

 0)()0(; =tF j
pq

�
  (16) 

 )'()()()'()( 12122),()(,1)0(;2)()0();(1 tttPtFtF j
nmnm

j
nm

j
nm −−+= δγγγ

���
  (17) 

 )'(2)'()(2)'()( )(111)(1)0(;1)()0();(1 tttttPtFtF nm
j

nm
j

nm
j

nm −≅−= δγδγ
���

  (18) 

In Eqs. (13)-(15), we ignore the influences of the weak populations of excited states m  and 
n . Thus we have the following equations for the weak field operators ,m nA

�
: 

 *
0 1( , ) ( / ) ( , )m m mA t z i n Sg c S t z

c t z
∂ ∂⎛ ⎞+ =⎜ ⎟∂ ∂⎝ ⎠

� �
  (19) 

 ),()/(),( 1
*

0 ztScgSniztA
ztc nnn

��
=⎟

⎠

⎞
⎜
⎝

⎛
∂
∂−

∂
∂   (20) 

where 1 ( )
1/2

1 ( ) 0( , ) ( ) ( ) ( )m n

j
m n jj

S t z n S S t z zδ−= −∑
� �

. 

We assume a typical adiabatic condition for slow light propagation , 0 1m n tγ δ >>� ( 0tδ is large 
enough temporal duration of the probe pulse) and ignore the fluctuation forces 2;(2)

j
mF
�

and 

2;(2)
j

nF
�

due to the weak quantum fields. Using Eqs. (13)-(20) and introducing new field 
operators 0

, 0 , , ,( , ) ( , ) / ( )ik z
m n m n m n m nt z e n Sg A t z t±Ψ = Ω

��
, we finally obtain the following 

equations for ,m nΨ
�

under the slow light propagation condition 2 2
, , ,( ) ( ) /m n m n m nv t c t Ng c= Ω << : 
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 (3)
0 1{ (1 )[ ( ) / ]} ( / )m m m m mik G F

z t
ξ μ ξ μ

μ
∂ ∂⎛ ⎞− Ψ = − Ψ − − Ψ −⎜ ⎟∂ ∂⎝ ⎠

�� � �
  (21) 

 (3)
0 1{ (1 )[ ( ) / ]} ( / )n n n n nik G F

z t
ξ μ ξ μ

μ
∂ ∂⎛ ⎞+ Ψ = + Ψ − − Ψ +⎜ ⎟∂ ∂⎝ ⎠

�� � �
  (22) 

where the fluctuation forces are: 

 (3) 1/2 1
1 ,1 0 12,( 2) 0 , 1 ,1 ;(2)( , ) ( ) [ ( ) exp( ) ( ) ( ) ( )] ( )j j

n m j n m n m j
j

F t z n S F t i ik z t t F t z zμ δ− −
∑= − Ω −∑

� � �
∓   (23) 

Eqs. (21) and (22) can be solved by using spatial Fourier transformation. Assuming that 
initial field ( , )l t zΨ

�
is determined by the probe pulse field ( , )lA t z , after some algebraic 

calculations we finally obtain the following solution: 

 ,( ) det; ( ) ; ( )( , ) ( , ) ( , )m n m n st m nt z t z t zδΨ = Ψ + Ψ
� � �

  (24) 
where  

det; ( ) 0 0 0 ,( ); det;
0

( , ) exp( ) ( , , ) ( , ) ' ( ') ( , ')
L

m n l m n l lt z dk ikz T t t k k t k dz f z z t zψ
∞

−∞

Ψ = − = − Ψ∫ ∫
� ��  

; ,( ) ,( ); ; ; ( );
0

( , ) ' ( ') ( , ') ( , )
L

st m n m n l st l st m n lt z dz f z z t z t zδ δ δΨ = − Ψ + Ψ∫
� � �

 

( ), ( ), 0( ') (1 / 2 ) exp[ ( ')][1 ( ; )]m n l m n lf z z dk ik z z i k kπ η− = − +∫  

1 1 1
( ); 0 0 , 0 , 0( ; ) [ ( ) ( )]/[1 ( )]n m l l n m n mk k k k k k i k kη ξ ξ ξ− − −= − + ± − ±  

4. Results and discussion 

In this section, we analyze quantum evolution of the MC field. Under the slow light 
condition and taking into account weak relaxation processes between the two ground levels 
1 and 2 , we can get the key information of quantum dynamics control from the 

dispersion relation: 

 '' 2
0( , , ) ( ) ( ) / 2 ...,kkt k k v t k i t kω δω≅ − +   (25) 

 ' 2 2 2 2
;0 ;0( ) [ / / ]

M M M M

k m m n n m n
m n m n

v t c Ng Ng v vω
+ − + −

= = Ω − Ω = −∑ ∑ ∑ ∑   (26) 

 
,

'' '' 1 1 2 1 1 2 1 1 2
' ' ' '

, ' , ' ,
2[ ( ) ( ) ( ) ]/

M M M M

kk kk m m m m n n n n m n m n
m m n n m n

iδω ω ξ ξ ξ ξ ξ ξ μ
+ − + −

− − − − − −= = Γ Γ − + Γ Γ − + Γ Γ +∑ ∑ ∑   (27) 

where ( )v t is the united group velocity of all the laser fields, and ''
kkiδω− is the second order 

dispersion term which determines the spatial broadening of the MC light pulse. 
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4.1 Traveling MC field 
If 0M− = and 1M+ > we have the traveling MC light field with the group velocity: 

 ( ) ( ) ( )
M

travel m
m

v t v t v t
+

= =∑   (28) 

where the spatial dispersion will be 

 '' 1 1 2
; ' '

, '
2{ ( ) } /

M

kk travel m m m m
m m

δω ξ ξ μ
+

− −= Γ Γ −∑   (29) 

If constg mmmm =Δ 2
)'()'( / , the spatial broadening of the traveling MC field can be minimized to 

 '' 0 0 2
; ' '

, '
2{ (1 / 1 / ) } /

M

kk travel m m m m
m m

δω ξ ξ μ
+

= Γ Γ −∑   (30) 

If constgmm =2/γ , this value can be equal to zero. 

4.2 Stationary MC field 
Eg. (26) shows that all the laser fields propagate and evolve together with one group 
velocity ( )v t in the medium. When ( ) 0v t = , that is, when all the laser fields are completely 
stopped, we can obtain MC stationary light: 

 2 2 2 2
;0 ;0( ) / ( ) / 0

M M

m m n n
m n

t g t g
+ −

Ω − Ω =∑ ∑    (31) 

This is the MC stationary light condition. Obviously, this relation generalizes the results 
obtained for two-color stationary light. The amplitudes of these coupled fields can be 
manipulated by varying the Rabi frequencies of the corresponding control fields: 

( , ) / ( , ) ( ) /( ( ) )m n m n n mA t z A t z t g t g≅ Ω Ω
� �

. Therefore optical control of group velocity, electric 
field amplitudes and direction of the MC field can be easily realized by changing the control 
fields’ amplitudes. 
For a Gaussian shape of the initial input probe pulse, we have the following amplitudes 

,m nA  of the MC stationary light: 

 ( )

2
( )( ) 0 0 ( )0

( ) ,0 2 0 2
0 ( ) ( ) ( )

( ) [ ]
( , ) exp{ ( ) }

( ) ( ) 2 ( )
l m n lim n l l m n

m n l
l m n m n m n

t g z z v t zlA t z A t t e
t g l t l t

ϑ ϕ ϕ

α

δ
γ + −Ω + − +

= − − −
Ω

  (32) 

Eq. (32) shows that the amplitude ,m nA can be larger than the initial probe pulse amplitude 
,0lA , if ( ) 0( ) / ( ) 1m n lt tΩ Ω > . 

The maximum MC field stationary time is determined by relaxation constant 12γ and spatial 
spreading of the stationary pulse shape which is determined by the dispersion term ''

kkδω . 
Appling Eq. (31) to Eq. (29), we get the second order dispersion: 

 '' '' 1 1
;0
( ) 2{ ( ) ( ) }

M M

kk kk l m m n nv
m n

t v t v tδω δω ξ ξ
+ −

− −

=
= = +∑ ∑   (33) 
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Using the conditions 1 1Im( ) 0m lξ ξ− −− = and 1 1Im( ) 0n lξ ξ− −+ = , the dispersion can be minimized 
to zero:  

 2 2( )( / ) ( )( / ) 0
M M

m m m n n n
m n

v t g v t g
+ −

Δ + Δ =∑ ∑   (34) 

by satisfying  the particular relationship to the initial probe field lE  

 2 2 2 2
' '/ / 0, / / 0m m l l n n l lg g g gΔ − Δ = Δ + Δ =  (35) 

From Eqs. (34) and (35), we can know that the condition for minimum spreading is 
independent of the total number of the control fields M+ and M-. Putting Eq. (31) into Eq. 
(27), we find the important relation for the minimum spatial spreading of the MC stationary 
light pulses: 

 '' '' 0 0
;00

( ) 2{ ( ) ( ) }
M M

kk kk m m n nv
m n

t v t v tδω δω ξ ξ
+ −

=
≡ = +∑ ∑   (36) 

4.3 MC-wavelength conversion 
After optical trapping of the initial probe pulse by using MC stationary light, it is possible to 
generate an arbitrary forward traveling light field mA  from MC stationary fields by 
controlling the amplitudes of the forward control fields ( [1,...., ]m M+∈ , 2( ) 0m t tΩ > ≠ , and 

2( ) 0l m t t≠Ω > = ) , or to generate an arbitrary backward traveling light field nA  by controlling 
the backward control fields ( [1,...., ]n M−∈ , 2( ) 0n t tΩ > ≠ , and 2( ) 0l n t t≠Ω > = ). Generation of 
some number of copropagating quantum fields mA  or nA  is also possible. 
The electric field amplitude of the m-th component in the MC light at time outt  on the 
medium output (z=L) is given by 

 20
; ;0 2 0 ,

0

( ) 1( ) exp{ ( ) ( )}exp{ ( ) /( )}
( ) ( ) 2

m out
m o l l m l out m out

l m out

v t lA t A t t i t t t
v t l tα

γ ϑ ϕ ϕ δ= − − + + − − −  (37) 

with the temporal duration , ( ) / ( )m travel m out travel outt l t v tδ = . Eq. (37) shows temporal properties 
of the output MC light field. We note that this MC wavelength conversion may have 
potential applications in optical communications networks. 

5. Conclusion 
We first demonstrated the two-color stationary light and quantum wavelength conversion 
using quantum coherence resulting from strongly coupled slow light through EIT in a 
double-lambda system. Then we generalized the approach to the MC light fields in the multi 
double Λ coherent atomic medium driven by the M++M- control intensive laser fields and 
showed how to manipulate the MC light field within the adiabatic limit. The results show 
that the MC light fields can be controlled by simply adjusting the control fields’ parameters 
for (1) MC stationary light, (2) selection of propagation direction (forward or backward), 
and (3) MC wavelength conversion. The maximum stationary time and minimum spatial 



 Advances in Lasers and Electro Optics 

 

630 

spreading of the MC field have also been discussed. On-demand quantum manipulation of 
the MC light field can greatly increase the interaction time of the light and medium, and 
holds promise for applications in optical buffer, controllable switching, and quantum optical 
information processing.  
We acknowledge that this work was supported by the CRI program (Center for Photon 
Information Processing) of the Korean Ministry of Education, Science and Technology via 
National Research Foundation. 
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1. Introduction 
The field of optical imaging is focussed on techniques to extract useful information about a 
physical system from the spatial structure of light. There are two main themes to research in 
this field, the resolving of previously unknown structures ranging in size from microns in 
microscopy to distant galaxies in astronomical telescopy; or if the structure is selected from 
an a priori known set, then its unique discrimination, such as in data read-out from a CD or 
DVD. In general, both types of imaging involve the collection and focusing of light after 
interaction with the object. However, the process of information extraction can be quite 
different. In resolving an unknown structure, a full two dimensional image is usually 
desired. Here, the metric of success is generally the resolution of the final image. In most 
cases diffraction is the key concern, presenting the diffraction limit to the resolution of the 
final image as approximated by Abbe (Born & Wolf, 1999). There are ways to overcome this 
limit, such as by utilising non-linearities (Hell et al., 2009), or using metamaterials (Pendry, 
2000) to form so called superlenses, and this is a vibrant and growing area of research. 
The focus of this Chapter, however, is on the second theme of imaging, discrimination 
between a set of known structures. As we will see, this form of imaging is important, not 
only for read-out of information from data storage devices, but also in other areas such as 
microscopy (Fabre et al., 2000; Tay et al., 2009) and satellite navigation (Arnon, 1998; Nikulin 
et al., 2001). In structure discrimination, the goal is not to achieve a two dimensional image, 
but rather to generate a signal which unambiguously distinguishes each element of the set. 
Hence, the diffraction limit and other constraints on imaging resolution are no longer the 
primary concern, but rather the signal-to-noise ratio with which the discrimination may be 
performed. To maximise the signal the optical measurement must be matched carefully to 
the set of structures to be discriminated; whereas the noise typically comes from electronic, 
environmental, and optical sources. Much engineering effort has been applied to minimising 
the noise sources for important imaging systems; however, fundamentally the quantisation 
of light imposes the quantum noise limit (QNL) which is outside of engineering control. In 
this Chapter we consider a general imaging system, and show how the optical mode 
carrying full signal information may be determined. We introduce spatial homodyne 
detection (Beck, 2000; Hsu et al., 2004) as a method to optimally extract this signal, showing 
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how the QNL to measurement sensitivity may be determined and even surpassed using 
non-classical states of light. We illustrate the implications of these techniques for two key 
imaging systems, atomic force microscopy (Binning et al., 1985; Fabre et al., 2000) and 
particle tracking in optical tweezers (Block, 1992; Tay et al., 2009); comparing optimal spatial 
homodyne based signal extraction to the standard extraction methods used in such systems 
today. 

2. Quantum formalism for optical measurements 
The field of optical measurements has progressed significantly, with photo-detection 
techniques advancing from the use of the photographic plate in the 19th century to the 
semiconductor-based photodetectors commonly encountered today. One is now able to 
measure with high accuracy and speed, the range of parameters that describe an optical 
field. For example, the amplitude and phase quadratures, the Stokes polarisation 
parameters, and the transverse spatial profile that are commonly used to parameterise the 
optical field (Walls & Milburn, 1995). These parameters can be measured and quantified 
using a range of detection techniques such as interferometry, polarimetry and beam 
profiling (Saleh & Teich, 1991). However, experimentally measured values for these 
parameters are estimates due to the presence of classical and quantum noise, and detection 
inefficiencies. 
 

 
Fig. 1. Schematics of (a) a Michelson interferometer with an inset photo of the Laser 
Interferometer Gravity-wave Observatory (LIGO), (b) a polarimeter with inset photo of an 
on-chip polarimeter, and (c) an optical microscope with an inset photo of an optical 
microscope. M: mirror, BS: beam-splitter and PBS: polarising beam-splitter. 

Fig. 1 shows examples of techniques used for the measurement of (a) amplitude and phase 
quadratures (Slusher et al., 1985), (b) polarization (Korolkova & Chirkin, 1996) and (c) spatial 
variables (Pawley, 1995). Fig. 1 (a) shows a Michelson interferometer whereby an input field 
is split using a beam-splitter, followed by propagation of the two output fields through 
different paths with an effective path difference. These two fields are then interfered to 
produce an output interference signal. Depending on the effective path difference, 
destructive or constructive interference is obtained at the output of the interferometer. 
Variations of this technique include the Mach-Zehnder (Mach, 1892; Zehnder, 1891) and 
Sagnac (Sagnac, 1913) interferometers. A polarimeter is shown in Fig. 1 (b), where an input 
field is phase retarded and the different polarisation components of the input field are 
separated using a polarization beam-splitter. A measurement of the intensity difference 
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between the different polarization components provides information on the Stokes variables 
that characterise the polarization phase space (Bowen et al., 2002). Interferometry and 
polarimetry are essentially single spatial mode techniques, since the spatial discrimination 
of the field structure cannot be characterized with these techniques. In order to reach their 
measurement sensitivity limits, classical noise sources have to be reduced (or eliminated) 
sufficiently such that quantum noise becomes the dominant noise source. Consequently, 
optimal measurements of the amplitude and phase quadratures as well as the polarisation 
variables are obtained, with measurement sensitivity bounded at the QNL. 
Measurements of the spatial properties of light are more complex, since multiple spatial 
modes are naturally involved. Therefore noise sources are no longer the sole consideration, 
with the modal selection and filtration processes also becoming critical. Fig. 1 (c) shows a 
schematic of an optical microscope, where a focused light field is used to illuminate and 
image a microscopic sample. Existing techniques to resolve the finer spatial details of an 
optical image include for example the filtration of different spatial frequency components 
via confocal microscopy (Pawley, 1995); or the collection of non-propagating evanescent 
modes that decay exponentially over wavelength-scales via near-field microscopy (Synge, 
1928). 
Here we are interested in the procedure of optimal parameter measurement, as shown in 
Fig. 2, whereby the detection system is tailored to optimally extract a specific spatial signal. 
An input field is spatially perturbed (i.e. a spatial signal is applied to the optical field, be it 
known or unknown), and the resultant field is detected. To be able to optimally measure the 
perturbation applied to the field, the relevant signal field components have to be identified 
and resolved. 
 

 
 

Fig. 2. The optimal parameter measurement procedure. An input field is perturbed by some 
known or unknown spatial signal and the resultant field is detected. Optimal measurements 
of the perturbation can be performed by identifying and resolving the relevant signal field 
components. 
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We now present a formalism for defining the quantum limits to measurements of spatial 
perturbations of an optical field. The spatial perturbation, quantified by parameter p is 
entirely arbitrary, and could for instance be the displacement or rotation of a spatial mode in 
the transverse plane (Hsu et al., 2004; 2009), or the perturbation introduced by an 
environmental factor such as scattering from a particle within the field or atmospheric 
fluctuations. 
In general, the optical field requires a full three dimensional description using Maxwell’s 
equations (Van de Hulst, 1981). In systems where all dimensions are significantly larger than 
the optical wavelength, however, the paraxial approximation can usually be invoked and 
the field can be described using two dimensional transverse spatial modes in a convenient 
basis. The spatial quantum states of an optical field exist within an infinite dimensional 
Hilbert space, and may be conveniently expanded in the basis of the rectangularly-
symmetric TEMmn or circularly-symmetric LGnl modes, with the choice of modal basis 
dependent on the spatial symmetry of the imaged optical field. 
A field of frequency ω can be represented by the positive frequency part of the electric field 
operator  Following Tay et al. (2009), the transverse information of the field is 
described fully by the slowly varying field envelope operator +(ρ), given by 

 
(1) 

where ρ = (x,y) is a co-ordinate in the transverse plane of the field, V is the volume of the 
optical mode, and the summation over the parameters j, m and n is given by 

 
(2) 

The respective transverse beam amplitude function and the photon annihilation operator 
are given by (ρ) and  with polarisation denoted by the superscript j. The umn(ρ) 
mode functions are normalized such that their self-overlap integrals are unity, with the 
inner product given by 

 

(3) 

An arbitrary spatial perturbation, described by parameter p, is now applied to the field. Eq. 
(1) can therefore be expressed as a sum of coherent amplitude components and quantum 
noise operators, given by 

 

(4) 
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where  being the coherent amplitude 
of mode v(ρ, p), and  is the unit polarisation vector. From Eq. (4), one can then relate (p) 
and v(ρ, p) to +(ρ, p) by 

 
(5) 

 (6) 

where , and the normalization constant Nv is given by 

 

(7) 

The mean number of photons passing through the transverse plane of the field per second is 
given by | (p)|2. We also assume, without loss of generality, that (p) is real. The quantum 
noise operator carrying all of the noise on the field in mode umn(ρ) =  (ρ,0) is given by 
δ =  = 〈 〉. 
In the limit of small estimate parameter p, we can take the first order Taylor expansion of the 
first bracketed term in Eq. (4), given by 

 
(8) 

where the first term on the right-hand side of Eq. (8) indicates that the majority of the power 
of the field is in the v(ρ,0) mode. The second term defines the spatial mode w(ρ) 
corresponding to small changes in the parameter p, given by 

 
(9) 

where Nw is the normalisation given by 

 
(10)

Notice that the first term in Eq. (8) is independent of p; while the second term, and therefore 
the amplitude of mode w(ρ), is directly proportional to p. Therefore, by measuring the 
amplitude of mode w(ρ) it is possible to extract all available information about p. As a 
consequence, we henceforth term w(ρ) the signal mode. 

3. Detection systems 
Several techniques have been developed to experimentally quantify the amplitude of the 
signal mode. Here we discuss the three most common of such: array detection, split 
detection, and spatial homodyne detection, as shown in Fig. 3. 



 Advances in Lasers and Electro Optics 

 

638 

 
Fig. 3. Detection systems for the measurement of the spatial properties of the field. (a) Array, 
(b) split and (c) spatial homodyne detection systems. BS: beam-splitter, LO: local oscillator 
field, CCD: charge-coupled detector, QD: quadrant detector (four component split detector), 
SLM: spatial light modulator. 

3.1 Array detection 
As shown in Fig. 3 (a) array detectors in general consist of an m ×n array of pixels each of 
which generates a photocurrent proportional to its incident optical field intensity. One 
subclass of array detectors is the ubiquitous charge-coupled device (CCD), which is the most 
common form of detector used for characterisation of the spatial properties of light beams. 
To the authors knowledge, the first quantum treatment of optical field detection using array 
detectors was given in Beck (2000). In this work Beck (2000) proposed the use of two array 
detectors with a local oscillator in a homodyne configuration to perform spatial homodyne 
detection. Such techniques will be discussed in detail in section 3.3. Quantum measurements 
with a simple single array were first considered later in papers by Treps, Delaubert and 
others (Treps et al., 2005; Delaubert et al., 2008). An ideal array detector consists of a two 
dimensional array of infinitesimally small pixels, each with unity quantum efficiency, and 
each registering the amplitude of its incident field with high bandwidth. However, realistic 
array detectors stray far from this ideal; with efficiencies generally around 70 % due both to 
the intrinsic inefficiency of the pixels and due to dead zones between pixels, complications 
in shift register readout, and bandwidth limitations1. To date, all quantum imaging 
experiments utilising array detectors have been performed in the context of spatial 
homodyne detection. We therefore defer further discussion of these techniques to Section 3.3. 

3.2 Split detection 
One of the most important spatial parameters of an optical beam is the fluctuation of its 
mean position, commonly termed optical beam displacement, which provides extremely 
sensitive information about environmental perturbations such as forces exerted on 
microscopic systems (see Sections 4 and 5), mechanical vibrations, and air turbulence; as 
well as control information in techniques such as satellite navigation (Arnon, 1998; Nikulin 
et al., 2001)) and locking of optical resonators (Shaddock et al., 1999), to name but a few. The 
most convenient means to measure optical beam displacement is through measurement on a 
split detector (Putman et al., 1992; Treps et al., 2002; 2003), as shown in Figure 3 (b). Such 
detectors are composed of two or more PIN photodetectors arranged side-by-side. So long 

                                                 
1 For example, to achieve a typical quantum imaging detection bandwidth of 1 MHz, a 10-bit 
10 megapixel CCD camera would require a total bit transfer rate of 100 T-bits/s. 
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as the optical field is aligned to impinge equally on the two photodetectors, and the optical 
beam shape is well behaved, the difference between the output photocurrents provides a 
signal proportional to the beam displacement. Furthermore, since only a pair of PIN 
photodiodes is used, both the efficiency and bandwidth issues related to array detection are 
easily resolved. The limitation of split detectors, however, is that they are restricted to 
measurement of a certain subset of signal modes, and therefore, in general will not be 
optimal for a given application (Hsu et al., 2004). Here we derive the split detection signal 
mode following the treatments of Hsu et al. (2004) and Tay et al. (2009). The sensitivity 
achievable in the measurement of a general signal mode will be treated later in Section 3.4. 
The difference photocurrent output from a split detector can in general be written as 

            (11)

 
(12)

This can be shown (Fabre et al., 2000) to be equal to 

 (13)

where  is the amplitude quadrature operator of a flipped mode with mode 
intensity equal to that of the incident field but a π phase flip about the split between 
photodiodes. The transverse mode amplitude function of the flipped mode is given by 

 
(14)

It is useful to separate the flipped mode amplitude quadrature operator into a coherent 
amplitude component 

 (15)

which contains the signal due to the parameter p; and a quantum noise operator 
  which places a quantum limit on the measurement sensitivity, so that 

 
(16)

Hence, we see that split detection measures the signal and noise in a flipped version of the 
incident mode. 

3.3 Spatial homodyne detection 
Spatial homodyne detection was first proposed by Beck (2000) using array detectors, and 
was extended to the case of pairs of PIN photodiodes with a spatially tailored local oscillator 
field by Hsu et al. (2004). Spatial homodyne detection has the significant advantage over 
split detection in that the detection mode can be optimised to perfectly match the signal 
mode. The proposal of Beck (2000) has the advantage of allowing simultaneous extraction of 
multiple signals (Dawes et al., 2001); whilst that of Hsu et al. (2004) allows high bandwidth 
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extraction of a single arbitrary spatial mode and is polarization sensitive allowing optimal 
measurements where the signal is contained within spatial variations of the polarisation of 
the field. Here, we explicitly treat local oscillator tailored spatial homodyne allowing the 
inclusion of polarisation effects. However, we emphasise that the two schemes are formally 
equivalent for single-signal-mode single-polarisation fields. 
In a local oscillator tailored spatial homodyne, the input field is interfered with a much 
brighter local oscillator field on a 50/50 beam splitter; with the two output fields individually 
detected on a pair of balanced single element photodiodes, as shown in fig. 3 (c). The 
difference photocurrent between the two resulting photocurrents is the output signal. By 
shaping the local oscillator field, for example by using a set of spatial light modulators (SLM), 
an arbitrary spatial parameter of the input field can be interrogated. Spatial homodyne 
schemes of this kind have been shown to perform at the Cramer-Rao bound (Delaubert et al., 
2008), and therefore enable optimal measurement of any spatial parameter p. 
The performance of a spatial homodyne detector can be assessed in much the same way as 
split detection in the previous section. Here we follow the approach of Tay et al. (2009), 
choosing a LO with a positive frequency electric field operator 

 
(17)

with the relative phase between the local oscillator and the input beam given by φ and local 
oscillator mode chosen to match the signal mode. The input beam described in Eq. (4) is 
interfered with the LO on a 50/50 beam splitter to give the output fields 

 
(18)

where the subscripts + and – distinguish the two output fields. The photocurrents produced 
when each field impinges on an infinitely wide photodetector are given by 

 
(19)

 
(20)

which together with Eqs. (1), (3), and (17) yield the photocurrent difference 

 

(21)
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where the annihilation operator  describes the input field component in mode w(ρ), and 
 is the φ-angled quadrature operator of that component. The derivation 

above is valid in the limit that the local oscillator power is much greater than the signal 
power ( LO  〈 〉), which enables terms that do not involve LO to be neglected. 
An optimal estimate of the parameter p is obtained since the local oscillator mode is chosen to 
match the signal mode w(ρ), as shown in Eq. (21). The spatial homodyne detection scheme 
then extracts the quadrature of the signal mode with quadrature phase angle given by φ. 

3.4 Quantifying the efficacy of parameter estimation 
Eqs. (16) and (21) provide the output signal from both homodyne and split detection 
schemes. However we have yet to determine the efficacy of both schemes. To obtain a 
quantitative measure of the efficacy, we now introduce the signal-to-noise ratio (SNR) and 
sensitivity measures. 
From Eq. (21) we see that the mean signal output from the spatial homodyne detector is 
given by 

 
(22)

where w(p) = (p) 〈w(ρ),v(ρ, p)〉. The maximum signal strength occurs when the local 
oscillator and signal phases are matched, such that φ = 0, and is given by 

 (23)

The noise can be calculated straight-forwardly, and is given by 

 
(24)

where  is the signal mode φ-quadrature variance, and we have used the 
fact that  = 1 for a low noise coherent laser. Clearly, a non-classical 
squeezed light field can be used to reduce the noise such that  however in most 
cases the resources expended to achieve this outweigh the benefit. Without non classical 
resources, the signal-to-noise ratio of spatial homodyne detection is therefore limited to 

 (25)

Normally, the physically relevant parameter is the sensitivity S of the detection apparatus, 
that is the minimum observable change in the parameter p. This is defined as the change in p 
required to generate a unity signal-to-noise ratio, 

 
(26)

Equivalently, one finds a SNR for the split detection scheme in the coherent state limit of 

 (27)
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with a corresponding sensitivity given by 

 
(28)

The efficacy of both these detection schemes shall be discussed in the following sections, 
based on the context in which they are employed. However as we shall demonstrate, the 
spatial homodyne scheme offers significant improvement over the split detection scheme, 
and is optimal for all measurements of spatial parameter p. 

4. Practical applications 1: Laser beam position measurement 
Laser beam position measurement has wide-ranging applications from the macroscopic 
scale involving the alignment of large-scale interferometers (Fritschel et al., 1998; 2001) and 
satellites to the microscopic scale involving the imaging of surface structures as encountered 
in atomic force microscopy (AFM) (Binning et al., 1985). In an AFM, a cantilever with a 
nanoscopic-sized tip is scanned across a sample surface, as shown in Fig. 4 (a). The force 
between the sample surface and tip (e.g. van Der Waals, electrostatic, etc.) results in the tip 
being modulated spatially as it is scanned across the undulating sample surface. A laser 
beam is incident on the back of the cantilever with the spatial movement of the cantilever 
displacing the incident laser beam. The resultant reflected laser beam is detected on a split 
detector, providing information on the laser position with respect to the centre of the 
detector, with this information directly related with the AFM tip position. The use of the 
split detector is ubiquitous in AFM systems. 
 

 
Fig. 4. (a) Schematic diagram illustrating an input field reflected from the back of a 
cantilever onto a split detector for position sensing of the tip location with respect to a 
sample. The input laser field has a TEM00 spatial profile, given by v(ρ). (b) Sensitivity of (i) 
spatial homodyne and (ii) split detection for the measurement of the displacement of a 
TEM00 input field. The local oscillator field had a TEM10 mode-shape, given by w(ρ). (c) The 
coefficients of the Taylor expansion of v(ρ, p). The coefficients correspond to the undisplaced 
(i) TEM00, (ii) TEM10, (iii) TEM20, (iv) TEM30, (v) TEM40, (vi) TEM50 modes. Figures (b) and (c) 
were reproduced from Hsu et al. (2004), with permission. 

4.1 Split detection 
We now formalise the effects from the application of split detection in determining the AFM 
tip position. We assume that the laser field incident on the AFM cantilever has a TEM00 
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modeshape. The spatial information of the displaced field, reflected from the AFM 
cantilever, is described fully by the field operator given in Eq. (1), now expanded to 

 
(29)

where umn(ρ, p) are the transverse beam amplitude functions for the displaced TEMmn modes 
and δ mn are the corresponding quantum noise operators. (p) is the coherent amplitude of 
the displaced TEM00 field. Using the formalism developed in the previous sections, v(ρ, p) = 
u00(ρ, p) and substituting this into Eqs. (15) and (16), gives the normalised difference 
photocurrent 

 
(30)

where τ is the measurement time. The difference photo-current is linearly proportional to 
the displacement p. In the regime where the displacement is assumed to be small (whereby 
p w0 and w0 is the waist of the incident laser field), the normalised difference photo-current 
begins to roll off and asymptotes to a constant for larger p. This can be easily understood, 
since for p w0 the beam is incident almost entirely on one side of the detector. In this 
regime, large beam displacements only cause small variations in 〈ΔiSD〉, making it difficult to 
determine the beam displacement precisely. 
For small displacements, the sensitivity of the displacement measurement is found to be 
given by (Hsu et al. (2004)) 

 
(31)

4.2 Spatial homodyne detection 
As discussed earlier, we can use the optimal spatial parameter estimation scheme based on 
spatial homodyne detection, to detect the beam position in AFM systems. First, the relevant 
signal mode w(ρ) of the displaced TEM00 input field is identified. A Taylor expansion of the 
displaced v(ρ, p) = u00(ρ, p) input mode provides the relevant displacement signal mode 
w(ρ). The coefficients of the Taylor expansion as a function of beam displacement are 
illustrated in Fig. 4 (c). For small displacements, only the TEM00 and TEM10 modes have 
significant non-zero coefficients (Anderson, 1984). This means that for small displacements 
the TEM10 mode contributes most to the displacement signal. For larger displacement, other 
higher order modes become significant as their coefficients increase. Therefore a spatial 
homodyne measurement of the displaced TEM00 mode using a LO with centred TEM10 

mode-shape is optimal in the small displacement regime. From Fig. 4 (c), we see that when 
the input beam is centred, no power is contained in the TEM10 mode. Since the Hermite-
Gauss modes are orthonormal, the TEM10 local oscillator beam only detects the TEM10 

vacuum noise of the input beam. However as the TEM00 beam is displaced, power is 
coupled into the TEM10 mode. This coupled power interferes with the TEM10 local oscillator, 
causing a linear change in the photo-current observed by the homodyne detector. 
Using Eq. (1), the electric field operator describing the TEM10 local oscillator beam is given by 
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(32)

where the first bracketed term is the coherent amplitude which resides in the TEM10 mode, 
the second bracketed term denotes the quantum fluctuations of the beam, and LO is the 
coherent amplitude of the LO. The difference photo-current between the two detectors used 
in the spatial homodyne detection can then be shown from Eqs. (21) to be (Hsu et al. (2004)) 

 

(33)

where  is the amplitude quadrature noise operator of the TEM10 component 
of the displaced beam, and we have assumed that LO (p). 
The spatial homodyne detection sensitivity, obtained in the same manner as that for split 
detection, is shown in Figure 4 (b). In the small displacement regime, we obtain 

 
(34)

The spatial homodyne detector was shown to be optimal in Section 3.3. Therefore Eq. (34) 
sets the optimal sensitivity achievable for small displacement measurements. A comparison 
of the efficiency of split detection for small displacement measurement with respect to the 
spatial homodyne detector is given by the ratio 

 
(35)

This  factor arises from the coefficient of the mode overlap integral, between v(ρ, p) = 
u00(ρ, p) and vf (ρ, p) = uf 00(ρ, p), as shown in Eq. (15), where uf 00(ρ, p) is the flipped TEM00 
mode. Fig. 4 (b) shows that the maximum sensitivity of split detection is limited at ~80 %. 
The sensitivity decreases and asymptotes to zero for large displacement, and is below 
optimal for all displacement values. 

4.3 Using spatial squeezing to enhance measurements for split detection systems 
The detection mode arising from the geometry of a split detector is the flipped mode vf (ρ). 
Therefore, in order to perform sub-QNL measurements using a split detector, squeezing of 
the flipped mode is required. In the case of a quadrant detector, since both horizontal and 
vertical displacements can be monitored, there exist two detection modes. Therefore, two 
spatial squeezed modes are required to achieve sub-QNL measurements along two different 
axes in the transverse plane. An experimental demonstration of simultaneous squeezing for 
quadrant detection along two different axes in the transverse plane was shown by Treps et 
al. (2003). In their experiment, three beams were required - a bright coherent field with a 
horizontally phase flipped mode-shape, denoted by TEMf 00, and two squeezed fields with 
TEM00 and TEMf 0f 0 (i.e. both phase flipped in the horizontal and vertical axes) mode-shapes, 
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as shown in Fig. 5 (a). The mode-shape was obtained via the implementation of phase flips 
on the quadrants in the transverse field. These modes were then overlapped using low 
finesse, impedance matched optical cavities, with the resulting field imaged onto on a 
quadrant detector. Measurements of the beam position fluctuations in the horizontal axis 
were performed by taking the difference between the photocurrents originating from the left 
and right halves of the quadrant detector. Correspondingly, the beam position fluctuation in 
the vertical axis were obtained from the difference of the photocurrents from the top and 
bottom halves of the detector. Treps et al. (Treps et al., 2003) demonstrated that simultaneous 
sub-QNL fluctuations in both horizontal and vertical beam position are obtainable. 
 

 
Fig. 5. (a) Schematic of experimental setup for the production of a 2-dimensional spatial 
squeezed beam for quadrant detection. (b) Measurements of a displacement signal with 
increasing amplitude in time performed using a beam in the (i) coherent state and (ii) spatial 
squeezed state. (c) Signal-to-noise ratio (left vertical axis) versus measured displacement. 
Traces (iii) and (iv) are results obtained from data traces (i) and (ii), respectively. RBW = 
VBW = 1 kHz, averaged over 20 traces each with detection time Δt = 1 ms per data point. 
Figures were reproduced from Treps et al. (2002), with permission. 

Treps et al. (2003) also showed that simultaneous sub-QNL measurements of a displacement 
signal along two different axes can be produced. A displacement modulation at frequency Ω 
was applied to the spatial squeezed beam via the use of a mirror mounted on a PZT. The 
amplitude of the displacement modulation was determined by demodulating the 
photocurrent at frequency Ω and then measuring the power spectral density, using a 
spectrum analyser. The measured signal consists of the sum of the squares of the quantum 
noise with and without applied displacement modulation, given by pmod(Ω) and pnoise(Ω), 
respectively. For a displacement amplitude modulation that increased with time, the results 
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of the measurement are shown in Fig. 5 (b). Curve (i) is the result of a displacement 
measurement performed with a coherent state input beam and sets the classical limit to 
displacement measurements using quadrant detectors. Curve (ii) is the result of a 
displacement measurement performed using the spatially squeezed beam. 
In order to determine the smallest detectable displacement signal, the results obtained were 
normalised to the respective noise levels for the coherent and the spatially squeezed beams, 
shown in Fig. 5 (c). The vertical axis is the signal-to-noise ratio for the displacement 
measurement. With a 99%confidence level, the smallest detectable displacement is 2.3 Å for 
a coherent state beam. With the use of the spatially squeezed beam, the smallest detectable 
displacement was 1.6 Å. Therefore, the spatial squeezed beam provided a factor of 1.5 
improvement in the smallest detectable displacement signal, over the coherent state beam. 

4.4 Using spatial squeezing to enhance measurements for spatial homodyne 
detection 
Although squeezing of the flipped mode vf (ρ) enhances beam displacement measurements 
on a split detector with sensitivity below the QNL, this scheme remains non-optimal for 
beam displacement measurements. As shown in previous sections, the QNL for beam 
displacement measurements is reached in a spatial homodyne detector, assuming the 
imaging field is in the coherent state. Therefore in order to surpass this QNL, squeezing of 
the signal mode w(ρ) responsible for the beam displacement is required. Following the 
theoretical treatment by Hsu et al. (2004), Delaubert et al. (2006) performed the first 
experimental demonstration of squeezing the TEM10 displacement signal mode, for an 
incident TEM00 beam, followed by displacement signal detection using a TEM10 local 
oscillator beam in the spatial homodyne detector. 
The squeezed TEM10 mode of the incident beam was produced by imaging the squeezed 
TEM00 output beam from an optical parametric oscillator (OPO) onto a phase mask, as 
shown in Fig. 6 (a). The phase mask converts the TEM00 squeezed beam into a TEM10 

squeezed beam with an efficiency of ~80 %. By using an asymmetric Mach-Zehnder 
interferometer for combining odd and even-ordered modes, the bright TEM00 beam (i.e. 
v(ρ)) was combined with the squeezed TEM10 beam (i.e. w(ρ)). The resulting beam was 
spatially squeezed for optimal detection of small beam displacements. Using a mirror 
actuated via a PZT, displacement of the beam at RF frequencies was imposed. However, this 
actuation scheme also introduced a tilt to the beam, therefore the beam was effectively 
displaced and tilted in the transverse plane, given by 

 

(36)

where d, θ and w0 are the displacement, tilt and waist of the beam, respectively. The small 
beam displacement signal is contained in the amplitude quadrature of the TEM10 mode, 
whilst the small beam tilt signal is contained in the phase quadrature of the TEM10 mode. 
The displacement and tilt of a beam have been shown to be conjugate observables (Hsu et 
al., 2005). 
The resulting modulated beam was subsequently analysed by interference with a TEM10 

local oscillator beam, produced via an optical cavity resonant on the TEM10 mode. Note that  
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Fig. 6. (a) Schematic diagram of the experimental demonstration of sub-QNL beam 
displacement measurement using a spatial homodyne detector. Measurements of the (b) 
displacement and (c) tilt modulation signals using a spatial homodyne detector. The tilt 
signal was significantly greater than the displacement signal (9:1). Initially the LO and input 
beam phases were scanned from 0 to π, then was subsequently locked. SQZ: the quadrature 
noise for the TEM10 squeezed mode without modulation signal, resulting in 2 dB of 
squeezing and 8 dB of anti-squeezing. MOD: the applied modulation signal detected with 
coherent light only. MOD-SQZ: measured modulation signal using TEM10 squeezed light. 
Since the squeezed TEM10 mode was in-phase with the TEM00 bright mode component, the 
displacement measurement was improved, whilst the tilt measurement was degraded. The 
TEM00 waist size was w0 =106 μmin the PZT plane, beam power 170 μW, RBW=100 kHz, and 
VBW=100 Hz, corresponding to a minimum resolvable displacement QNL of dQNL =0.6 nm. 
Figures (b) and (c) were reproduced from Delaubert et al. (2006), with permission. 
 

the strength of the spatial homodyne detector is that it can also measure beam tilt, which is 
not accessible in the plane of a split detector, simply by adjusting the relative phase between 
the LO and the input beams. The resulting interfered beams were then detected on two 
photodetectors and their photocurrents analysed on a spectrum analyser. The results are 
shown in Fig. 6 (b) and (c), for different relative phase values between the TEM10 local 
oscillator and spatial squeezed beams. 
The displacement and tilt of the input beam were accessed by varying the phase of the local 
oscillator. When the TEM10 mode was in phase with the bright TEM00 mode component, 
displacement measurements were enhanced below the QNL, as shown in Fig. 6 (c). Since 
beam displacement and tilt are conjugate observables, an improvement in the beam 
displacement measurement degraded the tilt measurement, shown in Fig. 6 (b). The 
minimum resolvable displacement was dexp = 0.15 nm, significantly better than was 
achievable without the use of spatially squeezed light. 
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5. Practical applications 2: Particle sensing in optical tweezers 
Optical tweezer systems (Ashkin, 1970) have been used extensively for obtaining 
quantitative biophysical measurements. In particular, particle sensing using optical tweezers 
provides information on the position, velocity and force of the specimen particles. 
A conventional optical tweezers setup is shown in Fig. 7 (a), where a TEM00 trapping field is 
focused onto a scattering particle. The effective restoring/trapping force acting on the 
particle is due to two force components: (i) the gradient force Fgrad resulting from the intensity 
gradient of the trapping beam, which traps the particle transversely toward the high 
intensity region; and (ii) the scattering force Fscat resulting from the forward-direction 
 

 
Fig. 7. (a) Illustration showing a TEM00 trapping field focussed onto a spherical scattering 
particle. The gradient and scattering forces are given by Fgrad and Fscat, respectively. (b) 
Schematic representation of the trapping and scattered fields in an optical tweezers. The 
trapping field is incident from the left of the diagram. Obj: objective lens, and Img: imaging 
lens. (c) Interference pattern of the trapping and forward scattered fields in the far-field 
plane. Figures (i)-(iii) and (iv)-(vi) assume that the trapping field is x-and y-linearly 
polarised, respectively. The particle displacements are given by (i), (iv): 1 μm; (ii), (v): 0.5 
μm; and (iii), (vi): 0 μm. (d) Minimum detectable displacement normalised by K, versus 
collection lens NA for (i) split and (ii) spatial homodyne detection. The solid and dashed 
lines are for x- and y-linearly polarised trapping fields, respectively. The axis on the right 
shows the minimum detectable displacement assuming 200 mW trapping field power, λ = 
1064 nm, particle radius a = 0.1 μm, permittivity of the medium ε1 = 1, permittivity of the 
particle ε1 = 3.8 and trapping field focus of 4 μm. Absorptive losses in the sample were 
assumed to be negligible. Figures (b), (c) and (d) were reproduced from Tay et al. (2009), 
with permission. 



Fundamentals and Applications of Quantum Limited Optical Imaging  

 

649 

radiation pressure of the trapping beam incident on the particle. In the focal region of the 
trapping field, the gradient force dominates over the scattering force, resulting in particle 
trapping. 
To obtain a physical understanding of the trapping forces involved, consider the case with a 
spherical particle, which has a diameter larger than the trapping field wavelength. Rays 1 
and 2 are refracted in the particle, and consequently undergo a momentum change resulting 
in an equal and opposite momentum change being imparted on the particle. Due to the in 
tensity profile of the beam, the outer ray is less intense than the inner ray which results in 
the generation of the gradient force (Ashkin, 1992). 
If the particle has radius smaller than the wavelength of the trapping laser however, the 
trapping force is instead generated by an induced dipole moment. In this size regime, the 
actual shape of the particle is no longer important so long as the particle has no structural 
deviations greater than the wavelength of the trapping beam. Hence the particle can be 
treated as a normal dipole with an induced dipole moment along the direction of trapping 
beam polarisation. The gradient force acting on the particle is then generated due to the 
interaction of its induced dipole moment with the transverse electromagnetic fields of the 
trapping field. This force is proportional to the intensity of the beam and has the same net 
result as before; it acts to return the particle to the centre of the trapping beam focus. 
A particle in the beam path will also scatter light. The transverse scattered field profile is 
dependent on the position of the particle with respect to the centre of the trapping field. By 
imaging the scattered field onto a position sensitive detector, the position and force of the 
trapped particle is able to be measured. For these measurements, split detection is most 
commonly used (Lang & Block, 2003; Gittes & Schmidt, 1998; Pralle et al., 1999), although 
some direct measurement techniques utilise CCD arrays. To demonstrate the potential 
enhancement of measurements, we compare split detection and spatial homodyne scheme. 

5.1 Modelling 
For a single spherical, homogeneous particle with diameter much smaller than the 
wavelength, the scattered field can be modelled as dipole radiation (Van de Hulst, 1981)2. 
The total field after the objective lens consists of both the scattered and residual trapping 
fields, given by (Tay et al., 2009) 

 (37)

where  are the respective complex scattered and trapping fields at the 
image plane. To demonstrate how the changing particle position affected the field at the 
image plane, Tay et al. (2009) calculated the interference between the forward scattered and 
residual trapping fields for a range of particle displacements in the plane of the trap waist, 
shown in Fig. 7 (c) for trapping field (i) x- and (ii) y-linearly polarised. Note that the 
distribution of the field was compressed in the direction of the trapping field polarisation 
due to dipole scattering along the polarisation axis. 

                                                 
2 In the case where there are multiple inhomogeneous particles scattering the input trapping 
field, several numerical methods exist to calculate the scattered field - e.g. the finite 
difference frequency domain and T-matrix hybrid method (Loke et al., 2007); and the 
discrete-dipole approximation and point matching method (Loke et al., 2009). 
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As before, the critical parameters for assessing sensitivity of particle monitoring are (p), 
v(Γ, p) and w(Γ). Using Eq. (6) we obtain 

 

(38)

where trap is the coherent amplitude of the trapping field. Now using Eq. (9) the functional 
form for the mode that contains information about the particle position is given by 

 
(39)

Note that this mode is only dependent on the scattered field. 
It is then possible to calculate the SNR of the spatial homodyne and split detection schemes 
for particle sensing in an optical tweezers arrangement. By substituting the expressions 
obtained in Eq. (39) into Eq. (25), the SNR for the spatial homodyne detection scheme is 
given by 

 

(40)

where the image plane co-ordinates are given by Γ and 

 
(41)

where ε1 and ε2 are the respective permittivity of the medium and particle; and a is the radius 
of the particle. In a similar manner, using Eq. (27), the SNR for the split detection scheme is 
given by 

 
(42)

Correspondingly, the sensitivities for the spatial homodyne and split detection schemes can 
be calculated using Eqs. (26) and (28), respectively. The explicit forms for these expressions 
can be found in Tay et al. (2009). 

5.2 Results 
The performance of both split and spatial homodyne detection schemes were compared by 
considering the sensing of particle displacement from the centre of the optical tweezers trap 
(Tay et al., 2009). The SNR for (a) split; and spatial homodyne detection in the (b) small and 
(c) large displacement regimes are shown in Fig. 8. It was found that the SNR for spatial 
homodyne detection was maximised at different particle displacement regimes depending 
on the LO mode used. 
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Fig. 8. SNR normalised to K versus particle displacement with respect to the centre of the 
trapping field, for (a) split detection; (b) spatial homodyne detection with LO spatial mode 
optimised for small displacement measurements; and (c) spatial homodyne detection with 
LO spatial mode optimised for larger displacement measurements. The black solid and red 
dashed lines are for x- and y-linearly polarised trapping fields, respectively. The 
corresponding LO spatial modes are the inset figures with (d) y- and (e) x-linearly polarised 
trapping fields for the small displacement regime. For the large displacement regime, the 
LO spatial modes are correspondingly: (f) y- and (g) x-linearly polarised trapping fields. 
Model parameters are 200 mW trapping field power, λ = 1064 nm, particle radius a = 0.1 μm, 
permittivity of the medium ε1 = 1, permittivity of the particle ε1 = 3.8 and trapping field focus 
of 4 μm. Absorptive losses in the sample were assumed to be negligible. Figures were 
reproduced from Tay et al. (2009), with permission. 
 

Assuming small displacements, the LO field was determined from the first order term in the 
Taylor expansion of Eq. (9) for the scattered field, with the SNR given in Fig. 8 (b). For 
particle displacements less than the trapping beam waist, linearity of the SNR was obtained. 
Optimum sensitivity (i.e. the maximum SNR slope) occurred at zero displacement and 
surpassed the maximum of split detection by almost an order of magnitude. However, for 
particle displacements ~ |0.4j| μm, the SNR peaked, indicating that small displacements of a 
particle around ~ |0.4| μm are not resolvable using the current LO mode. As the particle was 
displaced further, a drop in the total scattered power was observed due to the particle 
moving out of the trapping field, resulting in an exponential decay of the SNR. To re-
optimise the LO mode for particle displacement around any arbitrary position, a Taylor 
expansion in p of the scattered field can be taken at that position while only retaining the 
first order term. For example, for particles fluctuating around ~ |0.4| μm, the re-optimised 
LO mode resulted in the SNR given in Fig. 8 (c) where the maximum SNR slope was now 
located around ~ ±0.4 μm. Therefore, it is possible to dynamically adjust the LO mode to 
optimise the measurement sensitivity whilst the particle moves, resulting in optimum 
particle sensing for all displacement values. 
The corresponding sensitivities for (i) split and (ii) spatial homodyne detection as a function 
of increasing objective lens NA are shown in Fig. 7 (d). It was observed that the minimum 
detectable displacement for both split and spatial homodyne detection decreased with 
increasing NA due to more scattered field being collected, thereby providing more 
information about the particle position. However, spatial homodyne detection outperforms 
split detection for all NA values, since spatial homodyne optimally extracts the 
displacement information from the detected field, whereas the split detection scheme only 
measures partial displacement information, as shown in Eq. (15). Due to the optimal signal 
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and noise measurement using the spatial homodyne scheme, curve (ii) defines the minimum 
detectable displacement in optical tweezers systems. 
To provide quantitative values for the minimum detectable displacement, the sensitivities 
for both detection schemes using realistic experimental values are shown in the right-hand 
side axis of Fig. 7 (d). The split detection non-optimality shaded area shows the loss in particle 
sensing sensitivity due to incomplete mode detection from a split detector. The quantum 
resources shaded area shows that quantum resources such as spatial squeezed light (Treps et 
al., 2002; 2003) can be used to further enhance the particle sensing sensitivity beyond the 
QNL. 
The ability to tailor the local oscillator mode provides tremendous optimisation ability for 
particle sensing. Not only is optimal information extraction possible, but it is now possible 
to perform sensing of multiple inhomogeneous particles, with information extraction of any 
spatial parameter p, via the modification of the LO mode. 

6. Conclusion 
We have presented a quantum formalism for the measurement of the spatial properties of 
an optical field. It was shown that the spatial homodyne technique is optimal and 
outperforms split detection for the detection of spatial parameter p. Applications of this 
measurement scheme in enhancing the sensitivities of atomic force microscopes and optical 
tweezers measurements have been discussed. 
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1. Introduction 
Short pulse generation requires a wide phase-locked spectrum. Earlier the short pulses were 
obtained by expanding the spectrum of a mode locked laser from self phase modulation 
(SPM) in an optical fiber and then compensating for group velocity dispersion (GVD) by 
diffraction grating and prism pairs. Pulses as short as 4.4 fs have been generated 
(Steinmeyer et al., 1999). For ultrafast measurements on the time scale of electronic motion, 
generation of subfemtosecond pulses is needed. Generation of subfemtosecond pulses with 
a spectrum centered around the visible region is even more desirable, due to the fact that the 
pulse duration will be shorter than the optical period and will allow sub-cycle field shaping. 
As a result, a direct and precise control of electron trajectories in photoionization and high-
order harmonic generation will become possible. But to break the few-fs barrier new 
approaches are needed. 
In recent past, broadband collinear Raman generation in molecular gases has been used to 
produce mutually coherent equidistant frequency sidebands spanning several octaves of 
optical bandwidths (Sokolov & Harris, 2003). It has been argued that these sidebands can be 
used to synthesize optical pulses as short as a fraction of a fs (Sokolov et al., 2005). The 
Raman technique relied on adiabatic preparation of near-maximal molecular coherence by 
driving the molecular transition slightly off resonance so that a single molecular 
superposition state is excited. Molecular motion, in turn, modulates the driving laser 
frequencies and a very broad spectrum is generated, hence the term for this process 
“molecular modulation”. By phase locking, a pulse train with a time interval of the inverse 
of the Raman shift frequency is generated. While at present isolated attosecond X-ray pulses 
are obtained by high harmonic generation (HHG) (Kienberger et al., 2004), the pulses are 
difficult to control because of intrinsic problems of X-ray optics. Besides, the conversion 
efficiency into these pulses is very low (typically 10−5). On the other hand, the Raman 
technique shows promise for highly efficient production of such ultrashort pulses in the 
near-visible spectral region, where such pulses inevitably express single-cycle nature and 
may allow non-sinusoidal field synthesis (Sokolov et al., 2005). 
In the Raman technique ns pulses are applied for preparing maximal coherence when gas is 
used as a Raman medium. When the pulse duration is shorter than the dephasing time T2 
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(  is the Raman linewidth), the response of the medium is a highly transient 
process, i.e. the Raman polarization of the medium doesn’t reach a steady state within the 
duration of the pump pulse. In this transient stimulated Raman scattering (SRS) regime, a 
large coherent molecular response is excited. The advantage of using a short pulse is that the 
number of pulses in the train will be reduced compared with the ns Raman technique. But 
when a single fs pump is used, the strong SPM suppresses the Raman generation (Kawano 
et al., 1998). When the pulse duration is reduced to less than a single period of molecular 
vibration or rotation, an impulsive SRS regime is reached (Korn et al., 1998). In this regime, 
an intense fs pulse with a duration shorter than the molecular vibrational period prepares 
the vibrationally excited state and a second, relatively weak, delayed pulse propagates in 
the excited medium in the linear regime and experiences scattering due to the modulation of 
its refractive index by molecular vibrations, which results in the generation of the Stokes 
and anti-Stokes sidebands (Nazarkin et al., 1999). This technique has the advantage of 
eliminating the parasitic nonlinear processes since they are confined only within the pump 
pulse duration. 
A closely related approach, which is called four-wave Raman mixing (FWRM) for 
generating ultrashort pulses using two-color stimulated Raman effect, is proposed by 
Imasaka (Yoshikawa & Imasaka, 1993). It is based on an experimental result his student has 
stumbled on. Shuichi Kawasaki was trying to develop a tunable source for thermal lens 
spectroscopy and he noticed bright, multicolored spots out of the Raman cell pressurized 
with hydrogen, which they called “Rainbow Star” (Katzman, 2001). The applied beam was 
supposed to be monochromatic but it actually had two colors in it. To confirm the FWRM 
hypothesis, a nonlinear optical phenomenon in which three photons interact to produce a 
fourth photon, they used two-color laser beams with frequencies separated by one of the 
rotational level splitting for hydrogen (590 cm−1). Indeed, they observed the generation of 
more than 40 colors through the FWRM process, which provided a coherent beam consisting 
of equidistant frequencies covering more than thousandths cm−1 in frequency domain 
(Imasaka et al., 1989). This FWRM process resulted in the generation of higher-order 
rotational sidebands at reduced pump intensity compared to the stimulated Raman 
scattering. The generation of the FWRM fields required phase matching and were 
coherently phased, and therefore had the potential to be used to generate sub-fs pulses 
(Kawano et al., 1999). 
Later ps pulses (Kawano et al., 1996), ps and fs pump pulses (Kawano et al., 1997), and a 
single fs pulse (Kawano et al., 1998) were used to find the optimal experimental conditions 
for efficient generation of high-order rotational lines. Generally speaking, when the 
additional Stokes field is supplied rather than grown from quantum noise, advantages 
include: highorder anti-Stokes generation, higher conversion efficiency, and improved 
reproducibility of the pulses generated, as shown in earlier experiments with gas in ns 
regime (Gathen et al., 1990). Recently, efficient generation of high-order anti-Stokes Raman 
sidebands in a highly transient regime is also observed using a pair of 100-fs laser pulses 
tuned to Raman resonance with vibrational transitions in methane or hydrogen (Sali et al., 
2004; 2005). They found that in this transient regime, the two-color set-up permits much 
higher conversion efficiency, broader generated bandwidth, and suppression of the 
competing SPM. The high conversion efficiency observed proves the preparation of 
substantial coherence in the system although the prepared coherence in the medium cannot 
be near maximal as in the case of the adiabatic Raman technique. 
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Almost all these works were carried out using a simple-molecule gas medium such as H2, 
D2, SF6 or methane since the gas has negligible dispersion and long coherence lifetime. 
Molecular gas also has a few other advantages as a Raman medium. They are easily 
obtainable with a high degree of optical homogeneity and have high frequency vibrational 
modes with small spectral broadening, which leads to large Raman frequency shifts and 
large Raman scattering cross sections. However, a Raman gas cell with long interaction 
length is needed due to the lower particle concentration (Basiev & Powell, 1999). 
What about a solid Raman medium such as a Raman crystal? As we know, the high density 
of solids results in the high Raman gain. The higher peak Raman cross sections in crystals 
result in lower SRS thresholds, higher Raman gain, and greater Raman conversion efficiency 
(Basiev & Powell, 1999). In addition, there is no need for cumbersome vacuum systems 
when working with room temperature crystals, and therefore a compact system can be 
designed. 
The difficulty in using crystals is the phase matching between the sidebands because the 
dispersion in solids is significant. Sideband generation using strongly driven Raman 
coherence in solid hydrogen is reported but the generation process is very close to that of H2 

gas and solid hydrogen is a very exotic material (Liang et al., 2000). Observation of 
generation with few sidebands (Stokes or anti-Stokes) in other solid material is nothing new. 
About two decades ago, Dyson et. al. has observed one Stokes (S) and one anti-Stokes (AS) 
generated on quartz during an experiment designed for another purpose (Dyson et al., 
1989). Later, there were numerous works of using Raman crystals for building Raman lasers 
which extended the spectral coverage of solid-state lasers by using SRS (Pask, 2003). A 
detailed review of crystalline and fiber Raman lasers is given by Basiev (Basiev et al., 2003). 
The focus of our work is efficient generation over a broad spectral range. Compared to the 
crystals that are used for building Raman lasers, the sample we use is much thinner (about 1 
mm or less). The phenomenon that we use in our work is essentially different from SRS: in 
our regime the generation process is fully coherent, does not depend on seeding by 
spontaneous scattering, and occurs on a time scale much shorter than the inverse Raman 
linewidth. We use two-color pumping (with the frequency difference matching the Raman 
frequency), so our sideband generation is more similar to multiple-order coherent Anti-
Stokes Raman Scattering (CARS) than to SRS. 
Therefore this chapter is focused on the development of efficient broadband generation 
using Raman crystals. Since coherence lifetime in a solid is typically shorter than in a gas, 
the use of fs (or possibly ps) pulses is inevitable when working with room-temperature 
solids. We studied broadband sideband generation in a Raman-active crystal lead tungstate 
(PbWO4) either with two 50 fs pulses or a pair of time-delayed chirped pulses (Zhi & 
Sokolov, 2007; 2008). Similar broadband generation is also observed in diamond (Zhi et al., 
2008). Coherent high-order anti-Stokes scattering has also been observed in many other types 
of crystals such as YFeO3, KTaO3, KNbO3 and TiO2 when two-color femtosecond (fs) pulses are 
used (Takahashi, 2004; Matsubabra et al., 2006; Matsuki et al., 2007). Great progress has been 
made recently toward synthesis of ultrashort, even few-cycle pulses using Raman crystal. For 
example, last year Matsubara et al. have demonstrated promising Fourier synthesizer using 
multiple CARS signals obtained in a LiNbO3 crystal at room temperature, and generated 
isolated pulses with 25 fs duration at 1 kHz repetition rate (Matsubara et al., 2008). Very 
recently, they just realized the generation of pulses in the 10 fs regime using multicolor 
Raman sidebands in KTaO3 (Matsubara et al., 2009). 
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One related technique is the short pulse generation through cascade four-wave mixing 
(CFWM) of femtosecond pulses in bulk isotropic nonresonant media. Crespo et al. were the 
first ones to observe the cascade of highly nondegenerate FWM in transparent isotropic 
condensed medium (150 μm thick BK7 glass slide) and find that the process also 
corresponds to a coherent scattering effect with geometrically minimized phase mismatch 
(Crespo et al., 2000). Cascaded FWM and multicolored array generation in a sapphire plate 
was recently reported by Liu et al., who used two crossing beams of a femtosecond laser (Liu 
& Kobayashi, 2008). Cascaded nondegenerate FWM technique for high-power single-cycle 
pulse synthesis in the visible and ultraviolet ranges was realized very recently by Weigand 
et al. (Weigand et al., 2009). They generated coherent spectra spanning over two octaves in 
bandwidths using a thin fused silica slide, which supports a near-single-cycle 2.2 fs visible-
UV pulses. The advantage of this method is that tunable multicolor femtosecond pulses can 
be generated by changing the crossing angle between the two input beams (Liu et al., 2009). 
Recently, sub-20- fs multicolor laser pulses using cascaded four-wave mixing with chirped 
incident pulses has been generated in a 1 mm thick fused-silica glass (Liu & Kobayashi, 
2009). The generation of sub-fs pulse using a solid medium seems very promising. 
In this chapter, we will first describe our experimental work on sideband generation in lead 
tungstate and diamond driven by two color ultrashort fs pulses. We will explain, for 
example, how the generation is affected by the angle between the pump beams, the 
detuning between the two pump frequencies, the polarization, etc. We will describe how we 
achieve efficient sideband generation by using a pair of time delayed linearly chirped 
pulses. After that, we will discuss the two dimensional colored array generation in lead 
tungstate and diamond when three femtosecond pulses are focused in the crystals. We will 
show some interesting unsolved “mysterious” experimental results we encountered in our 
experiment, which may inspire theoretical simulations. At last, we will propose future work 
that can be extended from this research. 

2. Experiment setup 
The schematics of the setup is shown in Fig. 1 (a). The seed laser (Mira, Coherent) is a 
modelocked (Kerr Lens Mode-locking) ultrafast laser that produces ultrashort, wide 
bandwidth (>50 nm), fs pulses (<20 fs) using Ti:Sapphire as the gain medium. The output 
pulse has a repetition rate of 76 MHz with a wavelength at 800 nm. The pulses are used to 
seed an amplifier (Legend, Coherent). The pulse is first stretched by a grating to about 200 
ps and then is amplified by a Ti:Sapphire regenerative amplifier system pumped by a 
pulsed, frequency doubled Nd:YLF laser at 523.5 nm. It is compressed afterwards by the 
grating compressor to a pulse with energy >1.0 mJ at a 1 kHz repetition rate and pulse 
duration of <35 fs FWHM. The energy stability is <1% RMS. This amplified pulse is used to 
pump two computer-controlled optical parametric amplifiers (OPerA, Coherent). It is first 
down-converted to a signal pulse (the short wavelength, 1150-1600 nm) and an idler pulse 
(the long wavelength, 1600-2630 nm) by a parametric process. These pulses obtained from 
the two OPAs can be frequency doubled or mixed with the fundamental pulses to produce 
up to 30 μJ per 50 fs Gaussian pulse at tunable visible wavelengths. For example, the SHG of 
the signal beam will produce pulses with wavelength ranging from 575 to 800 nm. The sum 
frequency generation (SFG) will produce pulses with wavelength range from 533 to 613 nm. 
These pulses are commonly used in our experiment. With the fundamental pulse, we can 
choose three pulses to use for excitation. For the convenience of description, here we follow 
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Fig. 1. (a) Experimental setup. D1, D2 are retro-reflectors. They are mounted on a motorco-
ntrolled translation stage. OPA: Optical Parametric Amplifier. The spectra are measured 
with an Ocean Optics fiber-coupled spectrometer. (b) A picture of the mounted crystal 
(PbWO4) and the generated sidebands which are projected to a screen behind the crystal. (c) 
A schematics of the beam geometry with respect to the crystal axises. 

the CARS terminology. For the first two pulses, we call the short wavelength one as pump  
and the longer one as Stokes.We call the third pulses as probe. Normally a small fraction of 
the fundamental pump pulse (fixed wavelength) is used as the Stokes pulse while the 
output from the two OPAs (tunable) are either served as a pump or probe pulse. We 
typically use 1 to 2 μJ per pulse focused to about a 100 μm size spot at the sample. This laser 
intensity is right below the onset of (strong) SPM. The laser beams are typically sent 
perpendicular to the large surface and crossed at the crystal after the focal lens with a small 
angle α, which varies from 2 to 7 degrees. The retro-reflectors in one or two beams (if a 
probe beam is used) are mounted on a motor controlled translation stage so that the delay 
between the pulses can be varied with a precision of 1 μm, which is about 6.7 fs. The spectra 
are measured with a fiber-coupled spectrometer (Ocean Optics, USB 2000, slit size 25 μm, 
measures wavelength ranging from 180 to 870 nm), which has an average optical resolution 
of 1.4 nm, with a slightly higher resolution in the visible region. We take the pictures of the 
sidebands projected on a piece of white paper. In Fig. 1 (b) we show a picture of the crystal 
together with the sidebands generated and projected on a piece of paper. In Fig. 1 (c) we 
show a typical geometry of the input beams. 

3. Broadband light generation in Raman crystals with two-color laser fields 
3.1 Broadband light generation in PbWO4 driven by two fs pulses (Zhi & Sokolov, 
2007) 
The first sample we choose is PbWO4 (lead tungstate), which exhibits good optical 
transparency (from 0.33 to 5.5 μm), high damage threshold, and is non-hygroscopic. It is also 
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a popular crystal used for building Raman lasers using ns or ps pulsed pumping (Kaminskii 
et al., 2000). The PbWO4 sample has a size of 10 × 10 ×1 mm3, with the large surface 
perpendicular to the a-axis of the crystal. PbWO4 has a strong narrow Raman line at  
901 cm−1 with linewidth ΔνR=4.3 cm−1, which corresponds to a phonon relaxation time  
T2 ≈ 2.5 ps. In the past, when much longer single-color 100 ps pulses were applied to PbWO4 

(steady state regime, pulse duration τp >> T2), several high-order Stokes and anti-Stokes 
sidebands were generated (Kaminskii et al., 2000). Another relatively strong Raman line at 
325 cm−1 has a linewidth of 7.5 cm−1, which is almost comparable to the width of 901 cm−1 

line for a certain crystal orientation. 
 

 
Fig. 2. Broadband generation in PbWO4 crystal with two pulses (at 588 nm and 620 nm) 
applied at an angle of 4 degrees to each other. Top: generated colors projected on a white 
paper screen. The two input pulses (bright yellow and red spots), two S and two AS are 
attenuated by an neutral-density filter. Note that the line connecting the color spots has a 
slight cusp at intermediate AS orders. Bottom: spectra of the generated sidebands (left: AS 1 
to AS6; right: AS 12 to AS 16). The frequency spacing between the sidebands at higher 
orders decreases gradually. 

Using two-color ultrashort pulses (transient regime, τp >> T2), we observe efficient 
generation of many sidebands in PbWO4 when two pulses (λ1= 620 nm, λ2= 588 nm, δω= 930 
cm−1) with parallel polarizations are crossed at the crystal with an angle of 4 degrees (Fig. 2). 
The angles are measured external of the crystal except stated otherwise. The sidebands 
emerge spatially well-separated and have the same polarization as the two input beams. Up 
to 20 AS and 2 S sidebands are observed on a white paper screen which is put about 25 cm 
away from the crystal (Fig. 2 top). 
The spectrum of the first 6 AS and the higher order sidebands (AS 12 to AS 16) is shown in 
Fig. 2 (bottom). Note here we call the frequency upshifted sideband as anti-Stokes (AS) and 
the frequency downshifted ones as Stokes (S). The spectra of the lower-order sidebands 
show a rich structure, due to simultaneous excitation of several Raman lines by the large 
spectral width of the fs laser pulses. The frequency spacing between the sidebands decreases 
gradually and reaches about 450 cm−1 at the highest orders measured, to our surprise. 
To prove the Raman-resonant nature of sideband generation, and to separate the effect of 
instantaneous FWM, we tune the difference between the two applied laser frequencies (δν), 
and measure the generated AS frequencies. Fig. 3 shows these generated frequencies as a 
function of the angle at which sidebands emerge from the PbWO4 crystal. We perform this 
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measurement at a relatively large input beam crossing angle of 6 degrees. At this angle, and 
at sufficiently large δν (1804 or 2002 cm−1), the generated AS 1 beam splits into two slightly 
separated distinctively colored beams: one corresponding to (non-resonant) FWM, and the 
other (which is much brighter) corresponding to Raman-resonant AS generation. By moving 
the fiber tip of the spectrometer to the location shown in Fig. 3 (insert) by an arrow, we 
measure the FWM frequency (as opposed to the Raman-shifted frequency measured at the 
center of the main AS 1 beam). We observe that as we vary δν from 844 to 2002 cm−1, the 
Raman sidebands are generated at approximately the same angle and with roughly the 
same frequency shift from the previous order, while the FWM frequency varies as  
νFWM = 2ν2 − ν1. The observed decrease in the frequency spacing between higher-order 
sidebands is likely due to phase matching. 
 

 
Fig. 3. Peak frequency of the generated sidebands, plotted as a function of the output angle. 
One input frequency (pump 2) is fixed while the δν = ν2 − ν1 is tuned to 844 cm−1 (triangles), 
1804 cm−1 (circles), and 2002 cm−1 (squares) respectively. The FWM frequency (measured at 
the point shown on the insert by the arrow) varies as νFWM = 2ν2 − ν1 while the Raman 
sideband frequencies stay approximately fixed. The insert shows the output beams 
projected onto a screen, for these same values of δν (varying from 2002 to 844 cm−1 top to 
bottom). 

When we vary the angle between the two applied laser beams (while keeping the two 
wavelengths fixed), we observe substantial changes in both the AS frequency shifts, and in 
the conversion efficiency. AS conversion is negligible for collinear input beams. The 
optimum conversion in PbWO4 (for δν= 930 cm−1) is achieved when the angle between the 
applied beams is 4°. When the angle is further increased, AS conversion decreases, while the 
frequency separation of the AS sidebands goes up. Apparently, phase matching plays a 
critical role in the generation of multiple spectral sidebands in Raman-active crystals (as 
compared to the collinear Raman generation in gasses (Sokolov & Harris, 2003; Sokolov et 
al., 2005)). Even though at larger beam crossing angles the conversion efficiency is expected 
to decrease because of the reduced beam overlap, for angles below 7° it is the phase 
matching, along with the spectrum of exited Raman transitions, that determines the 
conversion efficiency and the frequencies generated in thin crystals. 
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The generation is very sensitive to the polarization of the beams. First of all, it has been shown 
that the Raman gain is strongly peaked when the crystal is excited by a beam whose 
polarization is parallel to the c-axis of the crystal in the SRS experiment (Kaminskii et al., 2000). 
Secondly, we find that the generation is best when the pump and Stokes beams have the 
parallel polarization, which is either parallel or normal to the c-axis. Thirdly, the generation 
has different frequency spacing when the polarization of the pump beams are parallel with 
different axis of the crystal as shown in Fig. 4. When we change the polarization of the input 
beams from S (the polarization is parallel to the plane containing the optical axis c and the 
wavevector k, see Fig. 4 (a)) to P (perpendicular to S), we observe a significant variation in the 
generated frequency spacing. We speculate that this is the result of dispersion since when P 
polarization is used, the crystal sees refractive index of no (larger than ne). 

 
Fig. 4. (a) Crystal orientation and the two possible polarization of the laser beams. (b) The 
spectra of the two pump beams and the first 5 AS generated in the PbWO4 crystal when two 
pulses (at 729 nm and 805 nm) are applied at two different polarizations [P (top) and S 
(bottom)]. The sideband frequencies have different frequency spacings. 

3.2 Broadband light generation in diamond driven by two fs pulses (Zhi et al., 2008) 
The motivation to use diamond for broadband generation is two-fold. Firstly, diamond has a 
single strong narrow Raman line at a very large frequency shift (1332 cm−1), compared to the 
other crystals (Basiev et al., 1999). Secondly, diamond is isotropic and the refractive index is 
well known, which makes it easier (compared to PbWO4 we studied) to do some theoretical 
calculation and thus help us understand the complicated experimental results. 
Beside the above-mentioned two reasons, diamond also has several remarkable properties 
which are desirable for broadband generation (Pierson, 1993). First of all, diamond is 
capable of transmitting over an unusually broad spectral range (from X-ray region to the 
microwave and mm wavelengths) and has the widest electromagnetic bandpass of any 
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material. This broadband transmission is essential for the sideband generation. Second, it 
has an extremely high thermal conductivity (five times that of copper) and is extremely 
chemically inert. Therefore, it is not easy to get damaged by a laser and it does not require 
much protection from moisture. At last, diamond has the highest atom density of any 
material. A high density means a high Raman gain. 
Back in 1963, diamond was chosen as a representative covalent crystal for the SRS 
experiment, one AS and two S were observed when a high intensity (20 MW/cm2) Ruby 
laser was used for excitation (Eckhardt et al., 1963). Natural diamonds are costly and scarce. 
Recently, synthesis of large area diamonds at lower pressure using chemical vapor 
deposition (CVD) technique was developed. Kaminskii et al. used CVD diamond for Raman 
laser converter based on SRS and reported observation of SRS (up to 1 S and 3 AS 
sidebands) in diamond (using both ns and ps pulses) (Kaminskii et al., 2005; 2006). 
 

 
Fig. 5. Broadband generation in diamond with two input pulses (λ1= 630 nm and λ2= 584 
nm, δν= 1250 cm−1) crossed at angles of 3° and 5.8°. Top: Generated beams projected onto a 
white screen. The two pump beams, S 1 and the first few AS beams are attenuated (after the 
sample) by a neutral-density filter. The AS 2 spot clearly shows two different colors, with 
blue corresponding to the Raman generation and green to the FWM signal. Bottom: 
Normalized spectra of the generated sidebands. 

The experimental setup is about the same as the one we used for PbWO4 crystal. We start 
with an angle 3.6° (the phase matching angle between the peak wavelengthes) between the 
pair of beams. By applying two 50 fs pulses (at λ1= 630 nm, λ2= 584 nm, and δν= 1250 cm−1), 
we obtain generation of up to 16 AS and 2 S sidebands. The highest frequency generated is 
in the UV region at a wavelength of 301 nm. Similar to the sideband generation in PbWO4, 
the sidebands are not equally spaced in frequency. The energy conversion from pump to AS 
1 is 3%, 2% to the S1 and 0.5% to AS 2. The total energy conversion from pump to sidebands 
is 14%. The sidebands generated using 3° crossing angle overlap substantially in spectrum 
with each other. 
From Fig. 5, we can clearly see that the instantaneous four-wave-mixing (FWM) signal 
coexists with Raman generation in the lower orders of the sidebands. The AS 2 beam spot 
shows two colors: blue and green. By measuring the frequency shift from the preceding 
sideband, we deduce that the blue is due to Raman generation, while the green beam 
corresponds to the FWM signal. 
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We find that sidebands generated at 5.8° have a larger (about twice) frequency spacing 
compared to the 3° case when we plot the sideband frequency versus the sideband order as 
shown in Fig. 5 top picture. Also the sidebands come out at a much larger angle spacing as 
shown in the Fig. 5 bottom picture (we define the Stokes output angle as 0 degree). This is 
more obvious for low-order sidebands which are more affected by the strong FWM signal. 
This shows that the initial phase matching condition between the two pump beams decides 
the generated sideband output angles and frequencies. 
We keep the pump frequency the same while tuning the Stokes frequency from 820 cm−1 to 
2608 cm−1 and record the sideband frequency. The result is shown in Fig. 6. When Δν varies 
from 820 cm−1 to 2608 cm−1, the output angle doesn’t vary much. Also, the frequency vary 
much less compared to the change of Δν. These facts are clear indications that the signals are 
generated mainly through the Raman process. This also shows that the tuning to exact 
Raman resonance is not necessary as we can obtain generation even when Δν is twice the 
Raman frequency. When the phase matching condition is satisfied, the low-order sidebands 
are very strong because of the boost from the FWM process. 
 

 
Fig. 6. The Sideband frequency and output angle at the different detuning (Δν vary from 820 
cm−1 to 2608 cm−1) between the pump (fixed at 594 nm) and Stokes pulses. The output angles 
do not vary much, nor does the frequencies of the sidebands, although Δν varies a lot. 
Due to the material dispersion, phase matching is optimized when different frequency 
components propagate at different angles. We perform calculations that support our 
qualitative understanding of the role of phase matching using a pair of Gaussian pulses, 
which are very close to those we measure in experiment using a spectrometer. We take the 
spectral intensity of an n’s AS sideband as given by 

 (1) 

Here  is the wavevector (k = nν/c), νR is the Raman shift and c is the speed of light. The 
refractive index of diamond n is calculated by using the generalized Cauchy dispersion 
formula (Smith et al., 2001): 

 (2) 
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with λ in units of μm. This formula fits well with the available experimental data (Piersonf, 
1993; Edwards & Ochoa, 1981). The k-vector of the Raman excitation R is determined by 
the directions of the two input beams. We assume that the angle between the low-order 
sidebands is approximately the same. 
We find that when the angle is smaller than the phase matching angle, the peak frequency 
shift of the generated AS 1 from the pump pulse is 1163 cm−1, which is smaller than the 
Raman shift. The opposite happens when an angle larger than the phase matching angle is 
applied, as shown in Fig. 7. The peak frequency shift of the generated AS 1 from the pump 
pulse is 1301 cm−1 for input angle of 3.6° and 1466 cm−1 at 4.6°. This agrees with our 
experimental observations in diamond. The peak frequencies of the two input pulses phase 
match at 3.6°. Therefore, when the two input pulses cross at 5.8°, the generated spectrum 
has a larger frequency spacing than that of the 3°. This calculation may also explain the 
gradually decreasing frequency spacing between the sidebands, since due to the normal 
medium dispersion, the optimum beam-crossing angle increases with increasing sideband 
frequency. 
 

 
Fig. 7. Theoretical calculation of the generated AS 1 when the two pumps cross at angle 2.6, 
3.6 and 4.6 degree respectively, with the 3.6 degree corresponding to the phase matching 
angle between two input pulses. The input pulses have the central wavelengths of is 630 nm 
and 581.23 nm, respectively. The frequency difference is exactly the Raman shift 1332 cm−1. 
The sample thickness used for calculation is 500 μm. The phase matching factor is sinc2(δk 
∗L/2), where  δk is the phase mismatch. 

3.3 Broadband light generation in PbWO4
 by excitation of the Raman mode at 325 

cm−1 

3.3.1 Excitation with two fs pulses 
With fs pulse pumping, the SRS gain increment explicitly depended on the integral cross 
section instead of the peak cross section of spontaneous Raman scattering (Basiev et al., 
2004) therefore the excitation of 325 cm−1 line can dominate when phase matching is 
satisfied. When we reduce the angle between the pump and Stokes beams to 2.9 degree and 
tune the frequency difference below 600 cm−1, we observe generation due to excitation of the 
Raman mode at 325 cm−1 as shown in Fig. 9 (a). Due to the small phase matching angle 
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between the two input pulses, the output beams are very close to each other and become 
inseparable for high-order sidebands. We see the interplay between the phase matching and 
Raman resonance when we fix the Stokes pulse at 804 nm wavelength while tunning the 
pump pulse from 760 to 780 nm, with a detuning varying from 408 to 615 cm−1. Although it 
is far from Raman resonance at 615 cm−1 detuning, the phase matching condition between 
the pump and Stokes is satisfied, which results in generation of 22 AS and 2 S. The phase 
matching between the pump and probe fields is also good, as can be seen from the FWM 
signal (blue) shown in the picture. As many as 10 CARS signals are measured, which 
indicates a significant coherence being built up in the crystal. 

Because of the lower frequency spacing between the two pumps and the wide spectral width 
of the fs pulses, the smaller rotational modes are all excited so that the lower order sidebands 
have multiple peaks. This is different from the multiple peaks generated when 901cm−1 

transition is excited. Those multiple peaks are due to the coexistence of the FWM and Raman 
signals. The high-order sidebands are about equally spaced at a 320 cm−1 spacing. The angle 
between the two applied beams is 2.5 degree, which corresponds to 1.2 degrees inside the 
crystal. Thus it might be possible to generate sidebands with a collinear configuration. 
 

 
Fig. 8. (a) Energy level schematics; (b) The AS 3 generated by pump and Stokes beams which 
are tuned to excite the Raman mode at 325 cm−1 is stronger than AS 2 due to the excitation of 
Raman mode at 903 cm−1; (c) CARS 1, 2 and 3 signals generated by a delayed probe pulse. 

One interesting feature we noticed in our experiment is that the high order AS 3 is stronger 
than AS 2 when the 325 cm−1 is excited with pump pulse at 770 nm and Stokes pulse at 805 
nm, as shown in Fig. 8 (b). What happens can be explained by a schematic energy level 
diagram as shown in Fig. 8 (a). The Raman mode width in the crystal is larger than the one 
in a gas. Consequently, although ωR1=903 cm−1 is not exactly three times the ωR2=325 cm−1, it 
is still possible that the AS 3 gets enhanced by the Raman mode at 903 cm−1. A clear 
indication is shown in Fig. 8 (c) where a third probe beam is used. The picture is taken with 
a delayed probe, therefore only CARS signal can survive. The CARS 3 signal, which is 
generated due to excitation of 901 cm−1, is very strong, compared to the CARS 2 signal. 

3.3.2 Excitation with a pair of time-delayed linear chirped pulses 
In the above experiments we used two nearly transform-limited 50 fs laser pulses tuned 
such that their frequency difference was approximately equal to the Raman frequency. One 
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complication in those experiments was simultaneous excitation of several Raman lines by the 
large spectral width of the fs laser pulses. Also, the high-peak intensity of the pulses leads to 
generation of the strong instantaneous FWM signals. These resulted in a rich structure of the 
lower-order sidebands’ spectra. In addition, the total laser energy fluence in those experiments 
was limited by “parasitic” nonlinear processes, such as self-focusing and SPM, which can 
strongly distort the pulses. Only 2 to 3 mW of average beam power can be used. 
Femtosecond pulse sequencing and shaping allows selective (narrow-band) Raman 
excitation by broad-band pulses, as discussed in the past (Zheltikov, 2002; Gershgoren et al., 
2003; Dudovich, 2002). At the same time, the shaped pulses are necessarily longer than 
transform-limited, and therefore have lower peak intensity, helping to avoid the onset of 
parasitic nonlinear processes at larger energy fluences. 
We obtain chirped pulses by a misalignment of the compressor in the amplifier. The pulse is 
then split into two by an ultrafast beamsplitter and the delay between the two pulses can be 
varied. The two beams are recombined and focused in the crystal by a 2 inch diameter lens 
(focal lens f=50 cm). Both beams are attenuated by variable neutral density filters so that the 
power used is below the threshold for the parasitic nonlinear processes. The power used 
ranges from 5 mW to 20 mW, depending on the pulse chirp and the focusing conditions. 
A linearly chirped pulse can be written as: 

 (3) 

Here  is roughly the pulse duration, b is the chirp rate of the pulse, and ωl is the laser 
center frequency. 
The intensity for two time-delayed linearly chirped pulses is: 

 

(4) 

When Δω = ωR = btd, the last term in I(t) is proportional to  
is a constant]. We see that there is a periodic beat in the pulse intensity in the time domain. 
The periodicity of this pulse train can be matched to the period of this Raman mode at ωR, 
permitting selective mode excitation (Gershgoren et al., 2003). One can adjust the excitation 
frequency simply by adjusting the time delay between the two pulses. A related method of 
achieving the spectral selectivity is Fourier domain pulse shaping, where a pulse train is 
created by applying a periodic spectral phase to a single fs pulse using a pulse shaper 
(Dudovich, 2002). 
For a fixed Δω = ωR, td is proportional to 1/b, so the slope of td vs. the inverse of the chirp rate 
gives the Raman frequency ωR (which is to be excited). We calculate the chirp rate b from  
b = ωR/td by measuring the td using pulses with different chirp rate when the Raman mode 
at 325 cm−1 is excited. 
The pulse that is used here is negatively chirped, with a pulse duration full width at half 
maximum (FWHM) ranging from 80 fs to 2 ps. The chirp is approximately linear. The 
available spectral width (FWHM) of the pulse is around 460 cm−1. The angle between the 
pump beams is about 2.4°. We observe as many as 40 AS at two different delays. The output 
angle of the highest-order sideband with respect to the pump beam is about 80°. For 
convenience of description, we call the pump beam with variable pulse delay as the 
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variable-delay pump and the other one as the fixed-delay pump beam. We observe AS 
generation on the variable-delay pump side at a positive pulse delay (here the variable-
delay pump acts as the pump beam and the fixed-delay pump acts as the Stokes beam, as 
conventionally ωpump > ωStokes.). When we move the pulse forward from 0 delay to -td, we 
observe AS generation on the side of the fixed-delay pump beam (as expected), since now 
the fixed-delay beam functions as a pump beam. 
When we change the pulse chirp to 620 cm−1/ps, we observe, unexpectedly, that some of the 
high-order sidebands are stronger than the low-order ones, as shown in Fig. 9 (d). This can 
be seen even more clearly when a larger angle between the two pump beams is used and 
when the Raman mode at 903 cm−1 is excited (as described below). Kuon Inoue et al. have 
observed a similar non-monotonous variation of spectral intensity of the generated 
sidebands when using two-color subpicosecond excitation in TiO2 crystal (Inoue et al., 2007). 
We believe this maybe due to the large phase mismatch of certain sidebands. Another possible 
explanation is based on our experimental observation. Since the FWM coexists with the Raman 
process, certain sideband gets enhanced when the two processes overlap at that order. 
 

 
Fig. 9. (a) Broadband generation in PbWO4 pumped by nearly-transform-limited fs pulses 
(IR, λStokes=804 nm, R, λpump=766 nm). The angle between the pump and Stokes beams is 2.9°. 
A third probe pulse (Y) leads to generation of many orders of S and AS sidebands. (b) and 
(c) Broadband generation in PbWO4 using two time-delayed linearly chirped pulses applied 
at angle of 2.4° to each other. The pulse chirp is about 1280 cm−1/ps for part (b), and 440 
cm−1/ps for part (c). (d) The intensity modulation of the generated sidebands is clearly seen 
when the pulse chirp is about 620 cm−1/ps. 

Broadband generation at a chirp rate of 1280 cm−1/ps and a pulse delay of 0.7 ps are shown 
in Fig. 9 (b). We observe 40 AS and 3 S sidebands. The frequency separation between the 
sidebands is around 320 cm−1 on average. It decreases to 240 cm−1 for the high-order 
sidebands. We measure high nonlinear conversion efficiency. As much as 41% of the pump 
pulse energy and 21% of the Stokes pulse energy are converted into the generated 
sidebands. When the chirp rate is increased to 1060 cm−1/ps, the sideband generation seems 
to become less effective. The number of observed AS sidebands decreases to 34. The 
conversion efficiency from the pump and Stokes beams decreases to 33% and 19%, 
respectively. When we introduce more chirp until a chirp rate of 440 cm−1/ps is reached, the 
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efficiency reduces to about 14% for the pump and 11% for the Stokes beam. About 22 AS 
sidebands are observed. However, the substantial pulse chirping, as well as the relatively 
loose beam focusing, allow us to use a rather high combined average power of over 15 mW 
(measured after the crystal) without introducing the parasitic effects. Another feature of the 
generation using pulses with a high chirp rate is that the FWM signal gets weaker. 
Consequently, the generated sidebands have good beam profiles, as shown in Fig. 9 (c), and 
their spectra are mostly single-peaked. 
 

 
Fig. 10. Comparison of the sideband generation in PbWO4 using two nearly-transform-
limited fs pulses (λStokes= 804 nm and λpump= 766 nm) and a pair of time-delayed chirped 
pulses. Many more sidebands are generated in the latter case. 

In Fig. 10 we plot the sideband frequency as a function of the sideband order. The squares 
show the peak frequencies of the sidebands generated by the pump (at 760 nm) and Stokes 
pulses (at 804 nm). The frequency spacing decreases slightly as the order goes higher. We also 
plot the many orders of CARS signals generated by all three pulses. We can see that the CARS 
signal has a regular frequency spacing of 345 cm−1, which is close to the spontaneous Raman 
frequency measured at 325 cm−1. The probe beam (Yellow) is labeled as 0 order. Compared to 
the sidebands generated by two (nearly-transform-limited) fs pulses (Fig. 10, filled circles), 
there are many more sidebands generated when a pair of time delayed linearly chirped pulses 
are used (Fig. 10, triangles). The AS sidebands span a range of 12,000 cm−1. 

4. Coherence between the generated sidebands (Zhi & Sokolov, 2007) 
We investigate the mutual coherence among the generated sidebands. We first generate 
multiple AS sidebands by focusing Red (λR= 718 nm) and IR (λIR= 812 nm) beams into the 
PbWO4 crystal. Then a third (Yellow) beam is sent along the direction of the generated AS 3 
sideband with a matching wavelength (λY= 574 nm). Once the overlap in frequency, space, 
and time is achieved, the sidebands (AS 2 to AS 7) start to visibly flicker, due to interference 
between signals generated through different channels. We measure the pulse energy of AS 5 
on a shot-by-shot basis by using a fast photodiode. 
The statistics of the AS 5 pulse energy is shown in Fig. 11. Solid black bars give the 
histogram (number of pulses vs. AS 5 energy), with only Red and IR pulses applied at the 
input. This histogram shows a typical normal distribution, with about 10% average 
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variations. However, with the addition of the Yellow beam at the input, the histogram of the 
AS 5 pulse energy (913 pulses total) transforms into a very different distribution (Fig. 11, 
white bars). We perform a simple calculation, which supports our qualitative understanding 
of this result. We consider interference of two fields (of the same frequency), whose 
intensities (I1 and I2) fluctuate within 10% of their mean values. We further assume that the 
relative phase of these two fields varies randomly between 0 and 2π (every value of Δφ 
being equally probable). The resultant intensity I = I1 + I2 + [cos(Δφ)] is expected to 
produce a histogram that is inversely proportional to the derivative of I with respect to Δ φ 
and therefore has two peaks (at I1 + I2 +  and I1 + I2 − , where Δφ equals 0 and π 
respectively). This is exactly what our simulation shows (Fig. 11, dotted curve). In this 
simulation, we take the average value of < I1 >=0.41 (arbitrary units) from the measurement, 
and find (from the best fit in Fig. 11) < I2 >=0.09. We repeat the calculation 91300 times 
(using random number generators), and divide the calculated number of counts (per 
intensity) by a factor of 100 when we compare the simulation with the experiment. The two 
peaks in the simulated histogram appear to be broadened by the fluctuations of I1 and I2, 
which are taken to be 10% each (matching the experimental observations). The peak on the 
right (at higher pulse energy) is calculated to be lower and broader than the peak on the left, 
in excellent qualitative agreement with the experimental data. This measurement, and its 
comparison with theory, confirms our expectation that the (highly-coherent) Raman process 
results in generation of mutually-coherent sidebands. 
 

 
Fig. 11. Histograms of AS 5 pulse energy. Solid black bars: the number of pulses (out of 150) 
vs. AS 5 pulse energy generated with Red and IR input beams only. White bars: the 
histogram of AS 5 pulse energy (913 pulses total) with the addition of the third input beam. 
The dotted curve is a theoretical prediction obtained assuming perfect single-shot coherence 
of the two interfering fields, and random shot-to-shot variation of their relative phase. 

5. Discussion of broadband generation in Raman crystals with two-color 
laser fields 
In general, due to the large dispersion in solids, a non-collinear beam geometry is needed 
for effective excitation in a Raman crystal. In the CFWM method, the sample is so thin that 
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the optical path is smaller than the Rayleigh range, the nonlinear length and the dispersion 
length. Therefore the linear dispersion and competing nonlinear optical effects such as SPM 
are minimized. In SRS and in Raman lasers high conversion efficiency is often achieved by 
using a much thicker sample or an external cavity. For example, when PbWO4 is used in a 
Raman laser, a typical thickness is up to 70 mm (Kaminskii et al., 2000). As a comparison, 
the sample we use is 1 mm thick, which is slightly thicker than the solid medium used in the 
CFWM method but is much thinner than the one used in the Raman laser. 
The requirement of the frequency spacing between the two pump pulses to be tuned to 
Raman frequency is greatly relaxed since we are using fs pulses which have about 450 cm−1 

bandwidth. Moreover, the wider Raman spectral linewidth (compared to gas medium) also 
eases the resonance requirement. We have observed Raman generation in diamond even 
when we tuned to double the Raman frequency. The best proof is that we observed the 
simultaneous excitation of 325 cm−1 and 901 cm−1, which leads to quantum beating in the 
CARS signal, as is shown in Fig. 16 later in the chapter. 
A large number of adjustable experimental parameters offers increased flexibility, but at the 
same time requires careful alignment procedures in order to achieve day-to-day 
reproducibility. We normally start with the beam energy right below the SPM threshold. 
After we find the overlap and observe generation, we can increase the two pump beams 
power further without causing SPM. In a way, we can say that the Raman generation 
process suppresses the SPM process. A similar situation has been observed in the gas 
experiment using fs pulses (Sali et al., 2004). Both processes—the (Raman non-resonant) 
instantaneous FWM process and the Raman process often coexist. Each generated sideband 
is a result of the interplay between the two processes. The sidebands come out at almost 
equally separated angles but different peak frequency spacings. The intensity may not be 
monotonously decreasing as the order goes higher due to the large phase mismatch of 
certain sidebands. The spectral shapes of these lower-order sidebands sometimes show 
complex spectral shapes with multipeaks, either due to the simultaneous excitation of 
several Raman modes or the co-existence of the FWM process. The generated sidebands 
have similar pulse duration, close to those of the pump pulses (Liu & Kobayashi, 2008). 
In these experiments, we observe a larger number of AS sidebands than Stokes ones. This 
asymmetry is typically present since the Raman frequency is only one or two orders of 
magnitude smaller than the laser frequency, and hence the total generated bandwidth is 
comparable to the pump laser frequency. At substantially lower frequencies generation is 
intrinsically less efficient. In addition, infrared sidebands are harder to detect. Finally, in the 
present experiment phase matching occurs at a considerably larger output angle (and leads 
to a correspondingly worse spatial overlap with the pump beams) for a Stokes sideband 
compared to the same order AS sideband. 
The sideband generation due to excitation of large- and small-frequency Raman modes 
shows few distinct differences. In the case of large-frequency Raman mode, a large angle is 
needed to fulfill the phasematching condition. As a result, the deviation of the frequency 
spacing from the Raman frequency is getting large as the sideband order goes higher. For 
broadband generation with 325 cm−1 or even lower frequency 191 cm−1, an almost constant 
frequency spacing can be maintained up to a very high order, therefore, more than 40 
sidebands can be generated. Also, the spacing is close to the Raman frequency excited. The 
ideal case would be the case of using a gas when phase matching is fulfilled and many 
sidebands are generated (Chen et al., 2008). 
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Compared to the fourier-transform-limited pulse excitation, temporal stretching of the 
excitation pulses allows us to use large pulse energies per unit area (while still avoiding 
parasitic nonlinear effects), and correspondingly increase the Raman coherence. Although 
the FWM process still creates some multiple peaks in the spectra of the low-order sidebands, 
the complications due to simultaneous excitation of multiple Raman lines are eliminated. 
Different Raman modes can be selectively excited by varying the time delay and the angle 
between the two pump beams. 
At last, let’s compare the generation between different types of crystals. Diamond has a 
higher damage threshold so more power can be used. With one single Raman mode, the 
sideband spectrum is cleaner. Due to the large Raman shift, the higher order sidebands lose 
phase matching quickly. Therefore, only around 20 sidebands are generated. 

6. Multicolor generation in Raman crystals with three-pulse excitation 
The generation in solids is complicated yet interesting. For example, broadband two 
dimensional (2-D) multicolored arrays with more than ten periodic columns and more than 
ten rows were generated in a sapphire plate using two crossed femtosecond laser beams 
overlapping in time and space has just been observed (Liu et al., 2009). Here we show two 
schemes with the additional third probe pulse irradiation on the sample. One scheme also 
leads to multicolor 2-D array generation. The three beams are arranged either in a planar 
(linear) configuration or Box CARS configuration (Demtröder, 2003) (see also Fig. 1 (c)). 

6.1 Multicolor generation in diamond using three-color laser fields 

 
Fig. 12. The 2-D array generation in diamond with three input pulses (λpump= 720 nm, λStokes= 
800 nm, and λprobe= 600 nm). The wavelengths of the sidebands are labeled in nm. The 
degenerated FWM signal (2Y-IR, a shorthand of 2ωY − ωIR) from the probe and Stokes pulses 
and the one (2Y-R) from the probe and pump pulses are much stronger than the Raman 
generation spots. They either superimpose or shift slightly. The six-wave-mixing signal (3Y-
2R) from the pump and probe pulses is also visible. 

When we apply a Stokes pulse (IR, 800 nm), a pump pulse (red, 728 nm) and a visible probe 
pulse (yellow, 600 nm) at the usual boxed-CARS geometry, in addition to the strong CARS 
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and coherent Stokes Raman scattering (CSRS) signals, we obtain a 2-D color array as shown 
in Fig. 12. The setup used here is similar to the one we used for visible and UV coherent 
Raman spectroscopy of dipicolinic acid and other biologically-relevant chemicals (Pestov et. 
al., 2005). The angle between the pump and Stokes beams is 5°. The probe beam is 11° from 
the pump beam and 16° from the Stokes beam. We propose the following explanation for the 
2-D color array generation. The frequency spacing between the pump and Stokes pulses is 
around 1000 cm−1. As a result, the average sideband spacing is very regular, about 1040 
cm−1. The sidebands in the first row are generated by the pump and Stokes pulses. The 
second row is generated by the CARS/CSRS and the high-order CARS processes. The FWM 
signal from the probe and Stokes/pump pulses leads to the generation of the third row. The 
degenerate FWM signal from the probe and Stokes pulses (2ωY − ωIR) and from the probe 
and pump (2ωY − ωR) pulses are much stronger than the generation spots due to Raman 
effect. They either superimpose or shift slightly. The six-wave-mixing signal (3ωY − 2ωR) 
from the pump and probe pulses results in the fourth row sideband generation. 

6.2 Multicolor generation in PbWO4 using three-color laser fields 
We observe two-dimensional (2-D) multicolored Raman generation (Fig. 13 (a)) when we 
apply pump beam at 730 nm, Stokes beam at 804 nm, and probe beam at 604 nm in a Box 
CARS configuration. The angle between the pump, Stokes and probe beams are the same as 
those used in the diamond experiment, as described above. When we turn the crystal 90 
degree so that the relative polarization to the crystal axis changes from P to S, the 2-D 
multicolored Raman generation pattern changes dramatically and the sideband wavelength 
vary accordingly. The FWM signals produced by the three pulses sometimes overlap with 
the Raman sidebands, which leads to a generation of 2-D color array of similar nice round 
beams (Fig. 13 (a)). Although the FWM signal may overlap with one of the sidebands in 
space, the spectrum normally has two distinct peaks. When we increase the angle between 
the pump and Stokes input beams to 6 degrees while keeping the probe beam fixed, we 
observe up to 50 new generated colors (Fig. 13 (b)). We believe this is mainly due to the 
good phase matching between the pump beams and the resultant sidebands. Now the FWM 
signals are not overlapped with the Raman sidebands and appear as smaller beams (the 
smaller blue and green beams in between the regular 2-D color array). 

We plot the measured peak frequencies of the Raman sidebands generated in the top 3 rows, 
the pump-Stokes row, the probe beam row and the bottom 4 rows as shown in Fig. 14 (a). 
The pump-Stokes row is marked by a dotted line in Fig. 13 (b). We find that the frequency 
spacing is close to the Raman frequency 901 cm−1. Therefore, it is clear that the sidebands are 
generated by the Raman processes. The frequency spacing between different rows is around 
600 cm−1, which we believe is the result of phase matching of the probe pulse with the 
sideband beams generated by the pump and Stokes pulses. 
We notice that the sidebands generated by pump and Stokes alone are strongly affected by 
the probe pulse. In Fig. 14 (b) we show the intensities of the first four AS with the probe 
pulse present and absent. We see that the addition of the probe pulse broadens the 
spectrum. We observe that the sidebands intensity is increased as well. When we change the 
probe delay so that the pulses don’t overlap in time, the AS fields are not affected by the 
probe pulse. We plot the pump intensity before and after crystal in Fig. 14 (c). We conclude 
that more pump energy is converted to the sidebands when both Stokes and probe pulses 
are applied. 
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Fig. 13. (a) The Box CARS configuration. Three beams are sent in at the three corners of the 
box and the CARS signal is generated in the fourth corner. (b) and (c) Different 2-D patterns 
generated in PbWO4 under different input angles setting different phase matching 
conditions. In (b), a piece of small filter is used to block the strong probe beam for better 
picture. In (c), a large square neutral density filter is used to lower the intensity of the low 
order sidebands and three input beams. P: pump beam; S: Stokes beam; Pr: probe beam. 

Next we use a planar configuration for the three input beams. We first generate sidebands 
using pump pulses at 755 nm and Stokes pulses at 803 nm as shown in the top of Fig. 15 (a). 
Then we send the third beam (which we also call probe beam) at 590 nm at the same 
direction and wavelength as AS 6. The configuration is shown in Fig. 15 (b). The probe beam 
and the pump beam satisfy the phase matching condition so that a strong FWM (green) 
signal is efficiently generated, which we believe acts as a seed to generate high-order 
sidebands (Fig. 15 (c)). We measure 18 sidebands with three pulses while with two pulses 
we generate 11 sidebands. The measured wavelength of the highest-order sideband is 
extended from 509 nm down to 467 nm. Also the intensity of the high-order sidebands 
generated by two pulses is enhanced when a third probe beam is applied. We measure a 
25% conversion efficiency from the probe beam to the sidebands. With two pulses, the high 
order sideband frequency spacing is 500 cm−1 per order (blue line in Fig. 15 (c)). It decreases 
to 350 cm−1 per order (cyan line in Fig. 15 (c)) when three pulses are used when more high 
order sidebands are generated. We would like to emphasize that this is a “proof of 
principle” study. A careful alignment and choice of the pump wavelengths should result in 
substantial additional improvement in sidebands generation. Because the probe beam 
doesn’t have the exactly same wavelength as the AS 6, we have not observed the beating as 
described in our earlier paper (Zhi & Sokolov, 2007). 



Broadband Light Generation in Raman-active Crystals Driven by Femtosecond Laser Fields  

 

675 

 
Fig. 14. Sidebands generation in PbWO4 with three pulses excitation in a Box CARS 
configuration. (a) Peak frequencies of the 2-D color array generation. The frequency is 
measured along or parallel to the pump-Stokes row (dotted line in Fig. 13 (c)). The dashed 
line has a slope of Raman frequency 901 cm−1. (b) solid line: AS sidebands generated by the 
three pulses; dashed line: AS sidebands generated by the pump and Stokes pulses only.  
(c) Pump intensity with and without sideband generation. 
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Fig. 15. Sidebands generation in PbWO4 with three pulses excitation in a planar 
configuration. The probe pulse is sent in at the same direction and wavelength as AS 6.  
(a) Generation pictures with pump and Stokes beams present (top picture) and all three 
pulses (pump, Stokes and probe) present (bottom). (b) Input beam geometry. (c) The 
sideband frequency as a function of the sideband order generated by two/three pulses. 

7. Coherence decay measurements in Raman crystals 
When a fs pulse are used as a probe, we observe the quantum beating between the two 
modes, which have a frequency difference of 565 cm−1. The corresponding beating period in 
the time domain is 59 fs, which is what we measure as shown in Fig. 16 (a). The CARS signal 
can be described by the following formula: 

 
By fitting the experimental data (Fig. 16 (b)) with the above equation, we get T2=1.3 ps,  

 =3.8 ps, and ω=106.5 rad/ps, which is exactly the frequency difference between the two 
modes (2π/T = 2π ∗ (3/100 ∗ 565cm−1) = 106.5). 
When we use a narrow-band shaped probe beam (spectral width of about 1 nm), we are able 
to measure the coherence decay of the two strong modes in the crystal as shown in Fig. 16 
(c). Here the measured decay time for Raman mode at 328 cm−1 is 1.5 ps and 2.5 ps for 901 
cm−1 mode. The discrepancy between our two measurements could be due to the finite pulse 
width. 
We also measure the CARS decay time of the High Pressure High Temperature (HPHT) 
diamond sample that we used for our experiment. Using a pair of visible pulses as pump 
(584 nm) and Stokes (635 nm) and using a UV pulse (also about 50 fs width) at 318 nm as a 
probe, we get the CARS signal at 305.8 nm ( δν= 1250 cm−1) and CSRS signal at 332 nm  
( δν= 1326 cm−1) as shown in Fig. 17. Undoubtedly, this is the strong Raman line in diamond.  
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Fig. 16. (a) Quantum beating between the two strong Raman lines in PbWO4 measured by 
using a fs probe pulse with Δν between pump and Stokes pulses equal to 720 cm−1. (b) The 
cross section from (a), which can be used to get the fitting parameters. The beating has a 
frequency of 106.5 rad/ps, which corresponds to the Raman shift difference of 565 cm−1 
between the two modes. (c)The coherence decay of the simultaneously excited strong 
Raman lines measured when fs pump, Stokes pulses and a narrow-band ps probe (about 1 
nm spectral width) are applied to the crystal. 

 
Fig. 17. The CARS and CSRS signals observed in diamond using a UV probe pulse. Top, the 
spectra of the CARS (left, center wavelength is 305 nm) and CSRS (right, center wavelength 
is 332 nm) as a function of the probe delay. Bottom, the exponential decay of the CARS (left) 
and CSRS (right) signals intensity average over their center wavelengths. Log scale is used. 
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The width of the line in the SRS spectrum related to SRS-promoting vibration transition is 
ΔνR ≈ 2.5 cm−1. Therefore the phonon relaxation time T2 = (πcΔνR)−1 ≈ 4.2 ps (Kaminskii et al., 
2005). We measure the exponential decay of the CARS/CSRS signal as shown in Fig. 17 
(bottom). We get the intensity of the CARS/CSRS signal by averaging over the center 
wavelengths. To remove the effect of the strong instantaneous FWM signal over the 
CARS/CSRS signal, we only fit the data about 2 ps after the 0 delay with an exponential 
decay and obtain decay time T2 as 2.6 and 2.7 ps for CARS and CSRS, respectively. There is a 
gap between the FWM and the CARS signal, which remains a mystery to us. Similar gap has 
also been observed in PbWO4 crystal. 
We observe strong absorption of the UV beam when it is used as a probe while a pair of 
visible pulses are used for excitation. The absorption only happens when the pulses overlap 
in time. The exact origin of this absorption is unknown, but most likely it is related to a two-
photon electronic excitation process. We identify that the width of the absorption dip is 
related to the group dispersion delay of the different pulses. 

8. Conclusion and future work 
We realize efficient generation of light frequencies spanning the infrared, visible, and 
ultraviolet spectral regions in Raman crystals, which provides a possible new way to 
generate record-short (subfemtosecond) pulses. Our experimental work lends insight to the 
complicated sideband generation process in crystals. From working with the popular 
Raman crystal PbWO4, we find that first of all, it is very important to satisfy the phase 
matching condition, i.e. non-collinear geometry has to be used for efficient generation in the 
crystal. By varying the detuning, angles, and polarization of the pump and Stokes beams, we 
find that FWM and Raman effects coexist and the generated sideband frequencies are very 
sensitive to the angles and the polarization of the pump beams. We design an interference 
experiment which proves the mutual coherence among the Raman sidebands generated. 
When a third probe beam is applied in the same plane with the pump and Stokes pulses, more 
sidebands are generated and the energy of the high-order sidebands is enhanced. When the 
three laser fields (pump, Stokes and probe) are applied to the crystal in a Box CARS 
configuration, we observe that up to 50 colors are generated which form a 2-D color array. 
We demonstrate similar generation in another crystal, diamond, which shows that the 
Raman generation method is universal and can be applied to other popular Raman crystals. 
Since diamond is an isotropic material with a simpler dispersion relationship compared to 
that of the uniaxial crystal PbWO4, the theoretical phase-matching calculation can easily be 
performed and can help understand the sideband generation process. The experiment done 
in diamond also sheds some light on how the 2-D color array is generated when three pulses 
are applied to the diamond crystal. 
Compared to the Raman generation using fs fourier transform limited pulses, we obtain 
more efficient sidebands generation in PbWO4 crystal with more sidebands generated by 
using a pair of time-delayed linearly chirped pulses. Up to 40 AS and 5 S are observed. As 
high as 41 % of pump and 21 % of Stokes conversion efficiency is measured. This shows that 
this is a good way to build maximal coherence in the crystal. The pulses have ps duration, 
which is on the order of the coherence decay time. This means ps pulses may be more 
effective for sideband generation than fourier transform limited fs pulses. 
Many other future projects can be extended from this research. Since this is a very new and 
challenging experiment, there are many “mysteries” remaining to be solved. For example, 
the splitting in the time domain of the FWM and CARS signal, the exact mechanism of 2- D 
color array generation when three pulses are used, and the UV absorption when pulses are 
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overlapped. The unequal frequency spacing between the sidebands needs more vigorous 
theoretical examination. It would be helpful if we could calculate and predict how many 
sidebands and at what angles are generated. It would not only help us understand how the 
phase matching condition, Raman generation, FWM interplay with each other, it could also 
help us find the best condition for efficient sidebands generation. Experimentally, one will 
learn more of the sideband generation in crystals when more quantitative results are 
obtained. For example, it will be important to characterize the sidebands, i.e. to measure the 
absolute sideband pulse energy and the sideband pulse width. The characterization also can 
help us find the optimal experimental condition for sidebands generation. For example, one 
can study how the generation efficiency varies as a function of the relative delay between 
the two pulses. If the sidebands generated in the crystal are chirped when linearly chirped 
input pulses are used, we might be able to compress the pulses later to get shorter pulses, as 
has been demonstrated (Liu & Kobayashi, 2009). 
In the near future, we envision driving one of these Raman transitions by a pair of time-
delayed chirped picosecond pulses, and then using another (compressed or shaped) fs pulse 
from the same source laser, to probe the Raman coherence prepared by the two excitation 
pulses. Our experiment has already shown efficient spectral broadening of a (third) probe 
pulse; future experiments will possibly lead to substantial pulse compression in the same 
medium, as predicted in our earlier work (Sokolov & Harris, 2003; Sokolov et al., 2005). 
Whether the collinear generation in PbWO4 crystal by the excitation of the small-frequency 
Raman mode at 325 cm−1 can be realized or not deserves to be studied, since collinear 
generation will result in the convenience of combining the sidebands for sub-fs pulse 
synthesis. Using two separately prepared linearly chirped pulses for the excitation of the 
Raman mode at 903 cm−1 in PbWO4 crystal is also a promising experiment given the efficient 
sidebands generation from the excitation of the Raman mode with a lower frequency. An 
alternative way of excitation would be to use a pulse shaper to obtain a pulse train with a 
period equals to the period of Raman vibrations. If ps pulses are available, a comparison of 
sideband generation using ps pulses, fs pulses, and linearly chirped pulses would be an 
interesting subject as well. Optimizing the sideband generation in diamond is possible if a 
good sample with the right thickness is available. We have observed Stokes generated in the 
IR region, where diamond has a very small dispersion. Therefore it is a promising candidate 
material for far IR generation given its wide transmission spectral range. Broadband light 
generation in other types of crystals such as KGW (KGd(WO4)2, a very popular Raman 
crystal due to its high efficiency) and CVD diamond (both polycrystalline and single crystal 
form) will be studied next. CVD diamond is much cheaper than the natural one, and high 
quality samples are available now. The high damage threshold and strong single Raman line 
are very desirable properties for our purpose. 
The important future project will be to realize the goal of the generation of sub-fs pulses 
using the broadband light generated in crystals. First of all we can try to realize the collinear 
generation in the crystal by exciting the lower Raman frequency in PbWO4. Then we can use 
a pulse shaper, such as Dazzler (FASTLITE) to combine the sidebands generated by the 
chirped pulse excitation. For the angled output, one possible scheme is combine the 
generated sidebands using a 4-f grating setup, as has been demonstrated recently 
(Matsubara et al., 2008; Weigand et al., 2009). 
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1. Introduction 
Holography is a diffraction-based coherent imaging technique in which a complex three-
dimensional object can be reproduced from a flat, two-dimensional screen with a complex 
transparency representing amplitude and phase values. It is commonly agreed that real-time 
holography is the ne plus ultra art and science of visualizing fast temporally changing 3-D 
scenes. The integration of the real-time or electro-holographic principle into display 
technology is one of the most promising but also challenging developments for the future 
consumer display and TV market. Only holography allows the reconstruction of natural-
looking 3-D scenes, and therefore provides observers with a completely comfortable 
viewing experience. But to date several challenges have prevented the technology from 
becoming commercialized. But those obstacles are now starting to be overcome. Recently, 
we have developed a novel approach to real-time display holography by combining an 
overlapping sub-hologram technique with a tracked viewing-window technology 
(Schwerdtner, Leister & Häussler, 2007; Schwerdtner, Häussler & Leister, 2007). For the first 
time, this enables solutions for large screen interactive holographic displays (Stolle & 
Häussler, 2008; Reichelt et al., 2008). 
This chapter presents these novel solutions for large real-time holographic 3-D displays in 
the context of previous and current approaches to electro-holography. The holographic 
display developed by us combines a tailored holographic recording scheme with active 
tracking of the observer. This unique approach dramatically reduces the demand for the 
space-bandwidth product of the hologram and thus allows the use of state-of-the-art spatial 
light modulators and enables real-time calculation. The fundamentals and challenges of the 
holographic display technology are described, its implementation in prototypes is 
demonstrated, and the bright prospects for the 3-D display market are discussed. 

2. Real-time holographic display technology 
When talking about holographic display technology, a note of caution about commonly 
used terminology is needed. For marketing or other reasons, the term ’holographic display’ 
is often misused to name systems, which are not truly holographic in the sense of video-
holography. Systems, which make use of holographic screens or holographic optical 
elements to project images are just examples. But even volumetric displays that create light 
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spots somewhere within their volume are called in many cases ’holographic’. On the other 
hand, truly holographic recordings are being called displays, whereas there are in fact static 
holograms or dynamic holograms, which are not yet real-time capable with rewriting-times 
in the minute range and with large-scale setups (Tay et al., 2008). 
What we mean with real-time holographic displays are systems that are based on diffraction 
to reconstruct the wave field of a 3-D scene in space with coherent light. Such displays must 
operate at or near video rate to merit the name of video holography. Furthermore, real-time 
holography must not only display the hologram at video rate but also compute the 
hologram frames in real time to enable user interaction. 

2.1 Why is holography the ultimate 3-D technology? 
In human vision, three-dimensional perception is triggered by a large number of cues. 
Among them monocular cues such as shading, occlusion, relative size, fogging, perspective 
distortion, and texture gradient as well as binocular ones such as vergence (angular 
disparity) and stereopsis (horizontal disparity). In natural viewing situations, depth 
information is an ever-present cue in the visual perception. Generally, and in addition to 
parallax, the physiological depth cues of accommodation and vergence are considered to be 
the most important ones for depth perception. Accommodation is the mechanism by which 
the human eye alters its optical power to hold objects at different distances into sharp focus 
on the retina. The power change is induced by the ciliary muscles, which steepen the 
crystalline lens’ curvature for objects at closer distances. Vergence, by contrast, is the 
simultaneous movement of both eyes toward the point of interest. The optical axes of both 
eyes converge on this point to image the object onto the respective fovea regions. When the 
eyes are not properly aligned with each other, strabismus occurs that may adversely impair 
any 3-D perception. But most importantly, vergence movements and accommodation are 
closely linked with each other – automatically and subconsciously. That’s why the image of 
an object is sharp and the two perspectives are fused. Together with other monocular and 
binocular cues, the focus depth cues – accommodation and blur in the retinal image – 
contributes to our visual ability to perceive the environment in three dimensions. 
Over the last decade, various technologies for visualizing three-dimensional (3-D) scenes on 
displays have been technologically demonstrated and refined, among them such of 
stereoscopic, multi-view, integral-imaging, volumetric, or holographic type. It is generally 
believed that the next big thing in the display industry is imminent, namely the transition 
from 2-D to 3-D visualization. It is seen as nothing less than the third epoch-making change 
in film industry, after the change from silent to sound movie in the 1920’s and from black-
and-white to color in the 1950’s. 
Most of the current approaches utilize the conventional stereoscopic principle, first 
described by Wheatstone (Wheatstone, 1838). But except of super-multiview displays, they 
all lack of their inherent conflict between vergence and accommodation since scene depth 
cannot be physically realized but only feigned by displaying two views of different 
perspective on a flat screen and delivering them to the corresponding left and right eye. This 
mismatch requires the viewer to override the physiologically coupled oculomotor processes 
of vergence and eye focus, which may cause visual discomfort and fatigue. 
The difference between normal viewing and stereoscopic viewing with conventional 3-D 
displays is illustrated in Fig. 1. Natural viewing provides real stimuli; the viewer is both 
fixated and focused on the object, i.e. accommodation distance and vergence distance are 



Holographic 3-D Displays - Electro-holography within the Grasp of Commercialization  

 

685 

exactly matched. But the situation changes for stereoscopic 3-D displays. Though the viewer 
is still fixated to the object with the same vergence as in natural viewing, his eye focus is 
now at the display and not where the object seems to be. That is because the viewer’s eyes 
always focus on the brightest point or highest contrast. With stereoscopic 3-D displays, 
depth is only an optical illusion. Hence with stereoscopic displays, the normal physiological 
correlation between vergence and accommodation is disrupted (Hoffman et al., 2008). When 
looking at a stereoscopic display for a while, this so-called depth cue mismatch between 
convergence and focus leads to eye strain and fatigue. This fundamental problem to 
stereoscopic 3-D is a physiologically one that cannot be solved by technological means. The 
only workaround for stereoscopic displays is either to limit scene depth to very short 
sequences (short time viewing) or to artificially reduce the depth of a scene (squeezed, non-
proportional depth). The so-called comfort depth range of stereoscopic displays, which can 
be used for depth illusion without getting eye strain and fatigue is limited to a region close 
to the display that corresponds approximately 20...30% of the distance between viewer and 
display. Only within this region the human eye can tolerate a certain amount of mismatch. 
According to optometrists, this tolerance is in the range of 1/4 diopter. Although stereo 3-D 
can work well for some applications, for example cinema with far observing distance or cell 
phones with short viewing time, it causes significant human factor risks for mainstream 
products as PC monitors and TV. Looking at current stereoscopic 3-D displays and 
prototypes it can also be observed that even the 1/4 diopter is scarcely utilized, limiting 
usable depth range even further. 
 

 
Fig. 1. Comparison between natural viewing or holographic 3-D display (left) and 
stereoscopic viewing with a 3-D stereo display (right). 

Therefore, the inherent limitations of all 3-D stereo display technologies can be summarized 
as follows: 
• Depth cue mismatch of convergence and accommodation leads to eye strain and 

fatigue, 
• Reduced comfort depth range requires a non-proportional depth squeezing or allows 

only short-time viewing of scenes with large depth, 
• Potential for inappropriate use, and therefore a consumer application risk. 
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It is important to note that the comfort depth range in a display and the content generated 
for instance within a movie or a game are independent. This leads to a significant risk that 
even in a well-made stereoscopic 3-D display improper content compromises user comfort 
or health and may (unfairly but) possibly held against the display manufacturer. 
Contrary to stereo 3-D, which inherently causes fatigue and eye strain for natural depth 3-D 
scenes (i.e. properly scaled depth), holographic 3-D provides all viewing information of a 
natural scene – including eye focus – and therefore unlimited depth. Whoever can see 3-D in 
real life can see 3-D on a holographic display without fatigue or other consumer risks. 
Holographic displays are based on coherent object reconstruction. They deliver full focus 
cues that are needed to provide the observer with a completely comfortable 3-D viewing 
experience (Benton & Bove, 2008). We have developed and successfully demonstrated a 
novel approach to real-time display holography based on a sub-hologram encoding 
technique and a tracked viewing-window technology. Our solution is capable to fulfill the 
observer’s expectations on real depth perception. 

2.2 Classic holography and historic obstacles 
Holography was invented by Dennis Gabor in 1947 (Gabor, 1948), but high-quality 
holograms could only be made on photographic film, which for technical reasons preclude 
animation. By this classic holography, the 3-D scene information is encoded in the entire 
hologram, i.e. every tiny region or pixel of the hologram contributes to each object point. 
The specialty of such holograms is well-known: If the hologram is broken into pieces, each 
piece will reconstruct the original scene, even though with less resolution and in smaller 
size. When the hologram is illuminated by the reference wave, the combination of all of its 
cells reproduces the complete scene by multiple interferences. A classic film hologram has a 
large diffraction angle, which means it creates a large angular spectrum. The viewing zone 
from which the reconstructed object can be seen is large, both eyes of the viewer fit into this 
zone and the viewer can even move around and see different perspectives of the scene. 
The difficulties arise when trying to apply the classic approach of holography to digital or 
electro-holography. The challenges of this approach are twofold: (a) the spatially sampled 
representation of the hologram by a light modulator (spatial resolution issue) and (b) the 
fast computation of the hologram (processing issue). 
Hence, one of the most serious restrictions of video holography has been the dynamic 
representation of the hologram by an electrically addressed spatial light modulator (SLM) 
having a pixelized structure with limited spatial resolution. The complex amplitude 
distribution that reconstructs the desired object or scene is calculated and represented at 
regular discrete locations, i.e. at the pixel positions of the spatial light modulator. Since the 
hologram is sampled, aliasing has to be prevented. Otherwise, improper reconstruction with 
image artifacts would occur. The amount of information that can be recorded in the 
hologram is directly related to the spatial resolution and the size of the SLM. This fact is 
represented by the dimensionless space-bandwidth product 

 
(1) 

with ν being the maximum spatial frequency according to the sampling theorem, b the 
width and δ the pixel pitch of the modulator in x and y direction (Lohmann, 1967; Lohmann 
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et al., 1996). In general, the space-bandwidth product capability of an optical system is 
directly related to its quality and performance. For example, a present state-of-the-art LCOS 
microdisplay with 1920 × 1080 pixel resolution, a pixel pitch of 8 μm and a total size of 0.7” 
gives a space-bandwidth product of 518,400. The Nyquist limit for the maximum spatial 
frequency is thus 62.5 Lp/mm, which translates into a maximum diffraction angle of 2.27°. 
 

 
Fig. 2. Principle of classic holography. In conventional holography, every hologram pixel 
contributes to each object point of the 3-D scene, that is, holographic information existing at 
a large viewing zone. 

Let us recall that in conventional holography the diffraction angle must be large to create a 
viewing zone that covers at least both eye and that different areas of the hologram encode 
the wave field originating from another perspective of the object (see Fig. 2). In order words, 
the primary objective of conventional holography is to reconstruct the 3-D object in space, 
which can be seen by any viewer binocularly from different view points at different 
perspectives. To achieve a sufficient viewing zone, pixel sizes in the range of the one micron 
or less would required. Moreover, to create large objects and fully exploit the 3-D 
impression the display should be large. However, this corresponds to a huge amount of 
information that – even if large SLM with tiny pixels would be available – must still be 
handled in data processing and computing. To give an example, extreme-resolution displays 
with a pixel size of roughly 0.5 microns would be required, which translates to the huge 
demand for calculation of billions to trillions of complex values for each of the 2 million 
scene points (1920×1080) to determine an HDTV scene in 3-D. When considering these 
requirements, the insurmountable obstacles to realize conventional holography by using 
today’s technology become immediately obvious. The reasons why all past attempts of 
transferring conventional holography to display and TV applications have heretofore failed 
can be summarized as follows: 
Insufficient display resolution: In order to achieve a viewing angle of ±30°, which is 

necessary to serve several users, a pixel pitch of about one wavelength or less is 
required. This means that for a 47-inch holographic display, for example, a resolution 
of 250,000 times that of HDTV is necessary. 
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Inadequate data volume and processing requirements: The computation of each display 
frame requires significantly more steps for a holographic display compared to a 2-D 
display. Typical hologram computation involves calculations of Fourier 
transformations. This factor, coupled with the greatly increased number of pixels 
required, places a demand for enormous amounts of computational power. Thus, 
real-time videoquality holograms would typically require processing power up to 
several hundred Peta-FLOPS, i.e. approximately 1017 floating-point operations per 
second. This is far more than the current computation power of super computers. 

2.3 Full parallax vs. single parallax holography 
With full-parallax holograms, the holographic information is delivered in both x and y 
direction. When looking at a full parallax hologram, the perspective of the scene varies with 
the viewpoint – no matter in which direction the observer is moving. In single-parallax 
holograms, on the other hand, the parallax information is sacrificed in one dimension. That 
way both the computational effort and data transfer can be substantially reduced. Because 
of the eyes are side by side, it is common practice to make horizontal-parallax-only 
holograms. A well-known example of a horizontal-parallax-only (HPO) hologram is the 
optically recorded white-light rainbow hologram invented by Benton (Benton, 1969; Benton 
& H. S. Mingace, 1970). The concept of single parallax holograms was later successfully 
transferred to computational holography (St-Hilaire et al., 1992). 
 

 
               (a) Full parallax                             (b) HPO                                       (c)VPO 

Fig. 3. Examples of full and parallax-limited holograms. The spherical phase of a simple 
single-point hologram is shown (kinoform of a point or Fresnel zone lens). HPO – 
horizontal-parallax-only; VPO – vertical-parallax-only. 

Both benefits and limitations of full and parallax-limited holograms become obvious from 
Fig. 3, which shows a very simple hologram and its parallax-limited versions. A full parallax 
hologram reconstructs the object point from a large area with spatial frequencies in all 
directions, which comes along with a large information content that must be all calculated, 
transferred by computer and spatially resolved by the light modulator. In comparison, a 
parallax-limited hologram that is a sliced version of the full type, diffract the light basically 
in one dimension. Beside the reduced computational effort, such a configuration is beneficial 
for other reasons as well. For example, the remaining pixel (or ’saved’ bandwidth) could be 
used for realizing hologram interlacing for different colors or just for simplifying hologram 
representation with a given display architecture. However, there are also tradeoffs with 
single-parallax holograms. As the diffraction occurs mainly in one direction, the diffracted 
wave is slightly elliptical and the spatial resolution of the reconstruction in the non-
diffracted direction might be marginally reduced. However, when taking into account the 
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resolution capabilities of the human eye and generate the hologram and the display system 
accordingly, the benefits of the parallax-limited holograms outweigh its constraints. It 
should be noted that SeeReal’s sub-hologram approach is inherently applicable to both 
encoding principles with similar gains in efficiency. 

2.4 Brief review of previous and current approaches to electro-holography 
There have been many practical approaches to electro-holography in the past decades. 
Several of them are briefly presented in this chapter as examples. 
A pioneering holographic display was set up at the MIT Media Lab in S. A. Benton’s group 
and continuously improved (St-Hilaire et al., 1992; Lucente et al., 1993; St-Hilaire et al., 
1993). These systems use an acousto-optic modulator (AOM), scanners and an optical 
imaging system. High-frequency acoustic waves locally modulate the refractive index of the 
AOM crystal and thus the phase of transmitted light. The AOM generates a horizontal line 
of the hologram that is vertically continued by a vertical scanner. Recent progress was made 
with an improved AOM that allows higher bandwidth and a simplified optical setup 
(Smalley et al., 2007). The system is specified with a cube-like object volume with 
approximately 80 mm edge length and 24° viewing angle at a frame rate of 30 Hz. 
Another approach was made by QinetiQ using a so-called Active-Tiling technique (Stanley 
et al., 2003; Slinger et al., 2004). A SLM with 1 million pixels is replicated sequentially 25-fold 
on an optically addressable SLM (OASLM) using 5 x 5 replication optics. Four of these units 
are stacked horizontally to yield a SLM with 100 million pixels in total at a pixel pitch of  
6.6 μm. The modular system design allows stacking of more units to achieve higher numbers 
of pixels. A replay system with an Active-Tiling SLM with 100 million pixels achieved an 
object with 140 mm width and a viewing zone width of 85 mm at 930 mm distance. 
Direct tiling of SLMs is used for another holographic display (Maeno et al., 1996). Five SLMs 
with 3 million pixels each are tiled to yield 15 million pixels in total. The object may be as 
large as 50 mm, 150 mm high and 50 mm deep and can be viewed with both eyes at a 
distance of 1 m. 
Effort was also made to optimize the calculation of holograms. A computing system with 
dedicated hardware performs hologram calculation much faster than a PC. As an example, the 
HORN-6 cluster uses a cluster of boards equipped with FPGA chips (Ichihashi et al., 2009). The 
system needs 1 second to calculate a hologram with 1920 x 1080 pixels if the object is 
composed of 1 million points and 0.1 second if the object is composed of 100,000 points. 
All these approaches have in common that a large number of pixels is needed to reconstruct 
an object with small or medium size. These requirements for the SLM and the computing 
system hinder scaling to larger sizes, e.g. 20” object size with unlimited depth for desktop 
applications or TV. 

3. SeeReal’s novel solution to real-time holography 
3.1 Fundamental idea and overview 
The fundamental idea of our concept is fairly simple when considering holography – even 
literally – from an information point-of-view. All visual acuity is limited by the capabilities 
of the human eye, i.e. its angular and depth resolution, color and contrast sensitivity, 
numerical aperture, magnification, etc., where the characteristics of the eye may vary widely 
from individual from individual. It may additionally be confined by monochromatic and 
chromatic aberrations. 
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The majority of optical instruments, such as visual microscopes or telescopes utilize the eye 
as the final element of the optical system. The eye’s specific capabilities are thus taken into 
account in the optical system design. We view holography in the same way. When 
considering the human vision system regarding to where the image of a natural environment 
is received by a viewer, it becomes obvious that only a limited angular spectrum of any object 
reaches the retina. In fact, it is limited by the pupil’s aperture of some millimeters. If the 
positions of both eyes are known, it therefore would be wasteful to reconstruct a holographic 
scene or object that has an extended angular spectrum as it is common practice in classical 
holography. As mentioned above, in every part of a classic hologram the entire object 
information is encoded, cf. Fig. 2. This means that a large viewing zone with parallax 
information within this zone exists; by moving within this zone the viewer can ”look around” 
the reconstructed object and thus sees different perspectives of the scene. This approach is 
historically explained by the interference-based exposure technique onto high-resolution 
holographic films and is useful for static holograms as known from artistic holographic 
recordings. The key idea of our solution to electro-holography is to reconstruct a limited 
angular spectrum of the wave field of the 3-D object, which is adapted laterally in size to 
about the human’s eye entrance pupil, cf. Fig. 4. That is, the highest priority is to reconstruct 
the wave field at the observer’s eyes and not the three-dimensional object itself. The 
designated area in the viewing plane, i.e. the virtual ’viewing window’ from which an 
observer can perceive the proper holographic reconstruction is located at the Fourier plane of 
the holographic display. It corresponds to the zero-order extension of the underlying SLM 
cross grating. The holographic code (i.e. the complex amplitude transmittance) of each scene 
point is encoded on a designated area on the hologram that is limited in size. This area in the 
hologram plane is called a sub-hologram. The position and size of the sub-hologram is 
defined by the position of object point and viewing window geometry. There is one sub-
hologram per scene point, but owing to the diffractive nature of holography, sub-holograms 
of different object points may be overlapping. The complex amplitude transmittances of 
different sub-holograms can be added without any loss of information. 
 

 
Fig. 4. Principle of viewing-window holography. With viewing-window holography the 
essential and proper holographic information exists at the eye positions only. 
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So far, for the sake of simplicity, we have discussed the matter for a single viewing window, 
which carries the information for one eye only. But how is then parallax information 
generated? Binocular view can be created by delivering different holographic 
reconstructions with the proper difference in perspective to left and right eye, respectively. 
For this, the techniques of spatial or temporal multiplexing can be utilized. 
For such a binocular-view multiplexed hologram, the reconstructed 3-D object can be seen 
from a single pair of viewing windows only. Advantageously, dynamic or real-time video 
holography offers an additional degree of freedom in system design with respect to 
temporal-multiplex operation. Given that the computational power is sufficient and the 
spatial light modulator is fast enough, the hologram can be updated quickly. By 
incorporating a tracking system, which detects the eye positions of one or more viewers 
very fast and precisely and repositions the viewing window accordingly, a dynamic 3-D 
holographic display can be realized that circumvents all problems involved with the classic 
approach to holography. The steering of the viewing window can be done in different ways, 
either by shifting the light source and thus shifting the image of the light source, or by 
placing an additional steering element close to the SLM that realizes a variable prism 
function. Selected implementations of steering principles will be explained in more detail in 
section 3.5. 
To summarize, the pillars of our holographic display technology are: 
Viewing-window holography: By limiting the information of the holographic reconstruction 

to the viewing windows, the required display resolution is decreased dramatically. 
Pixel sizes in the range of today’s commercially available displays are sufficient. 

Real-time computation of sub-holograms: By limiting the encoding to sub-holograms, the 
computing requirements are greatly reduced. Sub-hologram encoding brings 
computation into graphics card or ASIC range. The principle also enables temporal 
color multiplexing, speckle reduction, and suppression of higher orders within the 
viewing window. 

Tracking of viewing windows: An active and real-time tracking of the viewing window 
allows a free movement of the observer. 

3.2 The viewing-window and sub-hologram concept 
The optical principle of our holographic approach is schematically depicted in Fig. 5. 
Coherent light coming from a point light source is imaged by a positive lens (L+) into the 
observer plane and creates the spherical reference wave for hologram illumination. Very 
close to the imaging lens, the spatial light modulator (SLM) is positioned. 

3.2.1 What is a viewing window? 
The inherent regular SLM structure generates a diffraction pattern in the far field whose 
zero-order extension is the viewing window (VW) where the eye of the observer is located. 
Given small angles, the size of the viewing window is obtained from the grating equation 
and trigonometry to 

 
(2) 

with d being the observer distance, λ the wavelength and p the pixel pitch of the SLM in x or 
y direction, respectively. Only within the viewing window the information of the wave field 
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Fig. 5. Schematic principle of the sub-hologram concept (side view). L+, positive lens; SLM, 
spatial light modulator; SH, sub-hologram; VW, viewing window; other abbreviation 
defined in the text. 

of the 3-D object has to be generated. In Table 1 the wavelength-dependent viewing-window 
size wx,y for different display types having typical viewing distances d and pixel pitches px,y 
are listed. For a proper visual perception of a colored scene, the size of smallest viewing 
window is the determining factor. For blue light, the viewing window must be therefore at 
least the same size as the pupil diameter. Depending on the scene luminance, the entrance 
pupil diameter of the human eye varies from 2...6 mm. Therefore, the required pixel pitches 
of the holographic display mainly result from the viewing situation and distance (television, 
desktop, or mobile display), where additionally the wavelength-dependent diffraction has 
to be considered. 
 

 
Table 1. Size of the viewing window wx,y for exemplary holographic display types with 
typical viewing distances d at RGB-wavelengths. 
For the common examples, the viewing window for blue light is about 3/4 of the size for red 
light. Viewing windows much larger than the pupil diameter provide more tolerances for 
the tracking system, i.e. the accuracy in pupil detection and viewing-window shifting could 
be then less stringent. With larger viewing windows, on the other hand, the intensity is 
distributed over a larger area, which means that only part of it will pass through the pupil. 
The best compromise between technological issues, tracking accuracy, and reconstructed 
scene brightness has therefore to be chosen. 
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3.2.2 What is a sub-hologram? 
A direct consequence of the viewing-window holographic scheme is the following. For each 
reconstructed object point, there is only a limited region in the hologram where data from 
this object point is coded. Each point of the scene (which can be treated as a point-like 
emitter for interference based hologram modeling) is associated with a locally limited area 
of the hologram. This limited region is called a sub-hologram. Size and position of this sub-
hologram (SH) is defined via simple projection from the edges of the viewing window 
through the scene point that has to be encoded. By superimposing all sub-holograms, i.e. 
strictly speaking the angular limited complex amplitudes Un(x,y) = An(x,y)exp[–iφn(x,y)] 
emanating from each of the n scene points, the entire hologram is composed. Since the 
complex amplitudes have to be calculated only within each sub-hologram area, the 
computational effort is dramatically reduced, which enables a real-time hologram 
calculation. A beneficial side effect of that special holographic recording scheme is the 
reduced demand for the temporal coherence of the light source, which must have at least a 
coherence length of λNF, where NF is the Fresnel number of the maximum sub-hologram. 
Monocular motion parallax information is delivered within the viewing window, which 
may be either in full-parallax or single-parallax, depending on the recording scheme of the 
hologram and the overall optical setup. 
In contrast to a common hologram, if an entire viewing window-type hologram is broken 
into several pieces, each piece will reconstruct only part of the original scene, but with full 
resolution (apart from object points close to the border of the reconstructed scene fragment). 
The refractive analogue of one non-overlapping sub-hologram is a small lens having an 
amplitude and phase distribution that focuses light from the hologram to the object point. 

3.3 Hologram synthesis 
Hologram synthesis means the calculation of the complex wavefield H at the hologram plane 
(x,y). Or, which way we know the proper amplitude and phase distribution within the 
hologram plane that reconstructs the desired object? The complex wave field at the 
hologram plane H(x,y) is the superposition of the object wave O(x,y) with the reference 
wave R(x,y). The object wave O in turn, represents the superposition of all Huygens’ 
elementary waves virtually emerged from the object being reconstructed. In classical 
holography this is the reflected, refracted or diffracted light from any existing object, 
whereas with synthetic or computer-generated holography the object exists mathematically 
as a set of data only (position in space, amplitude, and color) and the superposition can be 
easily made by computing means. When the complex wave field at the hologram plane 
H(x,y) is again illuminated with the reference wave R, the object is holographically 
reconstructed. 
In the following two methods for hologram synthesis are described in more detail, a direct 
analytic method as well as a Fourier-based propagation method. Both methods assume that 
the object is being composed of a set of n points, which are defined in position, amplitude, 
and color. 

3.3.1 Direct analytic modeling 
A three-dimensional scene is represented by a sufficient number of points defined at 
discretized locations. The propagation from the point source to the hologram plane is 
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modeled by using exact analytic functions where each object point can be regarded as a 
coherent point source that emits a spherical wave at a wavelength λ. At the hologram plane 
this wave is defined as Un(x,y) = An(x,y)exp[–iϕn(x,y)]. If the location of the spherical emitter 
is given by Pn(x0,y0, z0), the phase at the hologram plane can be written as 

 
(3) 

which corresponds exactly to the so-called phase function of an ideal lens with a focal length 
of z0. The quantity ϕ0 (0 ≤ ϕ0 ≤ 2π) is an initial phase assigned to each scene point, which can 
be used as a further degree of freedom in design of the hologram. It is common practice to 
randomize this phase offset. To finally obtain the hologram phase function φn(x,y), the phase 
of the reference wave must be subtracted from ϕn(x,y). The phase of the reference wave φR, 
which is in fact the illumination wave formed by the lens L+, is again the phase of an ideal 
spherical lens with focal length of d, see Fig. 5. Thus, the hologram phase for one scene point 
is given by φn(x,y) = ϕn(x,y) – φR(x,y). It might be noted that the hologram phase function 
φn(x,y) associated to one emitter is always a rotationally symmetric function. The origin is 
located at the point where a virtual line connecting the center of the viewing window with 
the scene point intersects the hologram plane. 
But in contrast to the classic approach, viewing-window holography computes and encodes 
the complex amplitudes Un(x,y) of the each scene points only in a designated area of the 
hologram plane, the sub-hologram area. Aliasing is prevented by cutting-off the spatial 
frequency contributions of the object points that exceed the spatial resolution of the light 
modulator. The spatial frequency of the hologram phase for one point-like emitter can be 
derived from 

 
(4) 

where the maximum allowable spatial frequency is given by the resolution of the spatial 
light modulator and must satisfy the relation ν(x) ≤  and ν(y) ≤ , respectively. 

3.3.2 Fourier-based modeling 
Figure 6 illustrates an alternative method for hologram synthesis that is based on fast 
Fourier transforms (FFT) of object planes. It shows a side view of a three-dimensional object 
or three-dimensional scene, the spatial light modulator (hologram), and the viewing 
window. The viewing window is positioned at or close to an observer eye. The 3-D-scene is 
located within a frustum that is defined by the edges of the viewing window and the SLM, 
respectively (drawn as red dashed lines in Fig. 6). This frustum may be approximated by a 
pyramid if the viewing window is much smaller than the SLM. 
For calculation, the 3-D-scene is sliced in layers (L1 . . . Lm) that are parallel with both the 
SLM and viewing-window plane. The continuously distributed object points are assigned to 
the closest layer. The extension of each layer is limited by the frustum and depends on the 
distance from the viewing window. With the approximation of the viewing window being 
much smaller than the SLM, the extension of a layer is proportional to its distance from the 
viewing window. 
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Fig. 6. FFT-based hologram synthesis. 

In each layer, the object points are assigned to the nearest sampling point of the layer. The 
calculation method uses Fresnel transforms between the object layers L1 . . . Lm, a reference 
layer LR in the observer plane and a hologram layer LH in the plane of the SLM. The 
calculation of a Fresnel transform can be mathematically performed as a Fourier transform 
and multiplication with quadratic phase factors (Goodman, 1996). The discrete Fourier 
transform can be efficiently executed by using the fast Fourier transform (FFT) algorithms. 
Hologram synthesis comprises three steps: 
1. Firstly, the layers L1 to Lm are transformed subsequently to the reference layer LR by m 

Fresnel-Transforms. 
2. Secondly, the wave fields calculated in the first step are summed up to a superimposed 

complex-valued wave field in the viewing window. This superimposed wave field 
represents the frequency-limited wave field that would be generated by a real existing 
3-D scene. 

3. Thirdly, the superimposed wave field in the viewing window is back-transformed to 
the hologram layer LH by an inverse Fresnel transform. This yields finally the hologram 
function H(x,y). 

The information in each layer is not continuous but sampled. It is essential that all object 
layers, the viewing window and the hologram layer LH contain the same number of sampling 
points N. This number corresponds to the pixel number of the spatial light modulator. 
As mentioned above, the extension of an object layer Lm is proportional to its distance dm to 
the reference layer LR. Hence also the sampling interval pm in a layer is proportional to its 
distance dm to LR, i.e. pm ∝dm. As a consequence, the periodicity interval wm in the reference 
layer LR is the same for all object layers Lm, that is wm = λdm/pm = constant. This ensures that 
the periodicity interval in the LR has the same extension for all object layers. Therefore, a 
common viewing window that is located within one periodicity interval can be defined 
where the wave field within this viewing window is unique. 
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As explained, in the third step the wave field in the viewing window is transformed to the 
hologram layer. The hologram layer and the reference layer are related by a direct or an 
inverse Fresnel transform. The number of sampling points N in each object layer is the same 
as in the layer LH on the SLM. As the viewing window is within one periodicity interval of 
an object layer, it is also within one periodicity interval of the LH or SLM. Hence, as the 
hologram reconstructs the wave field in the viewing window, this wave field will be unique 
therein. Periodic repetitions of this wave field that are inherent for sampled holograms are 
outside the viewing window. The hologram reconstructs the wave field that would be 
generated by a real existing 3-D scene in the viewing window. Disregarding reconstruction 
imperfections, an observer whose eyes are in one or two viewing windows will have the 
same perception as if the wave field emanates from a real existing object. Periodic 
repetitions of the reconstructed object are thus not visible. 

3.4 Hologram encoding methods 
Hologram encoding refers to the representation of the complex wavefield H at the hologram 
plane (x,y), i.e. to the process of converting the complex wavefield into a format, which can 
be displayed at the SLM by addressing its pixel. Hologram encoding is therefore directly 
related to the hardware implementation of the SLM. In synthetic or digital holography, a 
fully complex representation would be most qualified. But the major challenge is in finding 
a method and device to record a complex-valued hologram transmission function. 
Generally speaking, there are various possibilities for a spatially sampled representation of 
complex wavefields by spatial light modulators: 
Complex representation: A spatial light modulator that provides a full complex-valued 

modulation would be the ideal, whereas independent, non-coupled amplitude and 
phase addressing is mandatory. Although one can think of such SLM, which may 
implement the detour-phase principle for example, but thus far such devices are non-
existent. Another possibility would be a sandwich of two active modulation layers, 
which are independently controlled for amplitude and phase modulation (Gregory et 
al., 1992). The challenge is then to put them together as close as possible to avoid cross 
talk. Both concepts seem difficult to realize even with today’s enabling technologies. 

Decomposition methods: Since the very beginning of computational holography 
decomposition methods for complex-valued wavefields have been developed1. Famous 
examples of holograms utilizing the detour-phase concept are those from Brown and 
Lohmann (Brown & Lohmann, 1966), Lee (Lee, 1970), Burckhardt (Burckhardt, 1970) 
and the double-phase holograms from Hsueh and Sawchuck (Hsueh & Sawchuk, 
1978). All methods have in common that the hologram is divided into discrete 
resolution cells having apertures or stops of different size and position or having a 
certain number of sub-cells. That way both amplitude and phase quantities can be 
approximated. Originally developed for static holograms or holographic filters, those 
methods are also suited for implementation with spatial light modulators. However, to 
modulate both amplitude and phase two or more sub-pixels have to be combined to 
one macro-pixel. That means part of the light modulators original resolution has to be 
sacrificed for the sake of full holographic modulation. 

                                                 
1 For a comprehensive overview, cf. for example the book edited by Schreier (Schreier, 1984) 
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In the following subsections, two decomposition methods capable for SLM implementation 
are described in more detail. 

3.4.1 Burckhardt amplitude encoding 
One method to decompose a complex-valued function is the method suggested by 
Burckhardt (Burckhardt, 1970), which is a simplified version of Lee’s original approach (Lee, 
1970). One hologram cell is laterally divided into three amplitude-modulating sub-cells. The 
lateral shift between the sub-cells represents phase angles of 0°, 120° and 240° and acts as a 
phase offset, similar to the detour-phase principle. In holograms of this type, a phasor is 
decomposed into three vectors that run parallel to exp(i0) = 1, exp(i2π/3) = –0.5 +  
and exp(i4π/3) = –0.5 – . Since the phase values are already represented by the lateral 
displacement of the sub-cells, any complex amplitude transmittance H = Aexp(iΦ) can be 
encoded in one macro-pixel. The laterally displaced sub-pixels have positive amplitude 
transparencies of A1,A2,A3, respectively. Hence, 

 
(5) 

The magnitude Ai of one term is always zero. Depending on the phase angle Φ, only the two 
adjacent vectors are sufficient for representing H. Figure 7 shows the decomposition of H for 
the case 0 ≤ Φ ≤ 2π/3 
 

 
Fig. 7. Geometric representation of Burckhardt’s decomposition method into three real and 
positive components. 

Thus, an amplitude modulating light modulator with independently-driven sub-pixels can 
be employed. The amplitude quantities A1,A2,A3 are are written as grey values into three 
sub-pixels that form one macro-pixel. 
As large, high-resolution amplitude LC-displays are common in medical displays, such panels 
are commercially available. Another advantage is that only a single active layer is necessary to 
represent the complex amplitude transmittance H(x,y) of the hologram. Furthermore, the 
decomposition can be done in an analytic way, which simplifies the calculation enormously. 
On the other hand, the diffraction efficiency of Burckhardt holograms is with approx. 1% quite 
low. Notwithstanding, a fully complex modulation is achieved in a simple and practicable 
way, i.e. by an amplitude-modulating SLM that comprises of an array of macro-pixels, albeit at 
the cost of reduced sampling and diffraction efficiency. 
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3.4.2 Two-phase encoding 
The two-phase2 encoding method is based on the principle that any complex amplitude 
transmittance H = Aexp(iΦ) can be decomposed into the sum of two vectors with constant 
magnitude of 0.5 and different phase quantities φ1, φ2 (Chu & Goodman, 1972; Hsueh & 
Sawchuk, 1978), i.e. 

 

(6) 

Figure 8 shows the decomposition of H in the complex plane. For example, two identical 
phase values with φ1 = φ2 give a resulting vector with maximum amplitude and phase of Φ 
(constructive interference), whereas two phases with a phase difference of π result in a 
vector with zero amplitude with non-defined phase (destructive interference). Arbitrary 
complex values are generated by combining other phases than those of the special cases 
Δφ = 0 or π. 
 

 
Fig. 8. Geometric representation of the dual-phase decomposition. 

The other way round, the decomposed phase values for a given complex amplitude 
transmittance H(x,y) can be written as 

  (7) 

   (8) 

As a result, a fast phase-only LC panel can be used as light modulator. A pair of two pixels 
of a phase-only modulating SLM is then combined into a complex-valued macro pixel (Birch 
et al., 2000). Both pixel act as the intended complex-valued macro pixel only if light 
modulated by both pixel is superimposed. A physical combination of light modulated by 
two phase subpixels may be achieved by beam-combining micro-elements. The hologram is 
encoded by first normalizing the amplitudes of the complex amplitude transmittance in a 
range from 0 to 1 and then calculating the phase quantities φ1, φ2 from the equations above. 
                                                 
2 Also called as double-phase or dual-phase. 
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Because of its phase coding, the diffraction efficiency of dual-phase holograms is compared 
to Burckhardt-type holograms greatly increased to approx. 10%. Again, only a single active 
layer is required for representing the entire hologram information. Since only two sub-pixels 
have to be combined to one macro-pixel a better sampling at the hologram plane is being 
present. 

3.5 Tracking methods 
For a non-tracked viewing-window-type hologram, the reconstructed 3-D object could be 
seen from a single or pair of viewing windows only. However, SeeReal’s approach to 
dynamic holography is directly related to eye tracking. In case of a movement of the 
observer’s eyes, the observer window is tracked to the new eye position. Hence it is possible 
to reduce the size of a viewing window to the size of approximately an eye pupil. Two 
viewing windows, i.e. one for the left eye and one for the right eye, are always located at the 
positions of the observer eyes. But then, how to move the viewing window in the observer 
plane? Advantageously, dynamic holography offers the additional freedom of temporal-
multiplex operation. By incorporating a tracking system that detects the eye positions of one 
or more viewers very fast and precisely and repositions the viewing window accordingly, a 
dynamic 3-D holographic display can be realized. Thus, the viewing angle of the 
reconstructed object is beneficially enlarged while maintaining the moderate resolution of 
the spatial light modulator. 
Tracked viewing-window holography must therefore fulfill the following key functions: 
• Detection of the current eye position in x,y, z and 
• Means for shifting the observer window to this position. 
To realize the former task, the holographic displays developed by SeeReal are equipped 
with an eye position detection system composed of a stereo camera and an imaging 
processing means. Images from the observer having a different perspective are captured by 
two cameras as exemplary shown in Fig. 9. Multi-threaded software that comprises of image 
processing, pattern recognition and artificial intelligence is working in a two step process. In 
a first step, the face of the observer is recognized within the captured image and afterwards 
the eyes are detected within the region of the face. Once the face is identified, only the eye 
detection algorithms have to be executed, which makes the entire recognition process much 
faster. The results obtained from left and right image of the stereo camera are then combined 
to a 3-D model that defines the position of the eyes in space. 
 

 
Fig. 9. Images captured by the tracking cameras (left and right view of a stereo camera). The 
current system is capable to track simultaneously up to 4 viewers in real-time. 
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We have developed different alternatives for the tracking means, two of them are explained 
here in more detail. The steering of the viewing window can be done for example by shifting 
the light source and thus shifting the image of the light source accordingly, or by placing an 
additional element close to the SLM that realizes a variable deflection. In the following, we 
discuss implementations of these alternatives. 

3.5.1 Light-source shifting 
The first principle that was developed and implemented in prototypes is based on light 
source shifting. The optical principle is schematically sketched in Fig. 10. By imaging 
through a lens, a shift of any light source in object space results in a shift of its image. Since 
the viewing window is located within the zero order of the spatial light modulator, the 
holographic reconstruction as can be viewed from the viewing window will be always 
correct. From a holographic way of thinking, this corresponds to an illumination of the 
hologram with a tilted reference wave. When a single lens is used, this method allows in 
principle for a tracking in x,y and z direction. However, there is a practical limit for x and y 
shifting because of the paraxial limit of the lens. A skew ray path introduces aberrations 
that, if too large, may deteriorate the holographic reconstruction quality. Although 
aberrations can be compensated by encoding means, a practical limit has been identified at 
approximately ±10°. 
 

 
Fig. 10. Schematic principle of the light source tracking method. 

The position of the light source does not have to be shifted mechanically. One possibility 
would be an active array with a large number of light sources only one of them switched on 
at the same time. Tracking would then be performed by switching between several light 
sources. Each light source position then corresponds to a distinct tracking position in the 
viewing plane. 
Another possibility is the use of a secondary light source. A secondary light source might be 
an activated pixel in an additional liquid crystal display (LCD) that is illuminated by a 
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homogenous backlight. By activating a pixel at the desired position on the LCD, the light 
source can be shifted electronically without mechanical movement. 
Tracking by light-source shifting has been successfully implemented in the prototypes by 
using a homogenous backlight and an LCD-shutter panel, cf. section 4. For the prototypes 
however, not a single lens and a single (secondary) light source is used, but a matrix of 
simultaneously emitting light sources and lenses is utilized instead. For a large display a 
single lens wouldn’t be a feasible solution because of its thickness, weight, costs and display 
compactness. The shutter pixels act as secondary light sources. By switching on different 
shutter pixel, the light source position can be changed. An LED array (primary light sources) 
is used for illuminating the shutter. Pitch of the lens array needs to be large compared to 
pixel pitch of the SLM such as to still have a certain number of pixels with coherent 
illumination. 
Light source tracking has been proven to be a reliable solution. On the other hand, it has 
also certain disadvantages. For example, the use of secondary light sources is not optimal in 
terms of light efficiency of the system. Also there may be illumination crosstalk by light 
from secondary sources passing the wrong lens of the lens array. This does not cause any 
problem in a single-user system but may be disadvantageous for a multi-user display. The 
most important drawback of light source tracking is the limitation of the tracking angle by 
aberrations. Large tracking angles put the need for an oblique optical path from the light 
source through the lens array. Aberrations may not necessarily degrade the reconstruction 
of single points, but might somewhat corrupt the observer window leading to vignetting 
effects in the reconstruction. 
While light source tracking may be well suited for a single user display with a tracking 
range of about ±10°, it is less practicable for multi-user displays and large tracking ranges, as 
needed for example for TV applications. 

3.5.2 Steering of the reconstruction 
Since the capabilities of the previous tracking method are limited in terms of tracking range, 
alternative solutions that enable larger ranges have been developed. The conceptual design 
of a holographic display that steers the holographic reconstruction is shown in Fig. 11. With 
a beam steering element placed at the front of the hologram display, the optical path from 
the light source to the SLM can be kept constant. As an advantage, the hologram is always 
illuminated by the same planar wavefront, which is ideal in terms of light efficiency and 
aberrations. The beam-steering element deflects the light after passing the SLM and directs 
the light toward the observer eyes. In addition to the prism function, it could realize a 
focusing function. 
There exist various promising approaches to nonmechanical beam steering, which are 
currently at different stages of development (McManamon et al., 2009). The challenge of 
such beam steering devices is that often both a large deflection angle and a large aperture of 
the deflector are required. Refractive solutions are thus not suitable because of the thickness 
a prism would have. But when the optical system operates at coherent or narrow-band light, 
diffractive approaches can be utilized. For a transmission grating with a local period of Λ, 
the angle of the diffracted light is given by the grating equation 

 
(9) 



 Advances in Lasers and Electro Optics 

 

702 

where m is the diffraction order, λ the wavelength of light and α in the angle of the incident 
light. Such variable diffractive gratings can be divided into two categories. Either a 
sawtooth-like grating is adjustable in its period, or in its blaze angle. The variable period 
grating most often operates at the first diffraction order (m = 1) and the maximum steering 
angle is defined by the grating’s smallest permissible period. The minimum period arises 
from diffraction efficiency requirements at a given angle as well as the addressing resolution 
of the grating. The steering up to the maximum angle is beneficially continuous. Variable 
blaze gratings on the other hand have a fixed period and diffract the light into the 
designated order by matching the blaze angle to the diffraction order m. Since the variable 
blaze grating type steers light only at discrete angles, an extra variable period grating stage 
is required for continuous steering between those angles. 
 

 
Fig. 11. Schematic side-view of the steering-of-reconstruction principle. Δα is the tracking 
angle and Δz is the focal length variation of the nonmechanical steering element. 

Light could for example be steered and focused by writing a phase function including a 
prism and focus term into a liquid crystal layer. The effective refractive index and hence the 
deflection angle is controlled by a voltage applied to electrodes at the cells. Embodiments as 
variable period grating as well as variable blaze gratings can be realized. 
Another steering or tracking concept for the holographic reconstruction is based on 
electrowetting. Electrowetting or exactly electrowetting on dielectrics (EWOD) (Beni et al., 
1982; Berge & Peseux, 2000) can be regarded as an electrostatic manipulation of liquids that 
enables to vary the wettability of a conducting liquid (Mugele & Baret, 2005). The 
conductive liquid and an electrode are separated by a thin dielectric hydrophobic layer thus 
forming a parallel plate capacitor. By applying a voltage between the electrode and the 
conductive liquid, the droplet wets the hydrophobic dielectric. Without a voltage, the 
droplet returns to the dewetted state, i.e. to its initial contact angle θ0. Since the thin 
dielectric layer prevents the liquid from electrolysis, the process is highly reliable. Below a 
critical saturation threshold, the behavior of electrowetting-on-dielectrics can be well-
predicted by the so-called electrowetting equation 



Holographic 3-D Displays - Electro-holography within the Grasp of Commercialization  

 

703 

 
(10)

which can be derived from Lippmann’s electrocapillary equation and Young’s equation for 
a three-phase contact line. In this equation, θ0 is the initial contact angle at zero voltage, 
ε and t are the dielectric constant and the thickness of the dielectric layer, respectively, V is 
the applied voltage and γla is the interfacial surface tension of the liquid-ambient (typically 
electrolyte-oil) interface. In recent years, electrowetting has been successfully applied to 
various optical applications such as varifocal lenses, amplitude-modulating displays and 
fiber coupler and switches. 
How electrowetting can be applied for realizing a liquid prism is illustrated in Fig. 12 
(Kuiper et al., 2005; Smith et al., 2006). At initial state with no voltage, the liquids form a 
curved meniscus, depending on the interfacial surface tensions between the liquids and the 
solid. Since here the sidewall is hydrophobically coated, the water-based electrolyte features 
a large initial contact angle of θ0 > 150° (Fig. 12 left, θL = θR = θ0). If a voltage difference is 
applied between the insulated sidewall electrode and the electrolyte, the contact angle of a 
conducting droplet can be decreased. At a certain voltage pair of equal voltages, the contact 
angle at both left and right electrode reaches 90° resulting in a flat meniscus (Fig. 12 middle, 
θL = θR = 90°). The light passing through such a cell will not be altered in its propagation 
direction. Prism functionality can be realized if the sum of left and right contact angle equals 
to 180° (Fig. 12 right, θL + θR = 180°, where θL ≠ θR). 
 

 
Fig. 12. Operation principle of an electrowetting prism. For simplicity and visualization, 
here only a prism with 1D-deflection capability (2 sidewall electrodes) has been drawn. A 
prism capable for 2D-deflection comprises of 4 sidewall electrodes. 

It is advantageous to minimize the size of the prisms to get faster response, because 
dynamic response scales with the volume density product of the used liquids. Therefore, the 
intended prism size is adapted to the pixel pitch of the SLM. Since the response time of 
electrowetting cells of that size are in the range of <1 ms, time sequential tracking of several 
users becomes feasible. 

3.6 Color holography 
As holography is based on diffraction and as diffraction is wavelength-dependent, the 3-D 
scene has to be separated in its color components. Usually, these are red, green and blue. 
Three holograms are computed (one for each color component) and the 3-D scene is 
reconstructed using three light sources with the corresponding wavelengths. There are 
several methods to combine the three holograms and the three light sources, for example: 
Spatial multiplexing. The red, green and blue holograms are spatially separated. For 

instance, they may be displayed on three separate SLMs that are illuminated by red, 
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green and blue light sources. An arrangement of dichroic beamsplitters combines the 
output of the SLMs. The optical setup is bulky, above all for large displays. 

Temporal multiplexing. The red, green and blue holograms are displayed sequentially on 
the same SLM. The red, green and blue light sources are switched in synchronization 
with the SLM. Fast SLMs are required to avoid color flickering. 

4. Implementations and prototypes 
Our holographic approach has been successfully demonstrated by prototypes having 20.1- 
inch diagonal3. The prototypes are intended to demonstrate the key principles of our 
solution for large-sized real-time holography, i.e. viewing-window holography with sub-
hologram encoding technique, cheap and interactive real-time computing, and the feasibility 
with common pixel sizes. However, it should be emphasized that the prototypes do not 
represent commercial solutions with a flat design and are not at all optimized in intensity 
and tracking performance. Although commercial solutions that fulfill the latter features 
have already been developed, they are not described in this section. 
 

 
Fig. 13. Optical principle of the 20.1-inch holographic display prototype. Sizes and distances 
are not to scale. 

4.1 General description of components 
The second generation of the direct view holographic display prototype (”VISIO 20”) 
comprises a grayscale amplitude-modulating liquid crystal panel (NEC NL256204AM15-01) 
with a 3 × 5 megapixel resolution at a pixel pitch of px = 156 μm and py = 52 μm, an operation 

                                                 
3 Presented at SID 2007 (Long Beach, USA) and Display 2008 (Tokyo, Japan) 
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frequency of 60 Hz with a relatively slow response time of 30 ms (Fig. 14). The used 1D 
hologram encoding (here vertical-parallax only) is a common practice to further reduce 
bandwidth requirements and is well-suited for the given pixel arrangement and geometry. 
 

 
                                              (a)                                                                            (b) 

Fig. 14. (a) 20.1-inch direct view prototype (”VISIO 20”) and (b) photograph of a holographic 
reconstruction. 

The optical scheme of the prototype is depicted in Fig. 13. An LED backlight consists of red, 
green and blue high-brightness LEDs emitting at wavelengths of 627 nm, 530 nm, and  
470 nm, respectively. The spectral linewidth (FWHM) of Δλ ≈ 30nm provides sufficient 
temporal coherence. Light coming from the RGB-LED backlight is mostly blocked by a first 
LC display that acts as shutter or variable secondary light source array. Only those pixels 
that are switched on transmit the light, and thus a variable (secondary) line light source is 
realized having a spatial coherence corresponding to the pixel opening. A lenticular 
comprising approximately 60 horizontal cylindrical lenses is used for hologram illumination 
and for imaging the light sources into the viewing window. Each cylindrical lens is 
illuminated by a horizontal line light source. Furthermore, secondary line light sources and 
arrayed cylindrical lenses are aligned such that all light source images coincide onto the 
viewing window. 
In the SLM the sum of all complex amplitudes ∑Un(x,y) is encoded by combining three 
amplitude-modulating pixels for each complex value according to the Burckhardt-encoding 
scheme described above (cf. section 3.4). Two viewing windows delivering slightly different 
holographic perspectives of the scene are generated by a vertically aligned lenticular beam-
splitter and an interlaced (horizontally multiplexed) hologram. High-precision user tracking 
is realized by a stereo camera incorporated in the holographic display and advanced eye 
recognition algorithms combined with active light source shifting by the shutter panel. 

4.2 Color implementation 
In the prototypes, holographic reconstruction is performed either in monochrome 
(optionally R, G, or B) or in full-color. Two types of full-color holographic displays have 
been realized that are based on either a temporal or a spatial multiplexing of colors 
(Häussler et al., 2009). 
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At the system for which temporal color multiplexing is implemented, the colors are displayed 
sequentially. The SLM displays the holograms of the red, green and blue 3-D scene 
components one after the other where the backlight is switched between red, green and blue 
LEDs. Both processes are synchronized. However, two obstacles have to be taken into 
account to achieve good reconstruction quality: 
• The pixels of the SLM have a finite response time. For a LCD, this is the time the liquid 

crystals need to align to the electric field applied to the pixel cell. The LCD panel that 
we use as SLM stems from a medical LCD and has a long response time ton + toff of 
typically 30 ms. 

• The pixels do not switch simultaneously across the SLM as the pixels are addressed in 
columns and rows. The rows of the SLM are addressed sequentially, with one frame 
period needed from the first to the last row. As a consequence, there is a time lag of up 
to one frame period across the SLM. 

Both effects have to be taken account as each part of the hologram has to be illuminated 
with the corresponding wavelength. For instance, if SLM and backlight were switched from 
red to blue simultaneously, the last rows of the SLM would still display the red hologram 
when the backlight is already switched to blue. Therefore, we used a scanning backlight and 
a time lag between switching the SLM and the backlight. Figure 15 illustrates this process. 
 

 
Fig. 15. State of SLM rows (top) and backlight rows (bottom) versus time. The SLM graph 
illustrates the effect of finite response time and row-by-row addressing of the SLM after 
switching from one hologram to the next hologram. The backlight graph shows delayed and 
row-by-row switching of the backlight to compensate these effects. 
The top graph shows the states of the SLM rows versus time and the bottom graph the states 
of the backlight rows versus time. The gradual color transition along the time axis of the 
SLM graph illustrates the finite response time after switching from a hologram of one color 
component to the hologram of the next color component. There is no sharp transition from 
one hologram to the next hologram but an intermediate interval in which the pixels of the 
SLM transit to the next state. The color transition along the row axis of the SLM graph 
illustrates that the SLM is addressed row-by-row. At a point in time at which the last row 
has just received the data of the current frame, the first row will already receive the data of 
the next frame. As an example, at the second dotted vertical line, the last row has just settled 
to the red hologram, whereas the first row already starts to transit to the green hologram. 
The intermediate states are indicated by the slanted gradual color transition. At these points 
in time, the state of the respective SLM pixel is undefined, and illumination by the backlight 
has to be avoided. Therefore, we built a scanning backlight in which the rows of LEDs are 
grouped in 16 groups. Switching of these groups is illustrated in the backlight graph of Fig. 
15. These groups are switched on and off sequentially such that the corresponding parts of 
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the hologram are only illuminated if its pixels are in a settled state of the associated color. A 
complete cycle comprises three frames with colors red, green and blue and three 
intermediate transition frames. As the frame rate of the SLM is 60 Hz, the full-color frame 
rate is 10 Hz. The human vision perceives a full-color holographic reconstruction, albeit with 
color flickering. Color flickering will disappear and a steady reconstruction will be visible 
with availability of faster SLMs. 
In contrast, the display with spatial color multiplexing shows the three backlight colors and 
the three holograms for red, green and blue color components simultaneously. The three 
holograms are interlaced on the same SLM. A color filter is used to achieve that each 
hologram is illuminated with its associated wavelength only. Six holograms are interlaced 
on the SLM: three red, green and blue holograms that generate the viewing window for the 
left eye VWL and also three holograms to generate that for the right eye VWR. A beam-
splitting lenticular is used to separate the light for left and right viewing window, VWL and 
VWR. Color filters are used to separate the wavelengths. Figure 16 illustrates top views of 
two possible arrangements of color filters. The left arrangement uses color filters that are 
integrated in the SLM pixels. One lens of the beam-splitting lenticular is assigned to two 
pixels of the SLM. The light of all left pixels at the lenses coincides in the observer plane and 
generates VWR. Vice versa the right pixels generate VWL. The color filters are arranged in 
columns such that each column of the filter extends over two columns of the SLM, as 
illustrated in the left graph of Figure 16. Such an arrangement of color filters integrated in 
the SLM pixels and two neighboring pixels having the same color is not commercially 
available. Standard LCD panels have color filters with color changing from pixel to pixel. 
An external color filter laminated on the cover glass of the panel would have a disturbing 
separation between pixel and color filter. Therefore, in our prototype we used the 
arrangement illustrated in the right graph of Figure 16. The color filters are attached directly 
to the structured surface of the beam-splitting lenticular. This arrangement avoids a 
disturbing separation between lenticular and color filter and facilitates tracked viewing 
windows in the same way as with a monochrome display. The functional principle is analog 
to that of the arrangement in the left graph of Figure 16. 
 

 
Fig. 16. Top view of an arrangement of color filters in a holographic display with spatial 
color multiplexing. The left graph shows color filters integrated in the SLM pixels (SLM + 
CF) and the right graph separate color filters (CF). The graphs show three lenses of the 
positive lenticular (L+) that splits the light to generate left viewing window (VWL) and right 
viewing window (VWR). For simplification, only the light illuminating VWR is shown and 
the light illuminating VWL is omitted. The light sources and the Fourier-transforming lenses 
are not shown. 
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5. Conclusions 
In conclusion, a novel approach for real-time holography that has a strong market potential 
for desktop, TV, as well as mobile displays has been presented. To date, it is the only 
practical solution known to the authors that is capable of holographic reconstruction of large 
3-D scenes of natural size and depth made with commercially available component 
technologies. The essential idea of the proprietary and patented approach is that for a 
holographic display the highest priority is to reconstruct the wavefront at the eye position 
that would be generated by a real existing object and not to reconstruct the object itself. The 
tracked viewing-window holographic technology limits pixel size to levels already known 
for commercially available displays. Sub-hologram encoding brings computation into 
graphics card or ASIC range. The new concept is applicable to desktop, TV, and mobile 
imaging. 
While there have been impressive developments in 3-D display technology in the past 
decade, the remaining visual conflicts between natural viewing and 3-D stereo visualization 
have prevented 3-D displays from becoming a universal consumer product. In principle, the 
only 3-D display capable of completely matching natural viewing is an electro-holographic 
display. 
SeeReal’s new approach to electro-holography not only proves that it is possible, but that it 
is also closer to adoption than many experts imagined. The principles and concepts are 
already in place. The checks and verifications are completed. Color prototypes are in full 
use. The technology already exists – it is just a question of time for all the pieces of the 
puzzle to come together and for the first commercial real-time 3-D holographic displays to 
hit the market. 
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1. Introduction   
1.1 Overview of optical coherence tomography 
Optical coherence tomography (OCT) is a promising imaging technology which can provide  
subsurface imaging of biological tissues (Huang et al., 1991). OCT images are similar to the 
ultrasound images, but with significantly higher resolution (5-10 times) than the clinical 
ultrasound. OCT enables imaging of tissue microstructure with micron-level resolution, 
approaching that of standard excisional biopsy and histopathology, except that imaging can 
be performed in real time without the removal of a tissue specimen.  
The optical configuration of OCT is the same as that of a low coherence interferometer (LCI). 
Low-coherence interferometry is a type of optical interferometry based on low-coherent 
light sources (Mandel & Wolf, 1995). This technique is capable of measuring depth-resolved 
(axial, z) tissue structure, birefringence, flow (Doppler shift), and spectra at a micrometer-
level resolution by precisely measuring the amplitude and the relative phase of reflected or 
backscattered light. Optical interferometer has been invented for 120 years. But most of the 
time, it was just laboratory equipments for physics research until 1970s. In the early 1980s 
the emergence of high brightness semiconductor broadband light sources and single mode 
optical fibers stimulated the development of LCI. The availability of superluminescent 
diodes (SLD) made low-coherence reflectometry practical in a fiber-optic system (Wang et 
al., 1982). SLD could be used in LCI to achieve a distance resolution of about 10 μm. Another 
innovation was the development of fiber optic devices such as couplers which are important 
in the development of fiber optic based designs. These technological developments are the 
prerequisites of current OCT system used for noninvasive optical imaging of living tissues 
in vivo. 
In 1980s, the LCI technique was mainly developed by several groups for reflection 
measurements in telecommunications devices with micron resolution (Danielson & 
Whittenberg, 1987; Youngquist et al., 1987). The potential of LCI for three-dimensional 
imaging in biological tissue was first realized in 1991 (Huang et al., 1991). Since the original 
work, a large number of papers have been published regarding various aspects of OCT.  
OCT has been successfully translated to various clinical applications including 
ophthalmology (Schuman et al., 2004), cardiology (Jang et al., 2005), gastroenterology 
(Bouma et al., 2000; Li et al., 2000; Sivak et al., 2000; Chen et al., 2007a), dermatology (Welzel 
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et al., 2004), dentistry (Otis et al., 2000), urology (D'Amico et al., 2000), among others (Huang 
et al., 1991; Fujimoto et al., 1995; Brezinski et al., 1996; Tearney et al., 1997; Fujimoto et al., 
2000; Fujimoto, 2003). 
Figure 1A shows a schematic of the time-domain OCT (TD-OCT) system. Measurements are 
performed using a Michelson interferometer with a low coherence length light source. One 
arm of the interferometer directs the light onto the sample and collects the backscattered 
signal. The other interferometer arm generates a reference signal. Optical interference 
between the light from the sample and reference mirror occurs only when the optical 
distances traveled by the light in both the sample and reference paths match to within the 
coherence length of the light. Low coherence interferometry permits the optical path length 
and magnitude of the light reflected from tissue microstructures to be measured with 
extremely high accuracy and sensitivity. Cross-sectional images are constructed by laterally 
scanning the optical beam and performing sequential axial measurements of backscattered 
light at different transverse positions (see Figure 1B). Three-dimensional (3D) volumetric 
images can be obtained similarly by steering the beam in two dimensions.  
 

 
Fig. 1. (A) Optical Coherence Tomography (OCT) generates images by measuring the echo 
time delay of light. The system uses a fiber optical Michelson interferometer with a low 
coherence light source. (B) Cross-sectional images are generated by scanning a beam across 
the tissue and measuring the backscattering intensity as a function of depth. A gray scale or 
false color image can then be displayed. 

Although time domain OCT is successful in many biomedical applications, it is hampered in 
achieving real-time imaging mainly by the relatively complicated mechanical designs for 
dual scanning, a mechanical delay line scanning in the reference arm for coherence gating 
and a position scanning in the sample arm. An alternate approach to coherence gating that 
does not employ a scanning delay line is to acquire a broad band spectrum of the 
backscattered interferometric signal generated by mixing sample light with reference light at 
a fixed group delay and then obtain depth-scan information by an inverse FT of the 
spectrum. This approach is called Fourier domain OCT (FD-OCT). Two distinct methods 
have been developed that employ this FD-OCT approach. The first, spectral domain OCT 
(SD-OCT) (Fercher et al., 1995; Wojtkowski et al., 2002) uses a broadband light source and 
achieves spectral discrimination with a dispersive spectrometer in the detector arm. The 
second method, swept source OCT (SS-OCT) (Fercher et al., 1995; Chinn et al., 1997; 
Haberland et al., 1998) achieves spectral discrimination by rapidly tuning a narrowband 
source through a broad band in the source arm. Schematics of a SD-OCT system and a SS-
OCT system are shown in Figure 2. FD-OCT system can not only achieve a fast frame 

(A)(A) (B)(B)
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acquisition rate as it is designed for, but it can also achieve superior sensitivity (defined as 
the signal-to-noise ratio (SNR) for a perfect sample reflector) over TD-OCT (Huber et al., 
2006). Recently, FD-OCT becomes more and more popular in biomedical research. 
Commercialized FD-OCT systems have been in the market for several years and were used 
widely in many recent studies. In this chapter, all of our newly developed multi-modality 
systems are based on SS-OCT.  
 

 
Fig. 2. Typical SD-OCT (left) from (Wang, 2007) with permission and SS-OCT system (right).  

1.2 Principles of Swept Source Optical Coherence Tomography (SS-OCT) 
Detailed aspects of traditional time-domain OCT theory and applications, such as  
resolution, sensitivity, noise, signal-to-noise ratio, etc, could be found in many literatures 
(Schmitt, 1999; Fercher et al., 2003), and will not be covered in this chapter. For FD-OCT, the 
optical paths of light beam are the same as those in TD-OCT techniques. The light beam 
from the source is split by a fiber coupler or beam splitter and comes through and back in 
the reference arm and the sample arm. The beam is then recombined at the coupler or the 
beam splitter and forms an interferometric signal. In SD-OCT a spectrogram is obtained by 
using a dispersive spectrometer with a CCD camera in the detector arm, and in SS-OCT a 
spectrogram is obtained by using a frequency swept laser or tunable laser with just a single 
detector and without dispersion components.  
In SS-OCT, the spectrum of the light source is described as a discrete spectral intensity 
distribution with a line width σk and tuning mode-hop δk’. The interferometric signal at the 
detector can be described as (Liu & Brezinski, 2007): 
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where k is the wavenumber, ID(k) is the detected light intensity at wavenumber k, G(k) is 
the spectral coefficient combing the intensity spectrum of the light beam and the 
conversion/coupling factors from the source to the detectors, pR represents the fixed 
backscattering coefficient in the reference arm, pS(z) represents the backscattering coefficient 
at the position z in the sample, and nS(k) is the refractive index of the sample at 
wavenumber k. Both pR and pS(z) include coupling factors from the fiber coupler or beam 
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splitter. The depth variable Z’ is measured from OS, the origin of coordinates in the sample 
arm. Consequently the origin of coordinates in the reference arm OR is the point from where 
the optical group delay to the coupler matches that between Os and the coupler in the 
sample arm. The mirror position is ZR measured off the OR. In Eq. (1), the first term within 
the second square brackets is the signal from the reference arm; the second term comes from 
the sample arm and encodes the depth information of the object; the third term described 
the mutual interference of all scattering waves.  
The Fourier transfer of Eq. (1) can be expressed as (Liu & Brezinski, 2007): 
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From Eq. (2), it is seen that the mode-hop δk’ will limit the A-scan range and the laser line 
width σk will degrade the A-scan profile.  
In SS-OCT, the sensitivity improvement is obtained through higher spectral intensity of the 
laser source. In a swept or tunable laser source, the intensity over a small range of the 
spectrum can be easily kept much higher than that of a wideband light source. Thus possible 
SNR improvement can be gained in SS-OCT (Huber et al., 2006). Furthermore, a bandpass 
filter technique can be used, by shifting the region of interest (ROI) of the sample fairly far 
off the plane OS, to keep all the high frequency spectral oscillation introduced by the 
interested scatters and filter out much of the low frequency noise (Liu & Brezinski, 2007). 
Another theoretical advantage of SS-OCT is that the tuning speed of the swept source could 
be high enough to shift the spectrum of the temporal spectral interferogram higher and out 
of the low frequency noise range, which is from zero to tens of kilohertz. 

2. Combining OCT with fluorescence 
Early detection of neoplastic changes before metastasis occurs remains a critical objective in 
clinical cancer diagnosis and treatment. Excisional biopsy and histopathology is currently the 
gold standard for cancer diagnosis. However, it can suffer from false negative rates due to 
sampling errors. Optical imaging technologies can provide real-time imaging of human tissues 
in vivo with resolutions approaching that of histopathology and have the potential to reveal 
the biochemical and/or molecular information; therefore they could significantly improve the 
identification of malignancies at curable stages. The ability to assess tissue architectural 
morphology (such as the alterations in glandular or stromal morphology) and molecular 
information (such as up-regulation of receptors and over-expression of enzymes), in vivo and 
in real time, without the need for tissue excision, would be a major advance in cancer 
diagnostics and therapy. There is a critical need to develop such an imaging technology with 
high sensitivity and specificity and with strong translational potential to clinical medicine.  
Since OCT provides high-resolution, cross-sectional imaging of tissue microstructure in situ 
and in real-time, and fluorescence imaging provides the biochemical and metabolism 
information, there are great interests to combine these two modalities to provide the 
structural and functional information of the tissues in order to enhance the disease detection 
capability. Pan et al. suggested that ALA fluorescence-guided endoscopic OCT could 
enhance the efficiency and sensitivity of early bladder cancer diagnosis (Pan et al., 2003). In 
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an animal model studies, they demonstrated that the specificity of fluorescence detection of 
transitional cell carcinoma was significantly enhanced by fluorescence-guided OCT (53% vs. 
93%), and the sensitivity of fluorescence detection also improved by combination with OCT 
(79% vs. 100%) (Wang et al., 2005).  
Tumlinson et al. have developed a combined OCT and laser-induced fluorescence (LIF) 
spectroscopy imaging catheter for in vivo mouse colon imaging (Tumlinson et al., 2004; 
McNally et al., 2006), as shown in Figure 3. The source beam from SLD is passed to a 50:50 
fiber beam splitter and separated to the reference beam and the sample beam. The reference 
beam travels, through a neutral-density (ND) filter to a collimator, and then returns to the 
beam splitter after reflection from a retroreflector. The sample beam is coupled into a dual-
modality endoscope. The light from the reference and sample paths is recombined at the 
beam splitter and travels to a detector. The LIF He–Cd laser source is coupled into a 
multimode fiber and into the dual-modality endoscope, too. Two adjacent collection fibers 
in the endoscope collect the emission light and carry it to the CCD spectrometer for analysis. 

 
Fig. 3. Schematic of the OCT–LIF system (McNally et al., 2006) with permission.  
 

 
             (A)                                                                     (B)  

Fig. 4. OCT images (top) and corresponding LIF spectra (bottom) of healthy colon taken 
from a high-chlorophyll diet mouse (A) and adenoma (B) (McNally et al., 2006) with 
permission. 
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This miniaturized 2 mm diameter catheter-based dual-modality system has been used to 
monitor the disease progression in mouse colon longitudinally, and is able to identify 
colorectal adenomas in murine models (Hariri et al., 2006; McNally et al., 2006; Hariri et al., 
2007). In one study, McNally et al. used the OCT-LIF system to study healthy and 
adenomatous mouse colon. Their study found close agreement among each of the 
modalities and with histology. Both modalities were capable of identifying diseased tissue 
accurately. Here, the OCT images provided structural information about the tissue, while 
the autofluorescence signal measured by LIF provided biochemical information. Using this 
multi-modal system, they found that the magnitude of the 680 nm signal correlates with 
chlorophyll content in the mouse diet, suggesting that the autofluorescent compound is a 
dietary metabolite. Figure 4 shows their OCT image (top) and corresponding LIF spectra 
(bottom) of healthy colon taken from a high-chlorophyll diet mouse (left) and adenoma 
mouse (right). The LIF emission peaks at approximately 390 and 450 nm, with an absorption 
dip at 420 nm (typical of healthy tissue). The presence of a distinct peak at approximately 
680 nm is visible throughout the colon as well. The adenoma can be visualized in the OCT 
image (Region A in Figure 4B). The corresponding LIF signal shows a significant reduction 
in the 390 and 450 nm signals and a peak in the 680 nm signal over the adenomatous region. 

3. Combining OCT with Fluorescence Molecular Imaging (FMI) 
3.1 Introduction 
Fluorescence molecular imaging (FMI) could obtain molecular information by measuring 
fluorescence intensity of fluorescent bio-markers which target specific molecules. Previous 
researches have shown that cancerous tumors can be identified with fluorescent markers 
(Tung et al., 2000; Achilefu, 2004).  In a study done in mice, it was shown that adenomatous 
polyps in the colon express 36% more of the proteolytic enzyme cathespin B than normal 
tissue (Marten et al., 2002).  Also, it was shown that mice colons that expressed more 
cathespin B, when injected with a fluorescent dye, showed significantly higher fluorescent 
intensities than mice injected with dye that did not have adenomatous polyps. 
Although LIF technique and 2-D FMI technique have the same scientific bases and the 
silimiar abilities in monitoring molecular processes, FMI technique is more convenient in 
obtaining 2-D images showing flurophore’s spatial distribution and molecular process 
spatial hetergenity using specifically-targeted dye. In our recent study, we combined the 
OCT with FMI system to investigate the correlation between OCT structural features and 
FMI molecular information. The system demonstrated that it could co-register en face OCT 
and FMI images. Relationships of FMI intensity and dye concentration as well as FMI 
intensity and target fluorescence tube depth were studied. The capability of imaging 
biological tissue was demonstrated by imaging the mouse colon cancer model ex vivo.  

3.2 Methods 
3.2.1 Optical Coherence Tomography (OCT) 
Figure 5 shows the schematic of the co-registered OCT and fluorescence imaging system. 
The fiber-based high-speed, high-resolution OCT system utilizes the wavelength-swept 
laser as the light source.  It generates a broadband spectrum of 100 nm at 1310 nm, which 
provides an axial resolution of 10 μm in the tissue.  The laser operates at a sweep rate of 16 
kHz (equivalent to an imaging speed of 30 frames per second for a 512 axial-line image) 
with an average output power of 12 mW. The system sensitivity is 95 dB. A Michelson 
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interferometer composed of one circulator and a fiberoptic 50/50 splitter is used to generate 
the Fourier-domain OCT signal. The reference arm consists a stationary mirror (M) and a 
polarization controller (PC). The light from the sample arm passes through a collimator (C) 
and is steered by a pair of galvanometer mirrors (X and Y) then focused by an objective lens 
to a spot. The power on the sample is 4 mW with a spot size of 15 μm. The OCT interference 
signal returned from both the sample and reference arms is detected by a balanced 
photodetector (BD). A Mach-Zehnder interferometer (MZI) with a fixed path difference is 
used to generate an optical frequency clock. Data acquisition is triggered by the zero-
crossings of the MZI fringes, which are evenly spaced in optical frequency. Discrete Fourier 
transform (DFT) is performed on the data to generate an axial depth profile of the sample 
(A-line) with 3 mm imaging depth and 512 pixels (Andrews et al., 2008).  

3.2.2 Fluorescence Molecular Imaging (FMI) 
The fluorescence molecular imaging (FMI) system uses continuous-wave (CW) laser diodes 
at 675 nm as the excitation source. The excitation light is combined with the OCT sample 
arm using a dichroic mirror.  The typical illumination power on the sample is approximately 
1 mW. The reflectance and fluorescence light is detected by the same fiber and then 
connected to a fiber splitter to divide the collected light into reflectance and fluorescence 
signals.  The simultaneous measurement of reflectance and fluorescence signals from the 
same source and detector geometry is important for minimizing the influence of optical 
coupling variation for both excitation and collection paths.  The reflectance signals are 
detected by an avalanche photodiodes (APD), while the fluorescence signals first pass 
through an emission filter set (700 ± 10 nm), and then are detected by a photomultiplier tube 
(PMT). The illumination and filter wavelength are chosen based on the excitation and 
emission properties of the near-infrared dye Cy5.5. Such a system can be readily adapted to 
image other fluorescence dyes with different excitation/emission wavelengths. 

3.2.3 Molecular imaging contrast agent 
Colorectal cancer is the third most common form of cancer, and the second leading cause of 
cancer death in the United States (Jemal et al., 2008).  Recently, Roney et al. demonstrated 
that the legume lectin Ulex europaeus agglutinin I (UEA-1) binds the surfaces of 
adenomatous polyps in specimens of colorectal cancer from the APCMin mouse model. The 
carbohydrate α-L-fucose, which is over-expressed on the surfaces of polyps, facilitates the 
bond with UEA-1. Thus, α-L-fucose may be a possible biomarker to target and detect colon 
adenomas by molecular imaging methods (Roney et al., 2008). 
The details of the synthesis of the molecular contrast agent UEA-1 conjugated polymerized 
liposomes have been described elsewhere (Roney et al., 2008). Basically, the contrast agent 
contains the fluorescence dye Lissamine Rhodamine PE, therefore, in order to imaging this 
specific contrast agent, we use a laser source with 532 nm excitation and a fluorescence filter 
with 600 ± 10 nm.  

3.2.4 Animal model of colon cancer 
Excised small and large bowels (N=4) of male C57BL/6J APCMin/+ mice were commercially 
purchased from the Jackson Laboratory (stock #002020, 8 wks), and stored at -80 °C until 
further use. The bowels were thawed to room temperature (RT) for 15-20 mins, cut along the 
longitudinal axis, and preserved in formaldehyde (RT, 15 mins) before the commencement 
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of staining. The specimens were incubated in UEA-1 conjugated and non-conjugated 
liposomes (containing 0.4 µM Lissamine Rhodamine PE) at RT for 45 mins. The specimens 
were then washed in PBS, before being mounted and imaged by OCT/FMI system.  
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Fig. 5. Schematic of integrated OCT/FMI system. The left side is the OCT imaging subsystem 
and the right side is the FMI imaging subsystem. They are combined by a dichroic mirror in 
the sample arm. FC: fiber coupler; PC: polarization control; C: collimator, MZI: Mach-Zehnder 
interferometer (frequency clocks), M: mirror, BD: balanced detector, DAQ: data acquisition 
board, DCG: dispersion compensating glasses, OBJ: objective; PMT: photomultiplier tube; 
APD: avalanche photodiode; F: fluorescence filter (Yuan et al., 2010b) with permission. 

3.3 Characterization of FMI and OCT signal 
3.3.1 Characterization of tissue scattering coefficients 
In a typical OCT A-scan, OCT signal I(z) decays with the depth z. Since 1990s, several 
theoretical models of OCT have been developed to fit OCT signals as a function of depth. 
Those models can be used to find the scattering coefficient µs of the scattering media 
(Schmitt et al., 1993; Faber et al., 2004; Levitz et al., 2004; Turchin et al., 2005). Most recent 
models (Levitz et al., 2004; Turchin et al., 2005a) consider factors from the multi-scattering 
and the Gaussian beam propagation. They can produce a very good fit on A-scan profile as 
well as a close match of the scattering coefficient value to the MIE theory. In our study, we 
used the model from Letivz et al. (2004) to fit our experimental data and then find the 
scattering coefficient: 
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The first term in Eq. (3) represents the single scattering contribution, the third term 
represents the multiple scattering contribution, while the second term is the cross-term. wH 
and wS reflects contribution from the Gaussian beam propagation. wH, wS are the 1/e 
Gaussian beam irradiance radius at the probing depth in the absence of scattering and in the 
presence of scattering, respectively. They can be defined as: 
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Here ρ(z) is the lateral coherence length. A and B are elements from the ABCD ray-matrix 
for light propagation from the lens plane to the probing depth in the sample. If the focal 
plane of the sample beam is fixed on the surface of the sample, A = 1 and B = d + z / n. d is 
the distance between the lens and the surface. w0 is the 1/e irradiance radius of the input 
sample beam at the lens plane, λ is the center wavelength of the source, f is the focal length 
of the lens, n is the mean index of refraction of the sample and θrms is the root-mean-square 
scattering angle. We could find the value of scattering coefficient µs by minimizing the 
mean-square deviation of the logarithms of the experimental curve Ie(z) and fitting 
theoretical curve It(z): 

 2
( , )[ , ] arg log [ ( ) / ( )]

s rmss rms t n e nnmin I z I zμ θμ θ = ∑                              (7) 

We have used this method to find scattering coefficients of polystyrene microspheres and 
intralipid phantom. The obtained values are close to the values estimated by MIE theory or 
values reported in literatures (Vanstaveren et al., 1991; Flock et al., 1992; Zaccanti et al., 
2003), as seen in Table 1 and Figure 6. For comparison, fitting result from Faber's model is 
also presented in Table 1 (Faber et al., 2004). This model, as shown in Eq. (8), includes single 
scattering term in Eq (3) and a factor for axial point spread function. The model works better 
for weakly scattered tissues. 

 2
0 2

1( )

1

sz
t

cf

R

I z I e
z z

z

μ−=
−⎛ ⎞

+⎜ ⎟
⎝ ⎠

  (8) 

Here Zcf is the position of the confocal gate and ZR is the apparent Rayleigh length. 
 

 
Fig. 6. OCT A-scan profiles and their fit result to the model Eq. (3). 6A is on microsphere 
phantom (4.5 μm, Polysciences); 6B is on 10% intralipid solution; 6C is on 2% intralipid.  
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Phantom µs (cm-1) from 
fitting Eq. (3) 

µs (cm-1) from 
fitting Eq. (8) 

µs (cm-1) from 
MIE or reported 

4.5 µm microsphere 203 160.1 211 a 
10% Intralipid 78.5 69.7 63 - 82 b 
2% Intralipid 23.7 22.9 16 - 21 c 

a, From MIE theory (http://omlc.ogi.edu/software/mie/); b, from Vanstaveren et al. (1991) 
and Flock et al. (1992); c, values are estimated from values for 10% intralipid and empirical 
function from Zaccanti et al. (2003) 

Table 1. Scattering coefficient values of several phantoms from the model Eq. (3) comparing 
with theoretical values or reported values (at 1300 nm) and values from Faber model. 

3.3.2 Characterization of FMI and OCT signal 
A 400 μm inner-diameter and 900 μm outer-diameter capillary tube filled with different 
concentration of Cy 5.5 was used as a phantom. It was placed in the scattering phantom 
containing 2% intralipid (μs ~ 83 cm-1 at FMI wavelengths, the scattering coefficient is close 
to skin scattering coefficient) (Troy & Thennadil, 2001). The tube filled with fluorescence dye 
mimics a contrast-agent-labeled “tumor”, while the intralipid overlaying at the top of 
“tumor” mimics the “skin” tissue.  
In one set of experiments on the phantom, the center of the tube is set at 500 μm beneath the 
surface and different concentration of Cy 5.5 was filled into the tube. FMI intensity was then 
measured for each configuration. Titration of the Cy5.5 concentration reveals a linear 
relationship between the FMI intensity and the dye concentration as shown in Figure 7(a).  
In the second part of the experiment with the phantom, the relationship of the FMI intensity 
and the tube (dye) depth was studied by setting concentration of Cy 5.5 inside the capillary 
tube at 1 µM and varying the tube depth (measured from the top surface of the tube) from 0 
µm to 200µm. The result, as presented in Figure 7(b), shows that the relationship can be well 
fitted into exponential function, which is a simplified model of Eq. (3) at small depths. It is 
consistent with other group’s report (Turchin et al., 2005), which expects for small depths:  

 I ∝ exp(-2µt⋅d).  (9) 

where µt = µs + µa is the total extinction coefficient. Both the absorption coefficient µa of 10% 
intralipid and water are less than 0.01 cm-1 at FMI wavelengths (Flock et al., 1992; Pope & 
Fry, 1997), while the scattering coefficient µs at FMI wavelengths is ~ 83 cm-1, ~ 3-4 orders of 
magnitude larger than the absorption coefficient. Therefore Eq. (9) can be simplified as:  

 I ∝ exp(-2µs⋅d).  (9b) 

 The scattering coefficient µs can then be further determined from the fitting the measured 
data to Eq. (9b). From our measurement, µs of 2% intralipid at 700 nm is about 88.0 cm-1, 
close to the reported value  83 cm-1 from the literature (Flock et al., 1992; Pope & Fry, 1997).  
Although the model Eq. (3) works fine in fitting experimental data and finding the actual µs 

values, it takes much longer time to fit than that using the simplified model Eq. (9b). If the 
medium is weakly scattering or only A-line profile near the surface are processed, the 
results from Eq. (3) and Eq. (9b) are close and we can use the simplified model Eq. (9b) to 
obtain µs values. Figure 8 shows the differences between single scattering model Eq. (9b) and 
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the model Eq. (3) for different µs values and fitting depths. A simulated A-scan is first 
generated by Eq. (3) with a known µs value, then the linear decay phase is fitted using Eq. 
(9b) to estimate the µs value. Figure 8(A) shows the fitted µs values on the 120 µm of a 
theoretical plot of A-scan profile based on Eq. (3). Figure 8(B) and 8(C) show that of 200 µm 
and 280 µm depths, correspondingly. In 120 µm case, if the µs value is between 15 - 165 cm-1,  
 

 
Fig. 7. (a) Relationship of fluorescence intensity versus Cy 5.5 concentration. A 400 μm 
inner-diameter capillary tube filled with different concentration of Cy 5.5 was placed in 2% 
intralipid (similar to skin scattering) and with the center at 500 μm beneath the surface. (b) 
Relationship of fluorescence intensity versus capillary tube depth (depth of the top surface). 
The concentration of Cy 5.5 inside the tube was fixed at 1 μM. (Yuan et al., 2010b) with 
permission. 
 

 
Fig. 8. The difference between the single scattering model from Eq. (9b) and the model from 
Eq. (3). (A) Fitted µs values using single scattering model on theoretical plot of 120 µm A-
scan profile from Eq. (3). (B) Fitted µs values on theoretical plot of 200 µm A-scan profile. (C) 
Fitted µs values on theoretical plot of 280 µm A-scan profile. The differences in percent 
between the two models are shown in the lower row. 
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the difference between the fitting results from two models is less than 10%. In 200 µm case, if 
the actual µs is between 10 - 90 cm-1, the difference is less than 10%; for 280 µm profile, 10 - 
60 cm-1 µs will result in a difference of less than 10%. 

3.4 OCT imaging of mouse bowels 
Figure 9 shows the representative OCT images of both the normal and polypoid regions of 
mouse bowel. Figure 9(a) shows the cross-sectional OCT image of the normal bowel, with 
the characteristic villous and crypt structures. Figure 9(b) shows the en face projection OCT 
image, which is analogous to the standard endoscope images. Individual villi/crypt can be 
visualized as well as the gross pattern of their distribution. Figure 9(c) shows the 3D 
reconstruction of the normal bowel. The OCT image Figure 9(a) agrees well with the 
histology shown in Figure 9(d).   
In contrast, the polyp region shows the irregular mass in the OCT cross-sectional image in 
Figure 9(e). Projection OCT and 3D OCT in Figure 9(f) and 9(g) respectively show the whole 
polyp structures. Histology shown in Figure 9(h) confirms the OCT imaging results. These 
results demonstrated OCT’s ability to obtain micron-resolution, cross-sectional and 3D 
images of mouse bowel microstructures, and can be used to identify abnormalities such as 
the development of polyps. 
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Fig. 9. OCT images of mouse bowel from two regions of interests (ROI), normal region and 
polypoid region. Normal region: (a) Cross-sectional OCT images. (b) OCT en face projection 
image. (c) 3-D OCT image (d) Histology. Polyps:  (e) Cross-sectional OCT images. (f) OCT en 
face projection image. (g) 3-D OCT image (h) Histology. (Yuan et al., 2010b) with permission. 

3.5 OCT/FMI imaging of mouse bowels 
Figure 10 shows the results of the OCT/FMI imaging of mouse bowel polyp treated with 
UAE-1 conjugated liposome. Figure 10(A) is the height profile image obtained from OCT. 
The profile shows the height of the tissue surface estimated from OCT. Higher regions show 
red and lower regions show blue. Polyps regions usually rise up and are shown as red in the 
profile image. Figure 10(B) and 10(C) shows the corresponding cross-section OCT images of 
line 1 and 2 in Figure 10(A). Figure 10(D) is the scattering coefficient image. The scattering 
coefficient is obtained by fitting each OCT A-scan with Eq. (9b). 30 pixels (~ 120 µm in 
depth) beneath the tissue surface are used for each A-scan profile fitting. Simplified model 
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Eq. (9b) is used because (1) the algorithm runs much faster than Eq. (3) and (2) µs is about 60 
-150 cm-1 values and the difference of fitted µs between two models are less than 10% as 
shown in Figure 8. Figure 10(E) shows the fluorescence image of the same ROI from FMI 
and Figure 10(F) is the fused image of Figure 10(D) and 10(E). Comparing Figure 10(A) and 
10(F), we could see that the polyp region shows a high scattering coefficient, possibly caused 
by the alteration of original structures. Fluorescence image further confirmed the polyp 
region, which shows high fluorescence signal around the edge. The binding mechanism of 
the UEA-1 contrast agent with polyps is still under investigation. Figure 10(F) shows very 
good correlation between OCT and FMI.  
In conclusion, we have demonstrated a co-registered OCT and FMI imaging system. This 
system enables simultaneous imaging of tissue morphology and molecular information at 
high resolution over 2-3 mm field-of-view, and will have potential applications in small 
animal imaging and clinical imaging. Imaging results from our system on mouse intestinal 
tissues shows that glycoprotein targeting contrast agent promises to imaging polyps. This 
imaging technique is translatable to clinics in the forms of endoscopy, laparoscopy, and 
needle imaging probes, and might enable many biomedical applications. 
 

 
Fig. 10. OCT/FMI imaging of the polyp treated with UAE-1 conjugated liposome. (A) The 
height profile image obtained from OCT; (B,C) The cross-section OCT images of line 1 ans 2 
in Figure 9(A), correspondingly. (D) The scattering coefficient image in the same ROI 
obtained from OCT. The scale bar is [60 150] cm-1. (E) The fluorescence image of the same 
ROI. (F) Fused image from D and E, showing very good co-registration. (Yuan et al., 2010a) 
with permission. 

4. Combining OCT with Fluorescence Laminar Optical Tomography (FLOT) 
4.1 Introduction 
Although FMI technique works great for some applications, the depth-integrated 
fluorescence imaging has two limitations (Ntziachristos et al., 2002): 1) it cannot provide 
depth-resolved information, and 2) the detected signals non-uniformly depend on the 
depth. These present significant challenges in the quantitative investigation of the signal 
contributions. Diffuse optical tomography (DOT) has been successfully implemented in 
quantification of fluorescence contrast agents in tissues (Ntziachristos & Weissleder, 2001; Li 
et al., 2003). But DOT works only for large volume tissues (cm and up). Laminar optical 
tomography (LOT) has been developed to perform depth-resolved functional imaging with 
~100 μm resolution and up to 2.5 mm depth (Dunn & Boas, 2000; Hillman et al., 2004). LOT 
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is an extension of confocal microscopy using the multiple-displaced-confocal-pinhole design 
to capture the photons traveling through different depths, and the image is obtained 
through transport-based reconstruction (Dunn & Boas, 2000). Fluorescence LOT (FLOT) has 
been demonstrated (Hillman et al., 2007). The comparable imaging scale (1–2 mm in depth) 
of OCT and FLOT as well as their complementary contrast mechanisms motivate the 
integration of OCT and FLOT as a multimodality imaging platform to provide tissue 
structural and molecular information in 3D in millimeter imaging scale. 
A traditional FLOT system uses a point-focused light illumination and a 1D array detector 
to detect lights that undergo different depths. 3D images are obtained through 2D raster 
scanning of the illumination point. Alternatively, a line-field illumination can be utilized, 
and only 1D scanning is required to acquire 3D information. Line-scanning imaging has 
been successfully demonstrated in ophthalmoscopy (Iftimia et al., 2006), confocal 
microscopy (Dwyer et al., 2007), OCT (Yasuno et al., 2006), and optical coherence 
microscopy (Chen et al., 2007b). Line-scan imaging promises to alleviate the complicated 2D 
scanner design and therefore has strong potential to be miniaturized into endoscopic 
imaging devices. In addition, for LOT, line-scan imaging will use a 2D array detector such as 
a CCD camera as the detector. This may improve the imaging performance by using the 
high-pixel density CCD and will augment the widely available CCD-based fluorescence 
microscopes with the FLOT imaging mode. In this session, we will discuss combine OCT 
with line-scan FLOT. 

4.2 Methods 
4.2.1 Fluorescence Laminar Optical Tomography (FLOT) 
Figure 11 shows the schematic of the co-registered OCT and line-scan FLOT imaging 
system. The left portion is the OCT subsystem, which is the same as the one used in 
OCT/FMI system. The line-scan FLOT system is shown in the right portion. The excitation 
source is a CW laser diode (Power Technology, Inc.) at 670 nm. A cylindrical lens is used to 
expand the point illumination into a line. The excitation light is combined with the OCT 
sample arm by a dichroic mirror (DM-1). The reflectance and fluorescence light is separated 
by another dichroic mirror (DM-2), and the fluorescence signal is detected by an electron-
multiplying CCD (EM-CCD) camera (Cooke Corp.) with an emission filter (700 ± 10 nm). 
These wavelengths are chosen based on the optical properties of the near-IR dye Cy5.5. This 
system can be readily adapted to image other fluorescence dyes by changing the excitation 
source and emission filter wavelengths. The line illuminated on the sample measures 2.2 
mm in length and 50 μm in width with 8 mW power. The OCT and line-scan FLOT imaging 
are synchronized by scanning with the same galvanometer (Y). The OCT beam is scanned in 
two axes (fast axis X and slow axis Y). The scanning speed for X is 25 Hz (with 624 samples 
in 2.5 mm), and the scanning speed for Y is 0.1 Hz (with 256 samples in 2.5 mm). Line-scan 
FLOT scans in Y only at the same speed as OCT, with 256 frames acquired by CCD 
(acquisition speed of 25 Hz with 30 ms exposure time). The resulting OCT 3D volume size is 
624 (X) by 256 (Y) by 512 (Z) pixels (with voxel size of 4 μm × 10 μm × 4.4 μm), and FLOT 
image raw data is 501 (X) by 1024 (Y) (2.2 mm × 2.2 mm) by 256 (T) frames. The total 
acquisition time for each 3D volume is approximately 10 s. The rate-limiting factors are the 
FLOT CCD frame rate, and the high number of OCT images acquired in the Y dimension. 
The 3D imaging time can be significantly reduced by binning the CCD camera. 
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Fig. 11. Schematic of the combined OCT and line-scan FLOT system. (Chen et al., 2010) with 
permission. 

4.2.2 Data processing 
The depth-resolved FLOT images were obtained through an image reconstruction similar to 
those used in CT or DOT (Arridge, 1999). The fluorescence signal can be expressed as (Crilly 
et al., 1997; Hillman et al., 2007): 

 3
0( , ) ( ) ( ) ( )

4
ex

d d ex s f em dF r r r C r r r d rσ γ ψ ψ
π
⋅Ω = − ⋅ ⋅ − ⋅∫ ,  (10) 

where σex is the absorption cross-section of the fluorophores at the excitation wavelength, γ 
is the fluorescence quantum yield, Ψex(r-rs) is the excitation fluence distribution calculated 
from the excitation photon radiance, Cf(r) is the fluorophore concentration at position r, and 
Ψem(rd-r) is the probability that a photon emitted by a source at position r will be detected. 
Eq. (10) can be discretized into voxels, which yields a matrix equation: 

         F JC= ,  (11) 

where F is the fluorescence measurements, C is the spatially-distributed fluorophores 
concentration, and J is the weight function matrix that represent the sensitivity of each 
measurement to the fluorophore concentration at each voxel, and can be expressed as:  

 , 0( , , ) ( ) ( )s m s d ex s em dJ r r r D r r r rψ ψ= ⋅ − ⋅ − ,  (12) 

where D0 is a constant. Figure 12 shows the sensitivity distribution of FLOT using Monte-
Carlo simulation. The sensitivity profile varied as the source-detector separation (Δ) 
increased. Therefore, the depth-dependent information was encoded in the multiple 
detector meaurement, and was recovered through image reconstruction. The sensitivity 
matrix for line illumination was achieved by convolving the point-source sensitivity matrix 
along the Y dimension. 
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Fig. 12. Monte-Carlo simulated measurement sensitivity distribution of FLOT measurements 
(log scale). Tissue geometry is 3 mm (lateral) by 2 mm (depth) with scattering coefficient µs = 
8 mm-1 for excitation and 7 mm-1 for emission (g = 0.9). (Chen et al., 2010) with permission.    

4.2.3 Imaging reconstruction in line-scan FLOT 
Image reconstruction is performed within individual planes (YZ) perpendicular to the 
illumination line (X). To accelerate the reconstruction, the raw FLOT data are binned to 40 
(X) by 70 (Y) pixels and downsampled to 64 (T) frames. The corresponding pixel dimension 
is 55 μm × 30 μm with a scan step of 40 μm. This is equivalent to FLOT measurements of 70 
source-detector pairs with separations from 0 to 2.2 mm. The selection of 70 source-detector 
pairs gives a sampling density of 30 μm per detector interval, which provides sufficient 
sampling for the FLOT system. The cross-sectional FLOT image (YZ) is 70 (Y) × 60 (Z) pixels 
with 30 μm × 30 μm pixel dimensions. The reconstruction is based on the method discussed 
in session 4.2.2. The background optical properties for reconstruction are μa=0.2 mm−1 and μs 
=7.2 mm−1 at 670 nm excitation, μa=0.2 mm−1 and μs=6.5 mm−1 at 700 nm emission, and g = 
0.9. The image reconstruction is performed through the simultaneous iterative 
reconstruction technique approach (Kak et al., 1987), with iteration number N = 1000 to 
make sure the change between iterations is <0.1%. 

4.3 FLOT phantom experiment 
We first experimentally checked the sensitivity distribution of FLOT calculated from Monte-
Carlo simulation by scanning the phantom: a capillary tube containing the fluorescent dye 
Cy5.5 using the FLOT system. Figure 13(A) shows a representative sensitivity matrix for line 
illumination and source-detection separation d = 1.5 mm. As the source detector scans 
through the object, the expected signal is shown in Figure 13(B), which is the profile at 
certain depth in the sensitivity matrix. Two peaks are present owing to the high sensitivity 
beneath either the source or the detector. Objects at different depths show different 
responses with more widely spread signals from the deeper object, owing to the stronger 
light scattering. The different profiles for objects with different depths contain the depth 
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information and could be used to reconstruct the depth position of the object. Figures 13(C) 
shows the FLOT data for the capillary tube at different depths. The composite data is 
presented as a 2D matrix (XT) of line profiles along the illumination axis (X) at a specific 
position (Y = d, where d is the source-detector separation) with respect to the acquired frame 
time index (T, scanning of the line illumination position). FLOT data for different source-
detector separations (0, 0.5, 1.0, 1.5 and 2.0 mm) and object depths (~ 0 and ~ 0.8 mm) are 
presented. The data show two lines with high intensities, which agrees with the simulation 
pattern in Figure 13(B). The object located at a deeper depth appears more blurred owing to 
scattering. 
 

 

 
Fig. 13. (A) Monte Carlo simulated sensitivity distributions for line source and detector with 
separation d = 1.5 mm. Log scale from −4 to 0. (B) Intensity profiles for point object scanned 
through the Y axis (solid curve, depth ~ 0 mm; dashed curve, ~ 0.8 mm). (C) FLOT 
measurement (XT) for different source-detector separations from Y = 0 mm to Y = 2.0 mm) 
for object depth ~ 0 mm and ~ 0.8 mm. (Yuan et al., 2009) with permission. 

To check the co-registration between OCT and FLOT, we obtained the depth-resolved 3D 
FLOT images through image reconstruction. Figure 14 shows the comparison of OCT and 
FLOT images of the capillary tube phantom. OCT readily images the 3D structure of the 
tube as shown in Figure 14(A). Figure 14(B) shows the comparison of OCT cross-sectional 
image (YZ) and FLOT image at location “1” denoted in (A). Cross-sectional OCT reveals the 
capillary tube (indicated by the arrow) with approximately 0.6 mm beneath the surface. 
FLOT cross-sectional image shows a fluorescence object at the same location, with slightly 
larger size due to the relatively larger FLOT resolution compared to OCT. Cross-sectional 
OCT and FLOT images at location “2” also show good agreement with the tube depth 
approximately 0.9 mm (Figure 14C). Compared to (B), the FLOT image for deeper object 
shows slightly enlargement in size. In addition, the peak values are slightly reduced when 
object gets deeper due to the enlargement of the reconstructed object size. Figure 14(D) 
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shows the OCT cross-sectional image along the tube longitudinal dimension (XZ). The tube 
is placed with an angle with respect to the horizontal axis, and slightly bends flat. The FLOT 
image (XZ) reveals similar contour of the capillary tube as shown by OCT. Also, this image 
is averaged over a range of 150 µm in Y dimension along the center of the tube, and the 
results indicated nearly constant fluorophore concentration. In addition, we noted the 
decrease in the reconstructed fluorophore concentration (3 µM instead of 10 µM). This could 
be explained by the enlarged reconstructed object size (~ 300 µm in diameter vs. 100 µm). 
Here the OCT image provides the structural information of the phantom and the FLOT 
reconstructed image provides the fluorescence dye distribution information. In biomedical 
applications, FLOT would provide fluorescence-dye-targeted molecular information. So in 
biomedical applications, the hybrid system can be used for concurrent depth-resolved 
tissue-structural and molecular imaging.  
In conclusion, we demonstrates the co-registered OCT and line-scanning FLOT system, 
which has strong potential to provide depth-resolved tissue structural and molecular 
information at millimeter imaging scale. This represents a new multimodal imaging regime 
and could be useful for investigating the tissue structure and function relationship. Future 
work will focus on the utilization of the OCT structural image as the a priori information to 
improve the FLOT reconstruction, and incorporation of line-scan OCT to co-register with 
line-scan FLOT for endoscopy imaging. 
 

 
 

Fig. 14. Co-registration of OCT and line-scan FLOT of a capillary tube filled with 
fluorescence dye. (A) 3D OCT imaging showing three representative slices. (B) Left, OCT 
image (slice #1) of the capillary tube (arrow); right, FLOT image reconstruction of the 
fluorescence object. (C) OCT and FLOT images of different position (slice #2). (D) OCT and 
FLOT image (slice #3) reveal the curvature of the capillary tube (two identical dotted lines 
serve as the reference slopes). (E) 3D isosurface of FLOT image shows good co-localization 
with OCT (Yuan et al., 2009) with permission. 
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5. Conclusion 
In this chapter, we introduce several multimodal optical imaging techniques which 
combines OCT and fluorescence imaging. OCT provides high-resolution, cross-sectional 
imaging of tissue microstructure, while fluorescence imaging reveals the biochemical 
and/or molecular information. Multimodal optical imaging techniques which combine OCT 
and fluorescence imaging could provide morphological, molecular and functional 
information simultaneously, and have great potential in disease diagnostics and therapy. 
Several such multimodal systems as well as their biomedical applications are introduced 
and discussed in this chapter. An ongoing development of novel multimodal system 
(OCT/FLOT) is also briefly introduced. 
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1. Introduction    
Atherosclerotic vascular disease is a common cause of morbidity and mortality in developed 
countries (Arroyo & Lee, 1999). In particular, the rupture of atherosclerotic plaques is the 
most common event initiating acute ischemic heart disease (Shah, 2003). Therefore, it is 
crucial to detect vulnerable coronary atheromatous plaques prior to their rupture or erosion 
to prevent irreversible myocardial damage. Autopsy studies have identified several 
histological characteristics of these vulnerable plaques, such as a large lipid pool, thin 
fibrous cap (<65 μm), and activated macrophages near the fibrous cap (Falk et al., 1995). 
Therefore, modalities capable of visualizing the vessel wall might help in detecting lesions 
with high risks for acute events (Pasterkamp et al., 2000; Peters et al., 1994). There are 
several plaque imaging modalities. The oldest and most widely used technology is X-ray 
angiography, which can detect narrowing of the coronary blood vessels. The first imaging 
technique to demonstrate the benefits of imaging inside the arterial wall is intravascular 
ultrasound (IVUS). However, the current resolution is not sufficient to visualize the thin 
fibrous caps and small disruptions within the intimal and medial dissections. In the 1980s, 
coronary angioscopy, which allows direct visualization of the surface color and superficial 
morphology of atherosclerotic plaque, thrombus, neointima, and stent struts, was 
introduced. However, it cannot help in the assessment of subsurface lesions. Other 
proposed techniques include electron beam computed tomography (EBCT), magnetic 
resonance imaging (MRI), or positron emission tomography (PET); these are noninvasive 
screening tools that do not subject the patient to catheterization. In addition to the 
aforementioned techniques, which are merely a selection of the imaging modalities 
currently used in vivo or that are in the validation stage, the use of optical techniques for 
biomedical imaging is gaining considerable attention. This is largely due to the potential of 
optical techniques to provide high-resolution imaging without the need for ionizing 
radiation and associated risks.  
Optical coherence tomography (OCT), which is based on a low-coherence interferometer, 
has emerged as a rapid, non-contact and noninvasive, high-resolution imaging tool (Huang 
et al., 1991). From the mid-1990s, the ability of intravascular OCT to provide high-resolution 
(10–20 μm) cross-sectional images of both in vitro human aorta and coronary arteries has 
been demonstrated (Brezinski et al., 1996; Fujimoto et al., 1995). The resolution of OCT 
images was up to 10 times better than that of conventional ultrasound, MRI, and computed 
tomography (CT) (Jang et al., 2002; Yabushita et al., 2002). Therefore, using OCT, small 
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structural details (such as the width of intimal caps and the presence of fissures in 
atherosclerotic plaques (Bresinski et al., 1997) could be resolved and intramural collections 
of lipid within the intima of a vessel wall could be detected (Brezinski et al., 1996; Fujimoto 
et al., 1995). Furthermore, the objective OCT image criterion for risk-stratifying plaque 
characterization has been established on the basis of the intrinsic optical properties of a 
typical plaque, whose constituents are lipid, calcium, and fibrous tissue (Bresinski et al., 
1997; Jang et al., 2002; Stamper et al., 2006; Tearney et al., 2006; Yabushita et al., 2002). On 
this basis, OCT has a detection sensitivity and specificity of 71%–79% and 97%–98% for 
fibrous plaques, 95%–96% and 97% for fibrocalcific plaques, and 90%–94% and 90%–92% for 
lipid-rich plaques, respectively (Tearney et al., 2006; Yabushita et al., 2002). Moreover, OCT 
has also been shown to quantify plaque macrophage content (Tearney et al., 2003) in lipid-
rich plaques and to assess the success of intracoronary stent implantation in patients with 
coronary artery disease during percutaneous intra-arterial procedures (Bouma et al., 2003). 
At present, a company, LightLab Imaging, is targeting the cardiovascular market using 
commercializing intravascular OCT technology by providing dedicated imaging wires and 
occlusion balloon catheters. 
In general, OCT images are obtained from measurements of the echo time delay and the 
intensity of the backscattered light from a specimen. Further, OCT employs the inherent 
differences in the index of refraction, rather than enhancement with dyes, to differentiate 
tissue types. However, since the plaque components are heterogeneous, they may 
sometimes generate reflected signals that confuse or obscure the identity of these 
components; multiple scattering by the cap also creates difficulties in identifying the plaque 
due to the diffuse nature of the plaque border (Stamper et al., 2006). Polarization-sensitive 
OCT (PS-OCT), a functional mode of OCT, combines the advantages of OCT with additional 
image contrasts obtained by using the birefringence of the specimen as a contrast agent. 
Many biological tissues have a microscopic fibrous structure and so exhibit intrinsic 
birefringence. Moreover, changes in birefringence may indicate changes in functionality, 
structure, or viability of tissues in the early stages of the disease (de Boer et al., 1997).  
From 2004, we have been presenting the application of PS-OCT in human atherosclerosis, 
and have proposed approaches to characterize a plaque lesion on the basis of its 
birefringence property (Kuo et al., 2004; 2005; 2007). Moreover, in a recent study, our 
laboratory has assessed the arterial characteristics in human atherosclerosis by 
quantitatively determining both scattering and birefringence properties of vessel tissue from 
PS-OCT images (Kuo et al., 2007; 2008). Based on our findings, a quantitative PS-OCT image 
criterion for plaque characterization was constructed. In the remainder of this chapter, the 
results that we obtained using the PS-OCT system for imaging human atherosclerosis in 
vitro are summarized. We hope that our results, along with the results from other 
investigators, will construe a step forward in the application of PS-OCT imaging technology 
for clinically diagnosing atherosclerosis in the near future.  

2. Principle of polarization-sensitive optical coherence tomography (PS-OCT) 
system 
The optical setup of the PS-OCT system used in this study is shown in Fig. 1. A collimated 
beam from a superluminescent diode (SLD) centered at a wavelength of 837 nm with a 
spectral bandwidth of 17.5 nm was used as a low-coherence light source in a Michelson 
interferometer. The axial resolution, which depends on the temporal coherence properties of 
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the SLD), was 17 μm, while the lateral resolution (determined by the numerical aperture of 
the objective) was 10 μm. The incident beam was vertically polarized by a polarizer placed 
in the interferometer. A nonpolarization beam splitter (BS) was used to split the light wave 
into signal and reference beams. In the Michelson interferometer, a quarter-wave plate 
(QWP) with an azimuth angle set at 45° to the horizontal was used to focus the circular 
polarized light onto the examined specimen. On the other hand, the reference beam light 
was directed to a plane mirror mounted on a linear translator, which repetitively scanned 
the reference arm optical path length at a constant speed (1 mm/s). Another QWP (set at 
22.5° to the horizontal) in the reference beam path rotated the polarization of the incident 
laser beam by 45°, thereby becoming the reflected reference beam.  
 

 
Fig. 1. Schematic of the conventional PS-OCT system: SLD, superluminescent diode; QWP, 
quarter wave plate; M, reference mirror; BS: beam slitter; PBS, polarized beam splitter; Dp 
and Ds, photo-detectors; PC, personal computer. 

The laser beam was reflected from the specimen and recombined with the reflected 
reference beam, and then both the horizontal (P wave) and vertical components (S wave) 
were independently directed toward two photodetectors Dp and Ds, respectively, using a 
polarized BS (PBS). From the ac coupling of the detector signals, the full interferometric 
signals were recorded. The amplitudes Ai (z) and phases φi (z) of the interference signals at 
different depths (z) were determined using the Hilbert transform; i = P and S represent the P 
and S polarization states, respectively. Three parameters—the backscatter intensity R(z), 
phase retardation )(zΦ , and fast-axis angle β(z) of a specimen—were calculated using the 
amplitude and phase of the interference signal (Hitzenberger et al., 2001): 

 22 )(A)(A~)( zzzR SP +   (1) 
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                     ( ))(/)(tan)( 1 zAzAz PS
−=Φ   (2) 

 )180(2/1)( φβ Δ−°×=z   (3) 

Here, P Sφ φ φΔ = −  is the phase difference between the P- and S-polarized heterodyne signals. 
Finally, 2D images of the above three parameters were obtained simultaneously by using 
repeated A-scan acquisition and mechanically scanning the specimens laterally through a 
focused 0.5 mW signal beam. In this experiment, the system sensitivity was obtained as 100 
dB using a highly reflective plane mirror as the test object in this setup. The following 
section demonstrates our preliminary in vitro investigations of human aortic specimens 
using PS-OCT.  
In this study, we adapted a free-space PS-OCT system to precisely control the polarization 
state of the laser beam used in birefringent imaging. Several other groups have developed a 
high speed fiber-based PS-OCT system for application as a medical instrument in vivo (Guo 
et al., 2004; Park et al., 2001; 2004; Saxer et al., 2000). Moreover, an optically clear 
hemoglobin-based blood substitute has also been used to displace blood and enable OCT 
imaging with minimal patient discomfort (Villard et al., 2002). Further, several Fourier 
domain PS-OCT techniques (Park et al., 2005; Yamanari et al., 2006; Zhang et al., 2004) have 
been reported recently and have received considerable attention due to the high data 
acquisition rates (e.g., acquisition at 80 to 110 fps), which can eliminate motion artifacts and 
reduce ischemia during blood-free optical imaging. This allows for comprehensive scanning 
of long arterial segments during a short balloon occlusion or even 1 bolus liquid flush 
without occlusion. The first clinical study using this technology is being initiated in order to 
investigate vulnerable plaque hypothesis in a prospective multicenter manner. By 
combining the above features, PS-OCT can be used to measure reflected intensity, phase 
retardation, and fast-axis angle distributions, and thereby provide a greater contrast than is 
available with conventional OCT systems. 

3. In vitro PS-OCT imaging of human atherosclerosis 
Specimens of the aorta with white or yellow plaque were obtained from heart transplant 
recipients at the National Taiwan University Hospital, Taiwan. The photographs of some 
specimens are shown in Fig. 2. The protocol was approved by the ethics committees of the 
National Taiwan University Hospital. The specimens were dipped in saline (4°C), cut into 
segments smaller than 1 × 1 cm, and examined. Each segment was mounted in a cuvette and 
moistened with a normal saline bath maintained at 37°C during the imaging. Only the 
intimal surface was exposed for PS-OCT imaging. The aortic specimen regions imaged with 
PS-OCT were marked for subsequent histopathological examination. After PS-OCT imaging, 
all the specimens were fixed in 10% neutral formalin for 24 h and then processed for 
standard paraffin embedding. Serial sections with 4 μm thickness were cut within the region 
of the PS-OCT examination, and stained with hematoxylin and eosin (H and E) for routine 
examination. The distribution of the collagen structure in the plaque lesion was also 
examined using Masson trichrome and picrosirius red staining procedures as well as a 
polarization microscope. Finally, the entire specimens were classified into normal vessel (N), 
lipid (L), fibrocalcific (C), and fibrous lesions (F) by a pathologist (J. J. Shyu).  
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Fig. 2. Photographs of the aorta with white or yellow plaque. 

 
Fig. 3. Histological and PS-OCT images of a normal aortic wall (left column) and a plaque 
with lipid-loaded lesion (right column): (a) Histology (H and E; magnification ×100); (e) 
Histology (Masson’s trichrome; magnification ×40); (b), (f) Back-scattered intensity image; 
(c), (g) Phase retardation image (linear color scale degrees); (d), (h) Fast-axis angle image 
(linear color scale degrees). 
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The PS-OCT images of representative specimens are shown in Figs. 3–6. The histological 
image of the normal vessel wall [Fig. 3(a)] showing a medial layer below the intima is 
compared with the PS-OCT image of the same specimen [Fig. 3(b)]. The signal-rich layer 
closest to the lumen is the intima. In the normal vessel wall, the phase retardation increases 
uniformly [Fig. 3(c)], and the pseudocolor distribution of the fast-axis angle signals is also 
uniform [Fig. 3(d)]. The pale area in Fig. 3(e) is a subintimal lipid-loaded region (L), which is 
morphologically composed mostly of the necrotic debris of foamy cells. Because of the 
paraffin embedding process, the solvent treatment removes the lipid from these lipid-loaded 
structures, which therefore appear as empty spaces in stained sections [Fig. 3(e)]. The 
corresponding PS-OCT image [Fig. 3(f)] reveals a decreased signal density under a thin 
homogeneous surface band. Moreover, the phase retardation and fast-axis angle signals are 
distributed in a slightly more random manner in the atherosclerotic lesion [Figs. 3(g) and 
3(h), respectively] than in a normal vessel wall [Figs. 3(c) and 3(d)].  
Moreover, the PS-OCT and histological images showed a plaque having small amounts of 
fibrous connective tissue (blue stain; black arrows) within a lipid-loaded area [Fig. 4(a)]. The 
signal density (arrows) was stronger, the backscattering signal was more heterogeneous 
[Fig. 4(b)], and the variation in the phase retardation [Fig. 4(c)] and fast-axis angle 
distribution [Fig. 4(d)] was more abrupt in the fibrous tissue than in the lipid-loaded region 
(L). Figure 4(e) shows a typically advanced plaque within the vascular intima; it is 
characterized by a necrotic lipid core covered by a thicker fibrous cap (CF ~250 μm; stained 
blue with Masson’s trichrome). Plaque development in the vascular wall involves a 
reorganization of intimal collagen fibers (Rekhter, 1999). Figure 4(f) shows a relatively deep  
 

 
Fig. 4. Histological and PS-OCT images of vessel wall with a small fibrous lesion in the 
lipid-loaded area (left column) and a lipid-loaded fibroatheroma with a thick fibrous cap 
(right column): (a), (e) Histology (Masson’s Trichrome; ×40); (b), (f) Back-scattered intensity 
image; (c), (g) Phase retardation image (linear color scale degrees); (d), (h) Fast-axis angle 
image (linear color scale degrees). 
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lipid-loaded (L) area close to the media. The medial layer had a low backscattering intensity, 
and hence, the interface between the plaque and the media was not well defined. A 
comparison of the PS-OCT [Figs. 4(g) and 4(h)] images with the histological images [Figs. 
4(e)] showed gradual changes in phase retardation and fast-axis angle signals, which were 
due to the accumulation of collagen fiber in the plaque. Further, the changes in the 
pseudocolor in Fig. 4(g) were more uniform within the vessel wall than in those regions 
indicated by the arrows in Fig. 4(c). 
Fig. 5 also shows an atheroma plaque (*) of a coronary artery stained with trichrome (a, 40×) 
and picrosirius red (b, 100X), which was examined under a polarization microscope (c, 
100×). The structure above the mark (*) is the fibrous cap in the tunica intima, and the 
structure below the mark (*) is the tunica media. Picrosirius polarized microscopy reveals 
birefringence regions (e.g., organized collagen in a vessel wall). The intense birefringence of 
the collagen fiber represented in Fig. 5(e), left region, is confirmed by Figure 5(c) wherein 
the thick collagen fiber can be observed (in orange color). The fine collagen fiber (green 
color) of Fig. 5(c) is also consistent with small changes in the phase retardation shown in the 
right region of Fig. 5(e). 
 

 
Fig. 5. Lipid-loaded fibroatheroma with a thick fibrous cap. (a) Histology (Masson’s 
trichrome; ×40); (b) histology and (c) examined under polarization microscope (Picrosirius 
polarization; ×40); (d) back-scattered intensity image; (e) phase retardation image (linear 
color scale degrees); (f) fast-axis angle (linear color scale degrees). 

Finally, two fibrocalcific plaques are shown in Fig. 6. The PS-OCT image showed a large 
sharply delineated, signal-rich area of heterogeneous backscattering [Fig. 6(b) and 6(f)], as 
well as strong birefringence [Fig. 6(c) and 6(g)]. Different structural orientations were also 
indicated by the PS-OCT image [i.e., different orientations of a fast-axis angle signal in three 
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parts of the tomogram; see Fig. 6(h)] but not by the H and E stained specimen [Fig. 6(e)]. 
Since the calcified lesion was damaged during the sectioning process, only a large empty 
hole with a few calcified fragments appeared within the calcified plaque. 
 

 
Fig. 6. Histological and PS-OCT images of fibrocalcific plaques: (a), (e) Histology (H and E); 
(b), (f) Back-scattered intensity image; (c), (g) Phase retardation image (linear color scale 
degrees); (d), (h) Fast-axis angle image (linear color scale degrees). 

Using the above experiments, the capability of PS-OCT for imaging atherosclerotic plaques 
in human specimens has been evaluated. We have demonstrated that the normal vascular 
intima has a low intrinsic birefringence property, while changes in birefringence 
characteristics were apparent in fibrous and calcified plaques; moreover, the birefringence 
characteristics were different from those in normal vessels and lipid-loaded lesions. By 
using picrosirius staining along with polarization microscopy, we could also identify the 
thickness of collagen fiber. Recently, the identification of organized collagen fiber in arteries 
has also been demonstrated by using a single-detector PS-OCT (Giattina et al., 2006). In 
addition, another report showed that the PS-OCT measurements of birefringence have a 
strong positive correlation with thick collagen fiber content (r = 0.76, p < 0.001) and also a 
smooth muscle cells density (r = 0.74, p < 0.01) (Nadkarni et al., 2007).  

4. Extracting optical properties from PS-OCT images 
It is well known that optical properties can be used to indicate whether a tissue is in a 
normal or pathological state (Kortum & Muraca, 1996). Further, accurate knowledge of 
optical properties is essential for the optimum use of light in diagnosis and the treatment of 
diseases. In this study, we constructed a quantitative PS-OCT image criterion for plaque 
characterization. Following PS-OCT imaging, an algorithm was used to determine both 
scattering (i.e., μs and geff) and birefringence properties (i.e. Δn and β) of vessel tissue from 
the above PS-OCT images. The μs can be thought of as the reciprocal of the average distance 
a photon travels between scattering events. The geff factor describes how isotropic or 
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anisotropic the scattering is, and is related to the particle size in the specimen. The Δn value 
characterizes the differential speed of propagation between two orthogonal polarized states 
of light in the specimen; it may change with derangement and mechanical failure of the 
collagen network in the vessel. And the β value could be thought of as a parameter of the 
fiber orientation in fibrous tissues where birefringence is caused by form birefringence. 
First, the user selected regions (such as the white rectangle shown in the left column of Fig. 
7) corresponding to those evaluated by histopathology. The regions were then automatically 
divided into several regions of interest (ROIs) (e.g., green dashed inset in the left column of 
Fig. 7) beginning from the intimal surface and including approximately 25 A-scans. Further, 
the size of each ROI was kept constant. The R, Φ, and β signals within each ROI were 
laterally (i.e., along the x-axis) delineated and averaged. Subsequently, μs and the root-
mean-square scattering angle (θrms), which can be used to calculate the effective anisotropy 
factor (geff = cos(θrms)), were extracted by fitting the reflectivity signals as a function of depth 
to an extended Huygens-Fresnel model (Kuo et al., 2008; Levitz et al., 2004; Thrane et al., 
2000). This is shown in the right column of Fig. 7.  

 
2 2

2 2R S b s s  H
s s2 2 2 2

H  S H S

P P 4exp(- z)[1-exp(- z)]i (z) exp(- 2 z) [1-exp(- z)]  
 1  /    

α σ μ μ ωμ μ
πω ω ω ω

⎧ ⎫⎧ ⎫⎪ ⎪ ⎪ ⎪= ⋅ + +⎨ ⎬ ⎨ ⎬+⎪ ⎪ ⎪ ⎪⎩ ⎭ ⎩ ⎭
 (4) 

Here 〈i2(z)〉 is the mean square of the heterodyne signal current; α, the power to current 
conversion ratio; PR and PS, the power of the reference and input sample beams; σb, the 
effective backscattering cross-section; and ωH and ωS, the 1/e irradiance radius at the 
probing depth in the absence and presence of scattering, respectively. The pixels near the 
interface, which was due to the specular reflection between the scattering and non-scattering 
media, were excluded from the fit (Levitz et al., 2004). Furthermore, the profiles of the 
averaged phase retardation signals have three layers (black arrows in the right column of 
Fig. 7). Δn can be calculated by linear least-squares fitting through the averaged Φ data over 
the depth of the ROI, and then its slope can be determined from the formula: 

 Φ = (360/2π)·k0·d·Δn  (5) 

Here k0 is the wave vector and d is the thickness of the fitting range. In addition, the mean 
fast-axis angle calculated by averaging across the width of the ROI at each depth can be 
determined from Equation (3).  
Statistical analyses were performed using SPSS (version 14.0; SPSS Inc.). A p-value < 0.05 
was considered to be statistically significant. The test of significant difference of optical 
parameters was performed by Kruskal-Wallis statistics and used to evaluate whether the 
four optical properties contributed to the differentiation between different kinds of vessels. 
After performing a significant test, multiple comparison procedures were then used to 
determine which means are different. The following equation was used: 

 / ( 1)
( 1) 1 1
12

t t
i j k k

i j

n nR R Z
n nα −

⎛ ⎞+− > × × +⎜ ⎟⎜ ⎟
⎝ ⎠

  (6) 

Here Ri is the mean rank of the i th group; Rj, the mean rank of the j th group; k, the number 
of independent variables; nt, the total number of samples; ni and nj, the sample numbers of 
the i th and j th group, respectively; / ( 1)k kZα − , the critical value at the significance level α; and  
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Fig. 7. Procedure of the PS-OCT extraction algorithm. 

k(k–1), the number of comparisons. A Spearman’s ρ� correlation test was also used to 
evaluate whether these four properties have correlations with each other. 
Finally, multinomial logistic regressions were used to generate a predictive model based on 
a linear combination of weights (Xrρ) of optical properties ( ρ= scattering coefficient, 
effective anisotropy factor, birefringence, and fast-axis angle) as shown in this equation: 

 (diseased vessel type)logit[ ]
(Normal vessel) r r r

OR A B X
OR ρ ρ= +∑   (7) 

Here OR = Odds Ratio, C F L    ,   ,   N N Nr = , Ar is a constant, and Brρ ��is an adjustable 

coefficient for each optical property. This model was used to classify the artery specimens 
into four diagnostic classes. The accuracy of this model for plaque characterization was 
evaluated using receiver operating characteristic (ROC) analysis (Metz, 1978). 
Figures 3–6, given in previous pages, show illustrative PS-OCT images with the 
corresponding histopathology of normal, lipid, fibroatheroma, and fibrocalcific plaques. 
Altogether, 30 aortic specimens and therefore 135 ROIs from each region across totally R, Φ, 
and β images were collected. The extracted data, μs, geff, Δn, and β, are summarized in Fig. 8, 
where each box shows the median, 25th and 75th percentiles, and the extreme values within 
a category. Open circles and stars indicate outlier data.  
Kruskal-Wallis statistics shows that μs (p = 0.022), Δn (p < 0.001), and β�(p < 0.001) �have 
significant differences in normal vessels and three types of atherosclerotic vessels, by 
measuring how much the ranks of the four groups differ from the mean rank of all groups. 
The geff value does not show any significant difference (p = 0.104). From the multiple 
comparison test, we found that F to C shows significant difference in μs; Δn between C and 
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Fig. 8. Distributions of μs, geff, Δn, and β in normal vascular intima (N), lipid laden (L), 
fibrous (F), and fibrocalcific (C) plaques. 

N, F and N, L and C, and L and F has significant differences; and β between C and N, F and 
N, L and N, and L and F has significant differences. 
Spearman’s ρ correlation test shows that only geff correlates with the scattering coefficient (r 
= –0.584, p = 0.003) in fibrocalcific plaque, while this value correlates with the birefringence 
value (r = –0.563, p = 0.008) in fibrous lesions. Finally, three regression models, Equations 
(8)–(10), were used to predict the odds ratio of C to N, F to N, and L to N, respectively. 

 ( )logit 19.182 0.044 0.119 0.141
( ) s n

OR type C X X X
OR type N μ βΔ

⎡ ⎤= = − + + +⎢ ⎥=⎣ ⎦
  (8) 

 ( )logit 19.377 0.047 0.068 0.201
( ) s n

OR type F X X X
OR type N μ βΔ

⎡ ⎤= = − − + +⎢ ⎥=⎣ ⎦
  (9) 

 ( )logit 9.746 0.008 0.028 0.113
( ) s n

OR type L X X X
OR type N μ βΔ

⎡ ⎤= = − − + +⎢ ⎥=⎣ ⎦
  (10) 

The prediction results are given in Table 1. This method identified that 17 of 23 lesions are 
fibrocalcific and that 105 of 112 lesions are not fibrocalcific. In the case of fibrous plaque, 7 of 
21 lesions were identified as fibrous and 110 of 114 as not fibrous lesions. Finally, the 
method identified 33 of 48 lesions as lipid regions and 55 of 87 as not lipid regions. The 
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constructed regression model achieved 90%, 87%, and 65% prediction accuracy for C, F, and 
L, respectively.  
 

Classification 
Model predicted Histology observed 

N C F L 
N 
C 
F 
L 

27 
1 
0 
7 

0 
17 
1 
6 

0 
2 
7 
2 

16 
3 
13 
33 

Table 1. Plaque characterization by quantitative PS-OCT and histology 

Our preliminary data indicated that more than 80% normal arterial samples had μs value 
between 10 and 39 mm–1 and have significant differences from other different types of 
plaques (p < 0.05); this is consistent with the results obtained by Levitz (Levitz et al., 2004). 
From the multiple comparison tests, we also noticed that a significant difference in 
scattering property exists between fibrous and fibrocalcific plaques. These findings are 
consistent with the results obtained with qualitative image-based plaque characterization 
methods where fibrous and fibrocalcific plaques can be distinguished by the signal-rich and 
signal-poor regions respectively (Stamper et al., 2006; Yabushita et al., 2002). However, the 

effective anisotropy factor demonstrates no significant difference between normal and other 
atherosclerotic lesions (p = 0.104), perhaps because geff of the fibrocalcific and fibrous lesions 
were correlated with μs and Δn, respectively. In the case of the birefringence property of the 
vessel that has not been quantitatively analyzed previously, i.e., β values, they were 
maximum in the most atherosclerotic lesion at over 70 degrees. Smaller β values were 
present in the best-fit areas of normal vascular intima. The Δn values were small and more 
concentrated in normal intima, but they demonstrated larger variations in the entire 
atherosclerotic lesion. The birefringence coefficient was larger in abundant thicker collagen 
fibers (Δn = 9.409 410−× ; bright yellow to orange color, constituting >60% of the left region of 
histology in Fig. 5c) than in thin collagen fibers (Δn = 5.386 410−× ; green color in right region 
of histology in Fig. 5c). Both β and Δn values have significant differences between the 
normal arterial vessel and other different types of plaques (p < 0.05). 
In this study, no attempt has been made to differentiate a necrotic core from a lipid pool. 
Since the signal from the necrotic cores may be too weak for reliable measurements, future 
studies based on histological stains that can differentiate the two are needed. It is also 
noteworthy that the Φ and β signals are distributed in a slightly more random manner in the 
lipid lesion than in the normal vessel wall and fibrous and fibrocalcific plaques. This may be 
due to the polarization state of light that is to be randomized by multiple scattering in lipid-
rich tissue, which reduces the accuracy of birefringence measurements. Alternatively, 
further modifications of these PS-OCT criteria, such as the addition of a threshold limit for 
the signal-poor region and incorporation of the standard deviation of the birefringence 
signal within one ROI, may be required to differentiate lipid lesions better. 

5. Conclusion 
Collagen fiber constitutes up to 60% of the total atherosclerotic plaque protein. Uncontrolled 
collagen accumulation leads to vascular stenosis, whereas excessive collagen breakdown 
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weakens plaques making them prone to rupture (Falk et al., 1995; Rekhter, 1999). Assessing 
the phase retardation change may be a method to quantify the collagen content in 
atherosclerotic lesions, and it may provide significant pathophysiological information that 
can influence clinical decision-making in patients with risk factors. Furthermore, computer-
based quantitative analysis can automatically determine the plaque type; this will eliminate 
the training time for each reader and disparity between different diagnoses. The 
quantitative information on both arterial scattering and birefringence properties can also be 
integrated with the qualitative visual information provided by PS-OCT images, and this can 
support the facilitation of image-based plaque characterization methods. Our preliminary 
results present an important step in validating this new imaging modality and can provide a 
basis for the interpretation of PS-OCT images obtained from human specimens. However, 
an analysis from a considerably larger set of specimens as well as an analysis taking the 
effect of cluster data (i.e., specimens from the same person) into consideration will be 
required for developing a more suitable prediction model in the future. Moreover, it is likely 
that the combination of other functional modalities such as optical coherence elastography 
(Rogowska et al., 2004; 2006) or spectroscopic OCT (Morgner et al., 2000), which can provide 
additional indexes (such as cellular and molecular components and mechanical properties of 
arterial walls), will have a greater predictive value for constructing a risk-stratifying plaque 
characterization criterion that can be applied in future clinical utilities. 
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1. Introduction     
Two-photon fluorescence (TPF) microscopy is a powerful technique for high-resolution 
imaging of biological tissues, enabling depth-resolved morphological and functional 
assessment of biological tissues via a non-invasive route (Denk et al., 1990; Helmchen & 
Denk, 2005; Konig, 2000; Zipfel et al., 2003). In TPF microscopy, a molecule (i.e., the 
fluorophore) can absorb two photons quasi-simultaneously (10-15 - 10-18 s) and emit a single 
photon during relaxation from the excited state to the ground state. The probability for the 
fluorescent emission is thus quadratically dependent on the excitation light intensity. With a 
focusing unit, much more two-photon fluorescence is generated from the focal spot than 
where the beam is diffused. Effectively, excitation is restricted to the very small focal 
volume (~1 femtoliter), resulting in the inherent optical sectioning ability without the need 
for a pinhole to reject out-of-focus photons. This optical sectioning capability permits whole-
field fluorescence collection and thus enhances the collection efficiency in highly scattering 
tissues. In TPF microscopy, near-infrared (NIR) femtosecond laser is generally employed for 
effective excitation, which increases the penetration depth and reduces image deterioration 
due to the less scattering in turbid tissues. In addition, NIR excitation likely causes less 
photodamage outside the focal volume. 
With the advances in micro-optics and micro-mechanical components, a TPF 
endomicroscopy system is becoming attractive as a basic research tool with a much smaller 
form factor and lower cost compared to a conventional TPF microscope. Moreover, the TPF 
endomicroscopy system has a great potential to transform the powerful TPF technology for 
in vivo studies and clinical applications. Recently, increasing interests have been focusing on 
the development of TPF endomicroscope with a small size which can go through the 
accessory port of a standard endoscope for in vivo and clinical studies while maintaining the 
TPF imaging ability similar to a standard TPF microscope. Major challenges for TPF 
endomicroscopy devices are efficient delivery of single-mode ultrashort pulses, wide-field 
collection of the TPF signals, fast 2-D/3-D beam scanning with a miniature objective lens of 
good optical properties, and overall miniaturization of the probe assembly (Bao et al., 2008; 
Engelbrecht et al., 2008; Flusberg et al., 2005a; Flusberg et al., 2005b; Fu et al., 2006; Gobel et 
al., 2004a; Helmchen et al., 2001; Hoy et al., 2008; Jung & Schnitzer, 2003; Jung et al., 2008; 
Konig et al., 2007; Le Harzic et al., 2008; Levene et al., 2004; Myaing et al., 2006; Wu et al., 
2009a; Wu et al., 2009b).  
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This book chapter offers a review of fiber-optic TPF endomicroscopy technologies with 
emphasis on major technological development challenges. The advantages and limitations 
associated with various TPF endomicroscopy systems are discussed. Special design and 
engineering considerations are presented with our recently developed all-fiber-optic rapid 
scanning TPF imaging endomicroscopy system as an example. Some representative 
endomicroscopic TPF imaging results are illustrated, demonstrating that the emerging TPF 
endomicroscopy systems are very promising for basic laboratory research and for early 
disease detection and image-guided interventions.  

2. Challenges in two-photon fluorescence endomicroscopy 
2.1 Single-mode femtosecond laser delivery and large-area TPF signal collection 
The first major issue in TPF endomicroscopic implementation is how to efficiently deliver 
single-mode femtosecond excitation light and collect multimode two-photon fluorescence 
signals. It is well known that a single-mode fiber (SMF) can be used to deliver and focus 
single-mode femtosecond excitation light to a near diffraction limited spot. However, the 
TPF collection efficiency severely suffers due to the small core diameter of a SMF. Some 
embodiments utilize a separate multimode fiber for effective TPF collection (Helmchen et 
al., 2001), as shown in Fig. 1(a). The multimode fiber with large core diameter (e.g. 1-2 mm) 
and high NA (e.g. 0.4-0.8) increases the collection area and it also makes the collection 
efficiency less sensitive to the spherical and chromatic aberration of the objective lens. Such 
configuration can be further improved by replacing the common SMF with a hollow-core 
photonic bandgap fiber (HC-PCF) with zero dispersion at the selected excitation wavelength 
(Engelbrecht et al., 2008; Flusberg et al., 2005b; Gobel et al., 2004b; Hoy et al., 2008; Le Harzic 
et al., 2008). Owing to the dramatically reduced group-velocity dispersion (GVD) and 
nonlinear optical effects (such as self-phase modulation, SPM) in the specially designed HC-
PCF, femtosecond pulses in HC-PCF experience negligible temporal distortion, and no 
additional pulse prechirping is required (Agrawal, 2007).   
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Fig. 1. Schematic of fiber-optic two-photon fluorescence endomicroscope: (a) Two-fiber 
configuration; (b) Single-fiber configuration. SMF: single-mode fiber; MMF: multi-mode 
fiber; DCF: double-clad fiber; SM: single-mode; MM: multi-mode.  
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As shown in Fig. 1(a), the two-fiber configuration involves a dichroic mirror and a prism 
and it is difficult to minimize the endomicroscope. In order to create a more compact and 
flexible endomicroscope, single double-clad fibers (DCFs, see Fig. 2) have been employed in 
TPF endomicroscopes for both single-mode laser excitation delivery with the single-mode 
core and efficient TPF collection with the multimode inner cladding layer (Bao et al., 2008; 
Fu et al., 2007; Fu et al., 2006; Jung et al., 2008; Myaing et al., 2006; Wu et al., 2009a; Wu et al., 
2009b), as shown in Fig. 1(b). With the advance of fiber fabrication technology, double-clad 
fiber could be developed with high performance including large inner clad diameter and 
NA and less nonlinear optical effects.  
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Core

Inner clad
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Fig. 2. Schematic of double-clad fibers generally employed in two-photon fluorescence 
endomicroscopy systems: (a) Conventional double-clad fiber; (b) Photonic crystal double-
clad fiber.  

A conventional DCF, as shown in Fig. 2(a), is a step-index fiber composed of a single-mode 
core, a multi-mode inner cladding layer and an outer cladding layer. The materials for the 
three layers are typically germanium-doped silica, pure silica and fluorine-doped silica, 
respectively. The DCF, allowing single-mode delivery of fs excitation light through the 
single-mode core and collection of multimode TPF signals via the inner clad, is 
commercially available (Fibercore Ltd., SMM900) and has been successfully implemented in 
a scanning fiber-optic TPF endomicroscope with an excellent imaging ability (Bao et al., 
2008; Myaing et al., 2006; Wu et al., 2009a; Wu et al., 2009b). Compared to a single-mode 
fiber, the DCF (with core/inner clad diameter of 3.5/103 μm and NA of 0.19/0.24) greatly 
improves the collection efficiency of TPF signals by 2-3 orders. Another type of DCF is 
photonic crystal double-clad fiber (PC-DCF) as shown in Fig. 2(b). The PC-DCF comprises a 
single-mode core with pure silica and inner and outer cladding layers with hybrid air-silica 
structures (Bjarklev et al., 2003; Knight, 2003). PC-DCF is also commercially available 
(Crystal Fiber, DC-165-16-Passive) and has been used for developing TPF endomicroscopy 
technologies (Fu et al., 2005; Fu et al., 2007; Fu et al., 2006; Jung et al., 2008). The PC-DCF has 
a core/inner clad diameter of 16/165 μm and NA of 0.04/0.6. The large core of the PC-DCF 
reduces the nonlinear optical effects up to a certain excitation power (Bao & Gu, 2009). But 
the large core diameter and the related low NA make it challenging to focus the excitation 
beam to a small spot size with a given miniature objective lens. The use of a PC-DCF would 
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also increase the rigid length of an endomicroscope at its distal end due to the requirement 
of beam expansion and refocusing mechanisms. Generally speaking, in engineering a 
compact fiber-optic TPF endomicroscope, the core size of the DCF has to be carefully chosen 
with a tradeoff among the excitation/collection efficiency, the nonlinear effects, the overall 
diameter and the rigid length of the probe. 
Since the SMF, DCF and PC-DCF have normal dispersion, ultrashort pulses transmitting in 
these fibers will be temporally broadened due to GVD and nonlinear effects such as SPM 
(Agrawal, 2007), resulting in the reduction of TPF excitation efficiency. Therefore, pre-
chirping is required for fiber-optic TPF endomicroscopes with such fibers. A conventional 
pulse stretcher based on a grating and lens pair can be utilized for negative prechirping 
before the pulses are launched into the fibers (Bao et al., 2008; Helmchen et al., 2001; Myaing 
et al., 2006; Treacy, 1969). However, the grating/lens pulse stretcher consists of bulky optics 
with a double-pass configuration which is generally sensitive to alignment and has 
suboptimal throughput. Recently, photonic crystal fibers based on photonic bandgap effects 
to guide light propagation have been developed. These fibers exhibit anomalous dispersion 
over certain wavelength range and can be used for prechirping (Bjarklev et al., 2003; Reeves 
et al., 2003). For example, the hollow-core photonic bandgap fiber (PBF) from Crystal Fibre 
(HC-800-02) offers negative GVD with the wavelength longer than 800 nm. It has been 
employed for dispersion compensation in the endomicroscopes (Wu et al., 2009a; Wu et al., 
2009b). Table 1 summarizes the measured GVD parameter (β2) and dispersion parameter (D) 
for excitation pulses at 810±18 nm with an initial pulse width of 60 fs. The reference values 
of a conventional silica core single-mode fiber (SMF) at 810 nm are listed (Agrawal, 2007). 
As can be seen, the measured GVD of the DCF is ~43,065 fs²/m, whereas the PBF offers a 
negative GVD of ~35,246 fs²/m. As a result, the positive dispersion of a DCF can be 
compensated by a PBF when the length ratio of the PBF to DCF is ~1.1 at 810±18 nm. The 
achievable pulse width is about 130 fs with 20 mW delivered through the DCF core. As the 
power laser transmitting in the DCF core increases (e.g. up to 50 mW), the pulses suffer self-
phase modulation and other nonlinear effects, and the temporal pulse duration broadens to 
about 200 fs. 
 

 β2 (fs2/m) D 
(ps/nm/km) 

DCF (810 ± 18 nm) 43,065 -123.7 
PBF (810 ± 18 nm) -35,246 101.2 

SMF (810 nm) * 34,120 -98.0 

Table 1. Measured GVD parameter (β2) and dispersion parameter (D) of a conventional 
double-clad fiber (DCF) and hollow-core photonic bandgap fiber (PBF). For reference, the β2 
and D values of a single-mode fiber (SMF) are cited from Ref. (Agrawal, 2007). 

2.2 Miniature high-speed scanning head 
The second challenge in developing a fiber-optic TPF endomicroscope is the beam scanner 
at the distal end which has to be in a small footprint. Current endomicroscope embodiments 
are mainly based on micro-electro-mechanical system (MEMS) scanning mirrors  (Bao et al., 
2008; Fu et al., 2006; Hoy et al., 2008; Jung et al., 2008; Piyawattanametha et al., 2006) (Fig. 
3(a)) and piezoelectric resonant fiber-optic scanners (Engelbrecht et al., 2008; Flusberg et al., 
2005b; Helmchen et al., 2001; Myaing et al., 2006; Wu et al., 2009a; Wu et al., 2009b) (Fig. 
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3(b)). 1-D or 2-D scanning mirrors can be micro-fabricated on a single silicon plate with 
torsional hinges, supporting substrates and control circuits integrated on the same chip 
(Hagelin & Solgaard, 1999; Lin & Fang, 2003; Yao & MacDonald, 1997). The use of 
electrostatic actuation, in particular those with a comb drive structure, permits low power 
consumption and strong actuation force (Hah et al., 2004). A wide range of frequency 
response from 100 Hz to 10 kHz can be achieved with MEMS scanners. Typical MEMS 
mirrors with a 0.5-2 mm diameter can have a mechanical scanning angle up to ~30o with 
reasonably low driving voltages (~10-120 V) (Lang et al., 1999; Schenk et al., 2000). Using 
MEMS techniques, a raster scanning pattern can be easily created, as shown in Fig. 3(a). 
Overall, MEMS scanners have a great potential to be integrated in a compact 
endomicroscope yet the relatively large substrates with the drive circuits still present 
significant engineering challenges in their endomicroscopic applications. A TPF 
endomicroscope based on a 2-D MEMS mirror with a size of  ~3.2 mm x 3 mm has been firstly 
developed with a line acquisition rate of 3.5 kHz (Piyawattanametha et al., 2006). Later, 
another 2-D MEMS mirror with a size of  ~5 mm in diameter, with a speed of 7 lines/s over an 
area of 80 x 130 µm2  has been assembled in a TPF endomicroscope  (Fu et al., 2007). Recently, 
higher TPF imaging rate up to 10 frames per second has been demonstrated in an 
endomicroscope prototype but with a large dimension of 10 × 15 × 40 mm3 (Hoy et al., 2008). 
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Fig. 3. Schematic of miniature 2D scanning mechanism and pattern: (a) MEMS mirror; (b) 
PZT based fiber resonant scanner.  

Although MEMS scanners can achieve a large lateral beam scan at a high speed, they require 
complicated fabrication processes and control mechanisms. A simpler method has been 
developed by scanning the distal tip of an optical fiber cantilever at its mechanical resonant 
frequency with a piezoelectric actuator (Cobb et al., 2005; Engelbrecht et al., 2008; Flusberg 
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et al., 2005b; Helmchen et al., 2001; Liu et al., 2004; Myaing et al., 2006; Seibel & Smithwick, 
2002; Wu et al., 2009a; Wu et al., 2009b). When a piezo actuator is driven at the mechanical 
resonant frequency of the attached fiber cantilever, small vibration at the cantilever base (on 
the order of a few microns) can be dramatically amplified at the sweeping fiber tip and a 
mechanical scanning angle larger than 40 degrees can be conveniently achieved. One type of 
resonant fiber-optic piezoelectric scanners is based on tubular piezoelectric actuators, as 
shown in Fig. 3(b) (Engelbrecht et al., 2008; Myaing et al., 2006; Wu et al., 2009a; Wu et al., 
2009b). The cylindrical symmetry makes this type of actuators very suitable for 
endomicroscopic settings. The outer surface of the PZT tube is divided into four quadrants, 
forming two pairs of drive electrodes. The fiber-optic cantilever is glued to the actuator tip. 
One-dimensional resonant line scan is achieved when one pair of electrodes are driven with 
a sinusoidal waveform at the mechanical resonant frequency of the cantilever, which is 
given by (Kinsler et al., 1982) 

 
1/2

24
E Rf

L
β
π ρ
⎛ ⎞ ⎛ ⎞= ⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
  (1) 

Here f is the resonant frequency of the cantilever; β is a constant of 3.52 at the zeroth-order 
vibration mode; E and ρ are the Young’s modulus and mass density of the cantilever, 
respectively; R and L are the radius and length of the cantilever, respectively. The equation 
tells that the cantilever tip scanning frequency is inversely proportional to the square of the 
cantilever length. For a single-mode fiber cantilever, the rule of thumb is that a 10-mm long 
cantilever corresponds to a resonant scanning frequency of about 1 kHz. The deflection 
angle of the fiber cantilever (α) is determined by the PZT drive voltage and frequency. The 
deflection range of the fiber tip is dependent on the length of the fiber, i.e., 2Lsinα. The 
sweeping fiber tip is imaged onto the sample by a micro lens, producing lateral beam 
scanning. Finally, the lateral beam scanning range D on the sample is given by 

 2 sinD LM α=   (2) 

where M is the magnification of the lens from the fiber tip to the sample. When using a 8.5-
mm long fiber cantilever and a lens with a magnification of ~1.8, an approximately 2.5 mm 
scanning range on the sample can be achieved with a peak-to-peak drive voltage of  ~60 V 
near the resonance frequency of 1.4 kHz (Liu et al., 2004). 
To generate a circular scan, one pair of the electrodes will be driven with a sine wave while 
the other pair driven by a cosine wave with the same amplitude and frequency. By 
triangularly modulating the drive voltage, an open-close spiral scanning pattern can be 
formed (see Fig. 3(b)). The method has been successfully adopted in TPF endomicroscopes 
with a frame rate of 2.6-3.3 Hz composing of 512x512 pixels with a scanning range of 100-
220 μm (Myaing et al., 2006). Using the same method, a TPF endomicroscope prototype has 
been developed with a video rate of 25 Hz imaging speed, but with lower sampling pixels 
(128x128 pixels for a field of view of 200 μm) (Engelbrecht et al., 2008). Another kind of 
resonant PZT scanners utilizes a bi-morph piezoelectric plate to vibrate a freely-standing 
fiber-optic cantilever in Lissajous scanning pattern (Flusberg et al., 2005b; Helmchen et al., 
2001). This resonant fiber scanner can also achieve large lateral deflections at the fiber tip 
(e.g. ~1 mm) and a good frame rate of 2 fps with a reasonably compact form (e.g. 8 mm long 
x 2 mm wide x 0.5 mm thick) (Helmchen et al., 2001).  
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2.3 Miniature objective lens 
Another key component in a fiber-optic TPF endomicroscope is the high-quality miniature 
imaging optics to handle the large separation between the NIR excitation and visible TPF 
wavelengths. In addition to a compact size, the objective lens should have good optical 
performance over a broad spectral range to achieve a tight excitation focus (i.e., high lateral 
and axial resolution as well as excitation efficiency) and reduce chromatic aberration (to 
prevent the loss in coupling the TPF signals back to the fiber-optic endomicroscope). 
Gradient-index (GRIN) lenses, owning to their small diameter and cylindrical geometry, 
have been commonly used as the focusing unit in TPF endomicroscopes (Flusberg et al., 
2005b; Fu et al., 2007; Fu et al., 2006; Wu et al., 2009a). Generally, a GRIN objective lens with 
a diameter of 0.35-3 mm and a NA of 0.3~0.6, can produce lateral and axial resolutions 
(FWHM) at an order of 1-2 µm and 5-20 µm, respectively. However, a GRIN lens suffers 
severe chromatic aberration, causing a considerable focal shift between the NIR excitation 
and the visible TPF signals. For a compact, single fiber configuration, a large focal shift will 
result in dramatic reduction in the TPF collection efficiency (Wu et al., 2009b).  
 

 
Fig. 4. (a) Representative optical ray plots for excitation light and nonlinear optical signals 
when using a GRIN lens and an aspherical compound lens; (b) Chromatic longitudinal focal 
shift from the DCF tip for the TPF signals with 810 nm excitation when using a GRIN lens 
and an aspherical compound lens. Images are adapted from Ref. (Wu et al., 2009b) with 
permission. 

A miniature compound lens with less chromatic aberration compared to a GRIN lens, has 
been proposed and employed in a fiber-optic TPF endomicroscope to increase the TPF 
collection (Wu et al., 2009b).  The compound lens was made of a pair of aspherical lenses 
(2.2-mm effective diameter) with an overall magnification of 0.32 from the fiber tip to the 
sample. Ray tracing analyses were performed for the compound lens and compared with a 
GRIN lens (of a 1.8 mm diameter) for quantitative description of the adverse effect of 
chromatic aberration in a TPF endomicroscope. Both configurations have the same 
magnification of 0.32 and the same NA of 0.5 on the sample. Fig. 4(a) shows representative 
ray plots for excitation light at 810 nm (in the forward direction, i.e. from the DCF to the 
sample) and the TPF signals around 450 nm (in the backward direction). As can be seen, the 
back focus of the TPF signals from the excitation focal volume within the sample falls in 
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front of the DCF tip due to the lens chromatic aberration. Fig. 4(b) quantitatively describes 
the chromatic longitudinal focal shift from the DCF tip at the TPF wavelengths with an 
excitation wavelength at 810 nm. It is found that the back focal points of TPF signals (420-
600 nm) when using a GRIN lens are ~1.7-0.6 mm in front of the DCF tip, which will 
dramatically reduce the TPF collection efficiency. In comparison, the aspherical compound 
lens exhibits less chromatic aberration (e.g. with an ~0.9-0.3 mm chromatic longitudinal 
focal shift over 420-600 nm), resulting in an increased TPF collection efficiency. 
Table 2 lists the collection efficiency calculated by ray tracing for TPF signals at some typical 
wavelengths – 450, 500, 550 and 600 nm when using a GRIN lens and a compound lens, 
where 100% representing full collection of the back-reflected TPF signals by a perfect 
achromatic lens. Here, assuming the collection is based on the commercial double-clad fiber 
(Fibercore Ltd., SMM900) with an inner clad of ~103 um diameter and 0.24 NA. The 
quantitative analyses indicate that the compound lens increases the collection efficiency of 
the DCF over the GRIN lens by a factor ~4-6 for the TPF signals. This simulation result has 
been confirmed by the experiments on TPF imaging of fluorescent beads (Wu et al., 2009b). 
It is expected that objective lens with a smaller diameter, higher NA and less chromatic 
aberration can be fabricated to further improve the excitation and collection efficiency of 
fiber-optic TPF endomicroscopes.  
 

Different Configurations 
(810 nm excitation) 

TPF 
(600 nm) 

TPF 
(550 nm) 

TPF 
(500 nm) 

TPF 
(450 nm) 

GRIN and DCF 21.5% 9.9% 5.3% 2.1% 

Compound Lens and DCF 78.3% 45.7% 22.9% 12.7% 

Table 2. Calculated collection efficiency of TPF signals based on geometrical ray tracing. 

To achieve accurate depth-resolved imaging in fiber-optic TPF endomicroscopy, a built-in 
mechanism for changing the focal plane has to be implemented (preferably at the distal 
end). A hydraulic system has been demonstrated to move the end of a fiber relative to the 
objective lens (Rouse et al., 2004). An alternative approach is to utilize a miniature motor to 
alter the distance between the fiber and the objective lens (Flusberg et al., 2005b). In 
addition, deformable MEMS lenses and reflecting membranes have also demonstrated a 
great potential for varying the beam focus at the distal end of the probe by using 
electrowetting or electrostatic force (Berge & Peseux, 2000; Kwon et al., 2002). Overall, many 
challenges remain with distal end beam focus tracking (or depth scanning) in 
endomicroscopy including system miniaturization, reduction in the drive voltage and 
improvement on focus tracking accuracy and repeatability over a sufficient range. 

3. A new generation two-photon fluorescence endomicroscopy system 
By addressing the above major challenges for fiber-optic TPF endomicroscope devices, 
extremely compact all-fiber-optic scanning endomicroscopy systems have been developed 
for two-photon fluorescence imaging of biological samples (Wu et al., 2009a; Wu et al., 
2009b). A conventional DCF was employed for single-mode fs pulse delivery and 
multimode collection of TPF signals. The DCF also serve as a resonant cantilever driven by a 
tubular PZT actuator for fast 2D beam scanning. A single PBF with anomalous dispersion at 
~ 810 nm was used for pulse prechirping in replacement of a bulky grating/lens-based 
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pulse stretcher to compensate the normal dispersion of the DCF. The combination of DCF 
and PBF in the endomicroscopy system made the system all-fiber-optic and basically a plug-
and-play unit. For beam focusing, a miniature compound lens was developed to achieve a 
tight excitation focus, reduce chromatic aberration and improve the excitation and collection 
efficiency of TPF signals. In addition, a short multimode fiber was introduced at the tip of 
the DCF to further mitigate the adverse effect of chromatic aberration. Ex vivo TPF imaging 
of cells and various tissues samples including pig cornea and rat oral cavity was conducted 
along with this extremely compact all-fiber-optic TPF endomicroscopy system. The imaging 
results strongly suggest this newly developed endomicroscopy technology has the great 
potential for in vivo and real-time superficial tissue imaging.  

3.1 Scanning fiber-optic TPF endomicroscope probe  
Fig. 5(a) shows the schematic of the endomicroscope probe. The fiber-optic probe basically 
consisted of a conventional double-clad fiber, a small tubular piezoelectric actuator and a 
micro lens for beam focusing. A 300-μm long MMF (105/125 μm core/clad and 0.22 NA) 
was spliced at the distal end of the DCF. The length (300-μm) of the MMF collector was 
chosen such that it would shorten the distance between its end surface and the back focus of 
the TPF signals as much as possible. Here, the MMF had almost the same core size and NA 
as the inner clad of the DCF and its short length did not significantly influence the excitation 
beam path. As confirmed with ray-tracing simulations and experiments on fluorescent bead 
imaging, the short MMF collector guided more TPF signals back to the DCF.  
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Fig. 5. (a) Schematic of the distal end of the fiber-optic scanning TPF endomicroscope; (b) 
Photo of a prototype with a GRIN lens; (c) Photo of a prototype with a compound lens.  The 
tubular piezoelectric actuator (PZT), fiber-optic cantilever, and microlens were encased in a 
hypodermic tube with an overall outer diameter of 2.4 mm and 3.5 mm for the GRIN lens 
and compound lens, respectively. Image (b) is adapted from Ref. (Wu et al., 2009a) with 
permission; and Image (c) is adapted from Ref. (Wu et al., 2009b) with permission. 

For beam focusing, two kinds of miniature optics were implemented, i.e., a GRIN lens and a 
compound lens, respectively. The GRIN lens with a 0.22 pitch and a 1.8-mm diameter (NSG 
America, Inc.) had a magnification of 0.5 from the DCF tip to the sample. The compound 



 Advances in Lasers and Electro Optics 

 

760 

lens was made of a pair of 3-mm miniature aspherical lenses (modified from Archer OpTx 
L150 and L110 lenses). The purpose of the use of the miniature compound lens is to achieve 
a tighter focus and increase the TPF excitation efficiency, as well as to minimize the 
chromatic aberration and increase the TPF collection efficiency. 
The endomicroscope had a resonant scanning frequency of ~1,690 Hz (i.e. 1,690 scanning 
circles per second would be generated), resulting in a frame rate of 3.3 frames/second with 
each frame consisting of 512 circular scans. An ~320-µm scanning diameter traced by the 
DCF tip could be achieved with a relatively low peak-to-peak drive voltage of ~±30 V. This 
corresponded to a beam scanning area of ~160 µm and ~100 µm over the sample when using 
the GRIN lens with a magnification of 0.5 and the compound lens with a magnification of 
0.32, respectively. 
The distal end of the probe, including the piezoelectric actuator, fiber scanner and the lenses, 
was housed in a thin-wall hypodermic tube with an overall diameter of 2.4 mm (with the 
GRIN lens) and 3.5 mm (with the compound lens), as shown in Fig. 5(b) and Fig. 5(c), 
respectively. Fig. 6(a) and (b) respectively show a photo of the entire fiber-optic scanning 
TPF endomicroscope along and a photo of the 2.4 mm endomicroscope going through the 
accessory port (3.8 mm) of a standard endoscope.  
 

.  

Fig. 6. (a) Photo of the entire fiber-optic scanning TPF endomicroscope probe based on a 
GRIN lens; (b) Photo of the entire probe with a standard endoscope showing that the fiber-
optic endomicroscope can go through the accessory port of a standard endoscope.  

3.2 Entire all-fiber-optic TPF endomicroscopy system 
Fig. 7(a) shows the schematic of the entire endomicroscopy system with a home-built 
Ti:Sapphire laser. The laser pulses (of a center wavelength ~810 nm, a bandwidth ~36 nm 
and a measured temporal pulse width ~60 fs at the laser output) were coupled into PBF 
(Crystal Fibers Ltd., HC-800-02) by a fiber-launching lens with an effective NA of ~0.2 and 
then directed into the core of the DCF. Here, the PBF was used to compensate the temporal 
pulse broadening caused by the positive dispersion of femtosecond pulses in the single-
mode core of the DCF. The length ratio of the PBF to DCF was kept at ~1.1 to achieve 
optimal dispersion compensation for this excitation band (810±18 nm) as previously 
discussed (Wu et al., 2009a).  A pulse width of less than 200 fs was achieved even at a power 
of 50-70 mW delivered through the DCF core. In addition to its compactness (compared to a 
grating-lens based pulse stretcher), a single PBF also greatly simplified the system alignment 
and improved the system stability. Furthermore, the PBF helped to reshape the laser beam 
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from the laser output, thus improving the coupling efficiency from the PBF to the DCF core 
by almost a factor of 2 compared to the use of a pulse stretcher (i.e. from 20-30% with a 
pulse stretcher to ~50% with a PBF). PBF works conveniently for dispersion compensation 
when the excitation wavelength is fixed to avoid the need for changing the length of the 
PBF, which is ideal when an extremely compact fs fiber laser is used for excitation. This 
simple dispersion compensation approach made the entire nonlinear endomicroscopy 
system compact, reliable and essentially plug-and-play. As shown in Fig. 7(b), the entire 
endoscope system, including all the fiber-launchers, dispersion unit and the photon detector  
(except the excitation light source), can be put together within a box of a small footprint (53 
x 38 x 18 cm), leaving the flexible scanning endomicroscope probe extending outside the box 
and freely accessible. The compact size and the plug-and-play feature greatly simply the 
operation of the endomicroscope system and facilitate their applications for both laboratory 
research and future in vivo studies.  
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Fig. 7. (a) Schematic of the all-fiber-optic scanning TPF endomicroscope imaging system. 
The combination of a DCF and PBF made the system all-fiber-optic, in which the DCF was 
used for both optical nonlinear excitation and TPF (or second harmonic generation) 
collection, whereas the PBF was employed for dispersion management. PBF: Photonic 
bandgap fiber; DCF: Double-clad fiber; PMT: Photomultiplier tube; DAQ: Data acquisition. 
(b) Photo of the all-fiber-optic scanning TPF endomicroscope imaging system inside a box 
with the flexible endomicroscope probe extended outside the box and placed on the cover. 
The endomicroscope can be easily plugged into the system and becomes freely accessible. 

In imaging experiments, the laser power delivered to the samples was controlled at about 
10-15 mW for TPF imaging of stained biological samples. The TPF signals were collected 
back through the same DCF (core and inner clad), separated from the excitation light at the 
proximal end of the endomicroscope by a dichroic mirror and then directed to a 
photomultiplier tube (PMT). The residual excitation light was further blocked by a short-
pass filter mounted in front of the PMT. Appropriate band-pass filters were also employed 
for the detection of the TPF signals. The photo current from the PMT was amplified, 
converted to voltage and digitized.  
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Fluorescent beads were used to test the system performance. Using a phantom made of 0.1-
μm fluorescent beads, the lateral and axial resolution (FWHM) was measured by scanning 
through the center of a single bead along the lateral and axial direction, respectively. 
Gaussian fits to the fluorescence intensities show that the endomicroscopy system with a 
GRIN lens has ~1.6 µm lateral resolution and ~11.4 µm axial resolution, whereas the 
endomicroscopy system with the compound lens has ~1.2 µm lateral resolution and ~9.0 µm 
axial resolution, as shown in Figs. 9(a) and (b). The theoretical lateral resolution (FWHM) 
and axial resolution (FWHM) can be calculated by (Zipfel et al., 2003):  

 Lateral resolution (FWHM) = ln 2 / 2D M× × ,  (3) 

 Axial resolution (FWHM) =  2 2 2 / 4D M π λ× × ,  (4) 

where D is the mode-filed diameter of the DCF, M is the magnification of the 
endomicroscope from the fiber tip to sample, and λ is the excitation wavelength. According 
to the mode-filed diameter of the DCF (D = 4.1 µm), the theoretical lateral resolution should 
be 0.85 µm and 0.54 µm for the endomicroscope with the GRIN lens (M = 0.5) and the 
compound lens (M = 0.32), respectively; the theoretical axial resolution should be 5.75 µm 
and 2.36 µm for the endomicroscope with GRIN lens and the compound lens, respectively. 
This discrepancy is probably mainly attributed to the chromatic aberration and geometrical 
aberration of the imaging optics, which can be improved with customized achromatic 
objective lenses. 
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Fig. 8. Fluorescence intensity profiles (dots) across the center of a 0.1-μm fluorescent bead 
along (a) the lateral and (b) axial dimension. Solid traces are Gaussian-fitted curves.  

3.3 Typical fiber-optic endomicroscopic TPF images 
The imaging capability of the flexible and compact all-fiber-optic scanning endomicroscope 
was demonstrated on in vitro TPF imaging of stained cancer cells and depth-resolved ex vivo 
TPF imaging of stained biological samples, as shown in Figs. 9-10, respectively. Fig. 9(a) 
shows a typical TPF image of breast cancer cells SK-BR-3 that over expressed epidermal 
growth factor receptors (EGFR). The cells were targeted by fluorescein isothiocyanate (FITC) 
tagged anti Here2/Nu monoclonal antibodies. The single-photon excitation/emission 
maximum of FITC are 494/521 nm, and the two-photon fluorescence spectrum with 
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maximally excitation at 700-850 nm is similar to the single-photon fluorescence spectrum 
(Xu et al., 1996). As shown in Fig. 9(a), strong TPF signals of FITC from cell membranes were 
easily observed. Fig. 9(b) shows a typical TPF image of ovarian cancer cells SK-OV-3. The 
cells were stained with AO (acridine orange), the dye for enhancing nuclei contrast (Adams, 
1974; Fu et al., 2007). The single- and two-photon fluorescence characteristics of AO when 
bound to DNA are similar to those of FITC (Neu et al., 2002). As can be seen, cellular nuclei 
can be clearly identified from the TPF image.  
 

10 µm 10 µm

(a) (b)

10 µm 10 µm

(a) (b)

 
Fig. 9. Typical TPF images obtained with the scanning all-fiber-optic endomicroscope based 
on the compound lens: (a) Breast cancer cells SK-BR-3 targeted by FITC-tagged monoclonal 
antibodies (anti Here2/Nu); (b) Ovarian cancer cells SK-OV-3 stained with AO dye; Scale 
bar: 10 µm. 

Depth-resolved TPF imaging of epithelial tissues was performed using the scanning all-
fiber-optic endomicroscope based on a GRIN lens, as shown in Fig. 10. All the images were 
averaged for 10 frames. Figs. 10(a) and (b) show typical images of a formalin fixed pig 
corneal tissue at ~100 μm and ~300 μm below the surface, respectively. The tissue sample 
was stained with 1% AO in saline solution after fixation in 10% formalin. The sparsely 
distributed keratocytes at different depths can be clearly identified from the images. Figs. 
10(c) and (d) show representative images of a rat oral tissue sample at depths of 15 and 55 
μm below the tissue surface, respectively. The fresh dissected tissue sample was directly 
stained with 1% AO and the epithelial cell nuclei can be identified by the TPF images. As 
seen from the depth-resolved images, the nucleus density increases from the superficial 
layer to the basal layer. Figs. 10(e) and (f) show typical images of a chick cochlear section 
expressing GPF (green fluorescence protein). The single-photon excitation/emission 
maximum of GFP are 491/510 nm, whereas its two-photon excitation/emission maxima are 
about 900/510 nm (Xu et al., 1996). Although the excitation efficiency is relatively weak at 
810 nm excitation, the structures (hair cells) revealed by the TPF signals are still observable. 
Different distribution of hair cells can be observed at different depths (see Fig. 10(e) from the 
surface and Fig. 10(f) from 40 μm depth below the surface). Overall, the depth-resolved TPF 
images clearly reveal the tissue layered structures that are consistent with text book 
histology (Ross et al., 1989). 
Overall, the extremely compact, all-fiber-optic and plug-and-play scanning endomicroscopy 
system has shown excellent ability in two-photon fluorescence imaging of biological 
samples. The system employed a conventional double-clad fiber for femtosecond pulse 
delivery, TPF signals collection and fast beam scanning. By replacing a bulky grating/lens- 
based pulse stretcher with a single photonic bandgap fiber for pulse prechirping, the system 
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Fig. 10. Typical depth-resolved TPF images obtained with the scanning all-fiber-optic 
endomicroscope bases on a GRIN lens: (a & b) Pig cornea sample stained with AO dye (a) at 
the depth of 100 µm and (b) at the depth of 300 µm; (c & d) Rat oral tissue stained with AO 
dye (c) at the depth of 15 µm and (d) at the depth of 55 µm; (e & f) Chick cochlear expressing 
GFP (e) from the tissue surface and (b) at the depth of 40 µm. Scale bar: 20 µm. 

size is significantly reduced and the power delivery efficiency through the endomicroscope 
is improved. Real-time ex vivo 2D and depth-resolved TPF imaging of biological samples 
were performed with the scanning endomicroscope at cellular and subcellular resolution. 
The preliminary results strongly suggest the promising potential of this all-fiber-optic 
endomicroscopy technology as a basic laboratory research tool and a clinical tool for real-
time assessment of epithelium and stroma under various clinically relevant conditions. The 
performance of the endomicroscope system can be further improved to increase the signal-
to-noise ratio and resolve more detailed intracellular structures by introducing better 
compound lenses with higher NAs. 
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4. Summary 
In this book chapter, the general technological and engineering challenges in developing a 
scanning two-photon fluorescence fiber-optic endomicroscopy system has been discussed, 
including single-mode femtosecond laser delivery, large-area TPF signal collection, 
dispersion management, fast two-dimensional beam scanning and high-quality miniature 
imaging optics. Detailed design issues and imaging performance has been illustrated using 
our recently developed scanning all-fiber-optic TPF endomicroscope as an example. The 
two-photon fluorescence endomicroscope has shown great flexibility and reliability for 
high-resolution imaging of internal luminal organs.  
In summary, endomicroscopy technologies for two-photon fluorescence imaging have been 
under rapid development, aiming for non-invasive, high-resolution and high-speed imaging 
of tissue microstructures and assessment of tissue pathology in vivo. The development of 
optical fibers (such as double-clad fibers and photonic bandgap fibers), miniature beam 
scanning mechanisms (such as MEMS scanners and fiber-optic resonant scanners) and 
miniature imaging optics (such as compound lens with chromatic aberration and high NA) 
greatly facilitates probe miniaturization and functional integration for high-resolution and 
high-speed TPF imaging of biological samples. With further technology innovation, 
miniature fiber-optic TPF endomicroscope can potentially generate high-quality images 
approaching to those achieved by standard bench-top two-photon fluorescence microscopy 
in the near future.  
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1. Introduction     
Quantitative phase imaging is a vital technique in many areas of science. Studying 
properties and characteristics of biological and other microscopic specimens has been 
facilitated with new quantitative phase imaging microscopy methods. In quantitative phase 
imaging, phase images are obtained by interfering two light beams – one reflected from, or 
traversed through, the specimen and the other reflected from a reference mirror. This can be 
achieved by two methods; holography or phase-shifting interferometry. In holography, one 
interferogram is used to produce the phase image, while phase-shifting interferometry uses 
three or more interferograms. 
Each fringe in an interferogram represents an area of data ranging from 0 to 2 π . Therefore, 
the final phase map obtained from a series of interferograms also contains 2 π  ambiguities. 
Such phase maps are called ‘wrapped’ phase maps, and are needed to be ‘unwrapped’ by 
removing 2 π  ambiguities. Once these 2 π  ambiguities are removed, a continuous surface 
profile of the test object can be obtained.  Such a surface profile provides height information 
of surface features. Generally, phase unwrapping is done by using numerical algorithms. 
Most of these numerical algorithms are computationally intensive and can fail when there 
are irregularities in the test object.  
In the basic phase unwrapping method, the phase image is divided to horizontal lines and 
these lines are unwrapped separately by scanning pixels and adding an offset to each pixel. 
At each discontinuity a 2 π  offset is added or subtracted. After all horizontal lines are 
unwrapped, they are connected vertically and the unwrapping process is done along 
vertical lines. There are many phase unwrapping methods to remove 2 π  ambiguities and 
most can be categorized into two types; path-dependent methods and path-independent 
methods. Path-dependent methods detect positions of edges and phase ambiguities in 
images and use this information to calculate phase offset values. In path-independent 
methods, areas that can cause errors in unwrapping are identified and eliminated before the 
unwrapping process starts.  
In 1994 Ghiglia and Romero used a least squares integration method with phase 
unwrapping. In this method, which is known as least squares integration of phase gradient 
method, the phase gradient is obtained as wrapped phase differences along two 
perpendicular directions and the gradient field is least squares integrated to obtain 
continuous phase. However, this method is not effective for phase maps with high noise. P. 
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G. Charette and I. W. Hunter proposed a robust phase unwrapping method for phase 
images with high noise content. The basic concept behind this method is to identify 
contiguous areas that are not on or close to a fringe boundary by locally fitting planes to the 
phase data. Then these areas are phase shifted with respect to one another by multiples of 
2 π  to unwrap the phase.  
Software algorithms that exist for detecting and removing 2 π  ambiguities are mostly 
computational-intensive and prone to errors when the phase profile is noisy or when the 
object has irregularities. Multi-wavelength optical phase unwrapping is an easy method that 
can be used to eliminate 2 π  ambiguities in phase maps without such problems.  
In this chapter we will present quantitative phase images of cells and other microscopic 
samples, using multi-wavelength optical phase unwrapping. Three types of light sources are 
used in a standard four-frame phase shifting interferometer to obtain phase profiles with 
larger beat wavelengths, thus removing 2 π  ambiguities without increasing phase noise. 
The effectiveness of multi-wavelength optical phase unwrapping with both incoherent and 
coherent light sources will be demonstrated. 

2. Multi-wavelength optical phase unwrapping 
When an object is imaged by a wavelength smaller than the object’s height, phase image of 
the object contains 2 π  ambiguities as shown in Fig. 1. It is clear that there are many distance 
values for a given phase value. In order to obtain an unambiguous optical thickness profile, 
there should be only one z distance for a given phase.  
 

 
Fig. 1. Phase Vs distance. 2 π  ambiguities occur when the distance is a multiple of the 
wavelength. In the axial range Z= 3 λ ,  for a wavelength λ  , there are 3 discontinuities 
(black line), while for a wavelength 3 λ  , there are no discontinuities (red line). 

For years it has been known that a longer wavelength light source produces fewer fringes 
over a given object than will a short wavelength light source, thus reducing the number of 
2 π  ambiguities in the phase image. However, the drawback is the need of infrared light 
sources instead of visible light sources. J. C. Wyant has shown that two wavelengths of 
visible region can be used in the context of holography to produce a longer beat wavelength. 
Using various pairs of wavelengths from an Argon and HeNe lasers an aspheric optic 
element was tested. First, a hologram of the test target was obtained by using a 
wavelength 1λ . Then the hologram was processed and placed at the original position of the 
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interferometer and illuminated by a second wavelength 2λ . The resultant interferogram was 
identical to the interferogram that would have been illuminated by a light source of 12Λ ; the 
beat wavelength of wavelengths 1λ  and 2λ , where 12 1 2 1 2/λ λ λ λΛ = − . 
The term ‘two-wavelength interferometry’ was first used by C. Polhemus in a paper where 
he introduced a two-wavelength technique for interferometric testing. In the method of 
static interferometry, a fringe pattern obtained with a light source of wavelength 1λ  is 
recorded and replaced into the system as a moiré reference mask. Then the light source is 
replaced by one with wavelength 2λ . The resultant moiré fringe pattern is identical to the 
fringe pattern that would have been obtained with a light source of 12Λ . Polhemus modified 
the method to apply in real time systems. In the method of dynamic interferometry, light 
sources of 1λ  and 2λ  are operated simultaneously in the interferometer setup, giving a 
resultant fringe pattern of 12Λ .  
In 1984, two-wavelength phase shifting interferometry was introduced as an optical phase 
unwrapping method. In this method, phase shifting interferometry and two-wavelength 
interferometry were combined to extend the phase measurement range of single-
wavelength phase shifting interferometry. Two methods were introduced to solve 2 π  
ambiguities by using two-wavelength phase shifting interferometer. In the first method, two 
sets of wrapped phase data are obtained with wavelengths 1λ  and 2λ . The data is then used 
to calculate the phase difference between pixels for beat wavelength 12Λ . Then all phase 
difference values are integrated to calculate the relative surface height of the test object. In 
the second method, two phase maps of different wavelengths are used to produce a phase 
map of beat wavelength. The beat wavelength phase map is then used as a reference to 
correct 2 π  ambiguities in the single wavelength phase map. Both methods were used to 
measure 1-D surface heights. Two-wavelength phase shifting interferometry has also been 
used to obtain three dimensional contour maps of aspheric surfaces with an accuracy of 

12Λ /100. However, a disadvantage of this optical phase unwrapping is that the phase noise 
in each wavelength is magnified by a factor equal to the magnification of the wavelengths. 
This problem has been addressed by J. Gass, A. Dakoff and M. K. Kim. In the context of 
digital holography, two phase maps of wavelengths 1λ  and 2λ are used to produce a phase 
map called “coarse map” with beat wavelength 12Λ . Then one of the single wavelength 
phase maps is used to reduce the amplified phase noise of the coarse map. The resultant 
‘fine map’ has noise similar to the noise of the single wavelength phase map, with a larger 
axial range free of 2 π  ambiguities.  
The two-wavelength phase unwrapping method has been extended to multiple 
wavelengths; enabling measurements of steep surfaces without software phase unwrapping. 
A hierarchical phase unwrapping algorithm that chooses a minimum number of 
wavelengths to increase the accuracy of optical unwrapping has been introduced by C. 
Wagner, W. Osten and S. Seebacher. The basic principle of this method is to start with a 
larger beat wavelength. Then a systematic reduction of beat wavelengths is used to improve 
the accuracy of the measurement while the information of the preceding measurements is 
used to eliminate 2 π  ambiguities. A similar version of hierarchical phase unwrapping has 
been presented by U. Schnars and W. Jueptner, however it has not been used 
experimentally. Three-wavelength phase unwrapping algorithms have been introduced in 
both interferometry and digital holography enabling measurements of steep surfaces 
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without software phase unwrapping. While the principle of multi-wavelength phase 
unwrapping has been known in interferometry, until recently known applications had been 
confined to optical profilers with raster-scanned point-wise interferometry. Other than 
recent digital holography experiments, the first known application of multi-wave phase 
unwrapping to full-frame phase images in interferometry has been presented by N. 
Warnasooriya and M. K. Kim.  

2.1 Principle of two-wavelength optical phase unwrapping 
The basis of multi-wavelength optical phase unwrapping method is the idea of beat 
wavelength. For two wavelengths 1λ  and 2λ , the beat wavelength 12Λ  is defined by  

 1 2
12

1 2

λ λ
λ λ

Λ =
−

  (1) 

For the mth wavelength mλ , the surface profile mZ of an object is related to the phase 
difference mϕ  as follows; 

 
2
m m

mZ λ ϕ
π

=  (2) 

It is apparent that unambiguous range of Z  can be increased by using a longer λ .  
Consider two single wavelength phase maps 1ϕ  and 2ϕ  with wavelengths 1λ  = 530 nm and 

2λ  = 470 nm respectively. The beat wavelength 12Λ  for 1λ  and 2λ is 12Λ  = 4.151 μm. The 
12Λ  can be increased by choosing closer values of 1λ  and 2λ . The phase map for 12Λ  is 

obtained by subtracting one single wavelength phase map from the other and then adding 
2 π  whenever the resultant value is less than zero. This phase map is called “coarse map” 

12ϕ . The surface profile for coarse map 12ϕ  is given by 12 12 / 2mZ ϕ π= Λ . However, the phase 
noise in each single wavelength phase map is magnified by the same factor as the 
magnification of wavelengths. In the two-wavelength optical phase unwrapping method 
introduced by J. Gass et.al., the phase noise is reduced by using the following steps.  
First, the surface profile 12Z  is divided into integer multiples of a single wavelength, say 1λ . 
Then, the result is added to the single wavelength surface profile 1Z . This significantly 
reduces the phase noise in the coarse map. However, at the boundaries of wavelength 
intervals 1λ  the noise of the single wavelength phase map appears as spikes. These spikes 
can be removed by comparing the result with the coarse map surface profile 12Z . If the 
difference is more than half of 1λ , addition or subtraction of one 1λ  depending on the sign of 
the difference removes the spikes. The final result ‘fine map’ has a noise level equal to that 
of single wavelength surface profile. If a single wavelength phase map mϕ  contains a phase 
noise of 2 mπε  the two-wavelength phase unwrapping method works properly 
for 12/ 4m mε λ< Λ . Using a lager beat wavelength reduces the maximum noise limit. 

2.2 Principle of three-wavelength optical phase unwrapping 
The advantage of three wavelength phase unwrapping method is that the beat wavelength 
can be increased without reducing the maximum noise limit. Suppose the three chosen 
wavelengths are 1λ  = 625 nm, 2λ  = 590 nm, and 3λ = 530 nm. The first two wavelengths 
give beat wavelength 12Λ  = 10.53 μm. Instead of using the surface profile of 12Z , which has 
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a high noise, an identical surface profile can be produced by using surface profiles 13Z  and 
23Z  with beat wavelengths 13Λ  = 3.49 μm and 23Λ  = 5.21 μm. The resultant “coarse map of 

coarse maps” 13 23ϕ −  with surface profile 13 23Z −  also has the same beat wavelength 
13 23 13 23 13 23/ | |−Λ = Λ Λ Λ − Λ = 10.53 μm.  

The noise reduction is done as follows. In the first step, the quantity of integer multiples of 
13Λ  present in the range 13 23Z −  is calculated. The result ( )Z a is given by  

 13 23
13

13
( ) int ZZ a −⎡ ⎤

= Λ⎢ ⎥Λ⎣ ⎦
  (3) 

In the next step, the result is added to the surface profile 13Z . 

 13( ) ( )Z b Z a Z= +   (4) 

The resultant map is then compared with 13 23Z − . If the difference ( )Z c is more than half 
of 13Λ , one 13Λ  is added or subtracted depending on the sign difference. 

 
13 13

13 13

13 13

( )       ( ) / 2
( ) ( )                / 2 ( ) / 2

( )       ( ) / 2

Z c if Z c
Z d Z c if Z c

Z c if Z c

+ Λ > Λ⎧
⎪= − Λ ≤ ≤ Λ⎨
⎪ − Λ < −Λ⎩

  (5)  

The resultant surface profile ( )Z d is called “intermediate fine map” and has significantly 
reduced noise. Any remaining noise is due to the noise in the phase map 13ϕ . The remaining 
noise in ( )Z d  is reduced by using a single wavelength, say 1λ . First, the intermediate fine 
map ( )Z d  is divided into integer multiples of 1λ .  

 1
1

( )( ) int Z dZ e λ
λ

⎡ ⎤
= ⎢ ⎥

⎣ ⎦
 (6) 

Then the result is added to the single wavelength surface profile 1Z . 

 1( ) ( )Z f Z e Z= +  (7) 

The resultant map ( )Z f  is then compared with 1Z . If the difference is more than half of 1λ , 
one 1λ  is added or subtracted depending on the sign difference. The noise in the final map 
is equal to the noise in the single wavelength surface profile 1Z . The maximum noise level 

mε  in the single wavelength phase map for the three wavelength phase unwrapping to 
work is given by the smaller value of 13 12/ 4 ~ 8.3%Λ Λ  or 1 13/ 4 ~ 4.5%λ Λ . Therefore, the 
three wavelength phase unwrapping method increases the beat wavelength without 
magnifying the noise in the final phase map.  
The method can be applied to phase images obtained with any type of light source, 
regardless of the coherence length of the source.  

3. Multi-wavelength optical phase unwrapping experiments 
In this experiment, four step phase shifting algorithm is applied to the interference 
microscope. Though the minimum number of intensity values needed for phase calculation 
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is three, even a small error in measurements can cause a large phase error. Taking four 
intensity measurements can reduce this effect. In order to acquire phase images, the 
Michelson interferometer is used as the experimental setup as shown in Figure (2). 
 

 
Fig. 2. A schematic diagram of the experimental setup. See text for details. 

The light is expanded and collimated by the microsocpe objective MO and the lens L1, 
respectively. The light is then linealry polarized by the polarizer P. The polarized beam 
splitter (PBS) splits the incoming beam into an S-polarized (polarization plane is 
perpendicular to polarization axis) ray and a P-polarized (polarization plane is parallel to 
polarization axis) ray. The S-polarized beam is reflected at the PBS to illuminate the sample 
object OBJ and the P-polarized beam is transmitted throught the PBS to illuminate the 
reference mirror REF. When the S-polarized light passes through the quarter wave plate 
(QW1), the phase changes by 90° and it becomes circulary polarized. After reflcting at the 
mirror and going through another 90° phase shift at QW1, the light becomes P-polarized. 
This change from S-polarization to P-polarization avoids light traveling back to the light 
source and directs all reflected light to the charge-coupled device (CCD). Similarly, P-
polarized light illuminating the REF changes to S-polarized light and travels to the CCD. At 
the analyzer A, the two S-polarized and P-polarized light beams are changed into a common 
polarization state so that the interference can occur on the CCD plane. 
The polarizer-analyzer pair also controls the variation of the realtive intensity between the 
two arms. The reference mirror is mounted on a piezo-electric transducer (PZT). A function 
generator supplies a ramp signal to the PZT to dither the reference mirror by a distance of 
one wavelength. Images are recorded at quarter wavelength intervals. 
Images acquired by the CCD are sent to an image acquisition board (National Instruments 
IMAQ PCI-1407) installed in the computer. The Intensity ( , )I x y  of the light captured by 
CCD can be written as; 

  ( , ) ( , ) ( , ) ( , ) 2 ( , ) ( , ) cos ( , )O B R O R iI x y I x y I x y I x y I x y I x y x yφ φ= + + + +⎡ ⎤⎣ ⎦  (8) 

Here ( , )OI x y  is the part of the beam reflected by the object that is coherent with respect 
to ( , )RI x y , the intensity of the beam reflected by the reference mirror. ( , )BI x y  is part of 
reflection from the object that is incoherent with respect to the reference – i.e. outside the 
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coherence length. ( , )x yφ  the relative phase between the object and the reference mirror 
and iφ is the phase shift introduced by moving the reference mirror by quarter wavelength 
intervals. Intensity distributions corresponding to the four images, acquired at 0, / 2,iφ π π=  
and 3 / 2π , can be given as follows; 
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The phase map of the object is given by; 

  1 3 / 2 / 2

0

I ITan
I I

π π

π
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 (10) 

 

Once a phase profile of the specimen is obtained, it can be used to determine the height 
profile of the specimen.  
The optical path difference (OPD) between the object wave and reference wave is given by 

 
2

OPD λφ
π

=   (11)  

Here λ is the wavelength of the light beam and φ is the relative phase between the object 
and reference mirror. In the given Michelson type interferometer, the height profile of the 
object is half the OPD because the light travels towards the object, reflects and travels back. 
Therefore, the height profile h is related to the phase φ  s follows. 

 1
2 2

h λ φ
π

⎛ ⎞= ⎜ ⎟
⎝ ⎠

 (12) 

4. Multi-wavelength optical phase unwrapping using light emitting diodes 
Experimental results of multi-wavelength optical phase unwrapping using light emitting 
diodes (LED) are presented below. In interferometry, LEDs have been used as light sources 
in order to reduce the speckle noise inherent to lasers. Since LEDs have coherence lengths in 
micron range, speckle noise is greatly reduced. All the LEDs used in the experiment are 
LuxeonTM Emitter diodes from Lumileds Lighting LLC and have a Lambertian (high dome) 
radiation pattern. The peak wavelength, luminous flux, calculated and measured coherence 
lengths for red, red-orange, amber and green LEDs used in this experiment are shown in the 
Table 1. The calculated coherence length of a light source is given by )/)(/2ln2( 2 λλπ Δ=Cl , 

where λ  is the mean wavelength and λΔ is the full width half maximum (FWHM) of 
Gaussian spectrum. The coherence length was directly measured here by counting the 
number of fringes in the interference pattern of the tilted mirror object. 
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Colour Luminous Flux
Φ (lm) * 

Peak 
Wavelength λ 

(nm) 

Spectral Width 
(nm) 

Calculated 
Coherence 

Length (μm) 

Measured 
Coherence 

Length (μm) 

Red 44 653.83±0.07 27.24±0.15 6.91±0.04 9.15±2.45 

Red-Orange 55 643.42±0.07 23.21±0.14 7.85±0.05 10.29±2.57 

Amber 36 603.48±0.03 17.53±0.05 9.14±0.03 10.86±2.56 

Green 25 550.18±0.09 38.39±0.19 3.42±0.02 3.85±1.46 

Table 1. Characteristics of LEDs. Luminous flux values are at 350 mA, Junction Temperature 
TJ= 25°C. * LuxeonTM Emitter and Star sample information AB11, 2 (Feb 2002). 

4.1 Results for two-wavelength optical phase unwrapping 
 

 
Fig. 3. Results of two-wavelength optical phase unwrapping. (a) a single wavelength phase 
map; (b) two-wavelength coarse map; (c) two-wavelength fine map with reduced noise. 

The object here in the Fig. 3 is a micro-electrode array biosensor. It consists of 16 gold 
electrodes on a Pyrex glass substrate. The center is a 125 μm diameter circle with an 
approximate thickness of 2 μm. The center of the device was imaged and the experimental 
results for two wavelength optical phase unwrapping are shown in Fig. 3. Red ( 1λ = 653.83 
nm) and green ( 2λ = 550.18 nm) LEDs are used as the two wavelengths. The beat 
wavelength 12Λ  = 3.47 μm. Images are of a 184 μm × 184 μm area. Fig. 3(a) shows a single 
wavelength phase map φ1 with 1λ = 653.83 nm. The coarse map 12ϕ  with 12Λ  = 3.47 μm is 
shown in Fig. 3(b) and the final phase map with the reduced noise is shown in Fig. 3(c). 
Figure 4 shows cross section profiles of phase maps along the lines shown in Fig. 3 and the 
phase noise in the chosen regions. Figure 4(a) is a cross section of the single wavelength 
phase map with 1λ = 653.83 nm and Fig. 4(b) is a cross section of coarse map with 12Λ  = 3.47 
μm. A cross section of the fine map with reduced phase noise is shown in Fig. 4(c). For maps 
(a), (b) and (c), the vertical axis is 4 μm. The root mean square (RMS) noise of the coarse map 
is 43.27 nm. This is shown in Fig. 4(d). Figure 4(e) shows the reduced noise in the fine phase 
map. Since the center of the device has a curvature, a paraboloid is fitted to the data. The red 
dotted line is the best-fit parabolic curve. After subtracting the curvature from the data, the 
Fig. 4(f) shows the corrected phase noise of 10.29 nm. 
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Fig. 4. Surface profiles for two-wavelength optical phase unwrapping. (a) single wavelength 
surface profile; (b) surface profile of coarse map; (c) surface profile of final unwrapped 
phase map with reduced noise; (d) noise of the coarse map in the region between the two 
markers in plot (b). RMS noise is 43.27 nm; (e) noise of final unwrapped phase map in the 
area shown in (c). Red dotted line is the best fit parabolic curvature and black solid line is 
data; (f) corrected phase noise of the unwrapped phase map, after subtracting the curvature 
of the object. RMS noise is 10.29 nm. 

4.2 Results for three-wavelength optical phase unwrapping 
The experimental results for three-wavelength optical phase unwrapping are presented in 
Fig. 5. Red ( 1λ = 653.83 nm), amber ( 2λ = 603.48 nm) and green ( 3λ = 550.18 nm) are used as 
the three wavelengths. The beat wavelength 13 23−Λ = 7.84 μm. The object is the same micro-
electrode array biosensor used in the previous section. Images are of a 184 μm × 184 μm 
area. Figure 5(a) is the single wavelength phase map 1ϕ  with 1λ = 653.83 nm. The three 
wavelength coarse map is shown in Fig. 5(b) with a beat wavelength 13 23−Λ  = 7.84 μm. The 
final phase map with the reduced noise is shown in Fig. 5(c).  
 

 
Fig. 5. Results of three-wavelength optical phase unwrapping. (a) single wavelength phase 
map; (b) three-wavelength coarse map; (c) three-wavelength fine map with reduced noise. 
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Cross section profile of each phase map is taken along the lines shown in Fig. 5. These cross 
section profiles and phase noise of coarse and fine maps are shown in Fig. 6. Figures 6 (a)-
6(c) show surface profiles of single wavelength phase map, coarse map and fine map 
respectively. The vertical axis is 11 μm. Figure 6(d) shows 105.79 nm RMS noise of the coarse 
map. Because of the curvature of the object surface, a paraboloid is fitted with the final fine 
map data as shown in Fig. 6(e). The black line is data and the red dotted line shows the best-
fit parabolic curve. Corrected phase noise in the final fine map is 4.78 nm, which is shown in 
Fig. 6(f). 
The comparison of the two-wavelength optical phase unwrapping method to the three-
wavelength optical phase unwrapping method shows that the three-wavelength phase 
unwrapping increases the axial range of the object, without increasing phase noise. These 
results show that the two-wavelength phase unwrapping method produced a 3.47 μm 
unambiguous range with 10.29 nm phase noise, while the three-wavelength phase 
unwrapping method produced much larger 7.48 μm unambiguous range with smaller 4.78 
nm phase noise.  
 

 
Fig. 6. Surface profiles for three-wavelength optical phase unwrapping. (a) single 
wavelength surface profile; (b) surface profile of coarse map; (c) surface profile of final 
unwrapped phase map with reduced noise; (d) noise of the coarse map in the region 
between the two markers in plot (b). RMS noise is 105.79 nm; (e) noise of final unwrapped 
phase ma in the area shown in (c). Red dotted line is the best fit parabolic curvature and 
black solid like is data; (f) corrected phase noise of the unwrapped phase map, after 
subtracting the curvature of the object. RMS noise is 4.78 nm. 

Multi-wavelength optical phase unwrapping methods can also be used for biological cells as 
shown in Fig. 7. Here, Fig. 7 shows a single wavelength phase map, a coarse map and a fine 
map of onion cells using red (653.83 nm), amber (603.48 nm) and green (550.18 nm) 
wavelengths. The beat wavelength is 7.48 μm. Image size is 184 μm × 184 μm. The final fine 
map clearly shows the cell walls by eliminating the 2 π  ambiguities that would exist in a 
single wavelength phase image. 
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Fig. 7. Results of three-wavelength optical phase unwrapping. (a) a single wavelength phase 
map; (b) three-wavelength coarse map; (c) three-wavelength fine map with reduced noise. 

5. Three-wavelength optical phase unwrapping using laser diodes & lasers 
In the previous section, incoherent light sources (light emitting diodes) were used to reduce 
the speckle noise inherent in lasers. However, light emitting diodes are available in only 
several different wavelengths. Therefore, wavelength combinations that produce large beat 
wavelengths are limited. Because of small coherence lengths of light emitting diodes, 
imaging phase profiles of samples with features larger than the coherence range is not 
possible. In this section, the effectiveness of the three-wavelength optical phase unwrapping 
method is tested by using laser diodes and a ring dye laser. Laser diodes have been 
frequently used as a light source in interferometry due to their frequency tunability, smaller 
size and cost, compared to those of lasers. They also have shorter coherence lengths, 
typically few centimeters, compared to coherence length of lasers. However, laser diodes 
also have a limited availability of wavelength choices. Using a ring dye laser, the beat 
wavelength can be extended to more than a hundred micrometers. In this section, the 
effectiveness of the optical phase unwrapping method with any type of light source is 
presented. The results of three-wavelength optical phase unwrapping using laser diodes are 
shown in Fig. 8 and the results obtained with a ring dye laser as the light source are shown 
in Fig. 9, Fig. 10 and Fig. 11.  
Figure 8 shows experimental results of three-wavelength optical phase unwrapping method 
using laser diodes. The object here is a micro-electrode array biosensor with 16 gold 
electrodes on a Pyrex glass substrate. The three wavelengths are 1λ  = 677.81 nm, 2λ  = 
639.37 nm and 3λ  = 636.89.81 nm with a beat wavelength of 13 23−Λ  = 11.27 μm. Figure 8(a) 
is the single wavelength phase map with 1λ  = 677.81 nm. The three-wavelength coarse map 
is shown in Fig. 8 (b). The final fine map with reduced noise is show in Fig. 8 (c), and the 3-D 
rendering in Fig. 8 (d). The unwrapped phase map shows the grainy surface of electrodes. 
In Fig. 9, results show phase images of a sample of cheek cells (basal mucosa) illuminated 
with a ring dye laser. The sample is illuminated by using wavelengths 1λ = 579 nm, 2λ  = 
577 nm and 3λ  = 574 nm. The beat wavelength is 167 μm. The image size is 102 μm per side. 
Here, Fig. 9(a) is the direct image of the cheek cell. Figure 9(b) shows the single wavelength 
phase map obtained using 1λ  = 579 nm. The coarse map produced by the three wavelengths 
is shown in Fig. 9(c). The final fine map with reduced noise is shown in Fig. 9(d) and the 3-D 
rendering of the final fine map is shown in Fig. 9(e). 
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Fig. 8. Three-wavelength optical phase unwrapping of the biosensor using laser diodes. 
Image size is 86.6 μm per side. (a) a single wavelength phase map with 1λ  = 677.81 nm; (b) 
three-wavelength coarse map with 13 23−Λ  = 11.27 μm; (c) three-wavelength fine map with 
reduced noise; (d) 3-D rendering of (c). 
In Fig. 10 and Fig. 11, the sample is a piece of 33 1/3 rpm long playing (LP) record. For 33 
1/3 rpm records the typical width at the top of the groove ranges from 25.4 μm to 76.2 μm 
and the groove depth is ~15 μm. The sample is coated with a layer of 200 nm aluminum for 
better reflectivity. The three wavelengths used for the optical phase unwrapping process is 

1λ  = 577 nm, 2λ  = 575 nm and 3λ = 570 nm, with a beat wavelength of 166 μm. Figure 10(a) 
is the single wavelength phase map with 1λ  = 577 nm. The three-wavelength coarse map is 
shown in Fig. 10(b) with beat wavelength 13 23−Λ  = 166 μm. The bottom of the grooves  
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Fig. 9. Three-wavelength optical phase unwrapping of cheek cells using ring dye laser. 
Image size is 103 μm per side. (a) direct image of the cheek cell; (b) a single wavelength 
phase map; (c) three-wavelength coarse map; (d) three-wavelength fine map with reduced 
noise; (e) 3-D rendering of (d). 

appears in darker color. The final fine map with reduced noise is shown in Fig. 10(c). Figure 
10(d) is the 3-D rendering of the final fine map. In the final unwrapped phase map, the 
width of the top of the groove is measured along the line shown in Fig. 4(d). The measured 
width is 44 μm. 
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Fig. 10. Three-wavelength optical phase unwrapping of LP record grooves. Image size is 102 
μm per side; (a) a single wavelength phase map; (b) three-wavelength coarse map; (c) three-
wavelength fine map with reduced noise; (d) 3-D rendering of (c). The grove width is 44 μm. 

Cross-sections and phase noise of the coarse and fine maps are shown in Fig.11. Figure 11(a) 
is the unwrapped coarse map and Fig. 11(b) is the final fine map with reduced noise. Figure 
11(c) is the surface profile of the coarse map along the line shown in Fig. 11(a). The RMS 
noise in the coarse map in the area shown is 2.12 μm and this is shown in Fig. 11(d). Figure 
11(e) shows the surface profile of fine map along the line shown in Fig. 11 (b). The groove 
depth h = 18 μm. 
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Fig. 11. Surface profiles of LP record grooves.  (a) three-wavelength coarse map, (b) three-
wavelength fine map with reduced noise, (c) surface profile of coarse map along the line 
shown in (a); (d) noise in coarse map in the area shown in (a). RMS noise is 2.12 μm ; (e) 
surface profile of fine map along the line shown in (b). The groove depth h = 18 μm ; (f) 
noise in the fine map in the area shown in (b). RMS noise is 1.36 μm.  

5. Summary 
In summary, this chpater demonstrates the effectiveness of the multi-wavelength optical 
unwrapping method. To our knowledge this is the first time that three wavelengths have 
been used in interferometry for phase unwrapping without increasing phase noise.  Unlike 
conventional software phase unwrapping methods that fail when there is high phase noise 
and when there are irregularities in the object, the multi-wavelength optical phase 
unwrapping method can be used with any type of object. Software phase unwrapping 
algorithms can take more than ten minutes to unwrap phase images. This is a disadvantage 
when one needs to study live samples in real time or near – real time. The multi-wavelength 
optical unwrapping method is significantly faster than software algorithms and can be 
effectively used to study live samples in real time. Another advantage is that the  
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optical phase unwrapping method is free of complex algorithms and needs less user 
intervention. 
The method is a useful tool for determining optical thickness profiles of various microscopic 
samples, biological specimens and optical components. The optical phase unwrapping 
method can be further improved by adding more wavelengths, thus obtaining beat 
wavelengths tailored for specific samples.  
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1. Introduction    
Visualizing molecular structures in the course of a reaction process is one of the major grand 
challenges in chemistry, biology and physics. In particular, most chemical and biologically 
relevant reactions occur in solution, and solution-phase reactions exhibit rich chemistry due 
to the solute-solvent interplay. Studying photo-induced reactions in the solution phase 
offers opportunities for understanding fundamental molecular reaction dynamics and 
interplay between the solute and the solvent, but at the same time the interactions between 
solutes and solvents make this task challenging. Ultrafast emission, absorption and 
vibration spectroscopy in ultraviolet, visible and infrared regions have made possible the 
investigation of fast time-evolving processes. However, such time-resolved optical 
spectroscopic tools generally do not provide direct and detailed structural information such 
as bond lengths and angles of reaction intermediates because the spectroscopic signals 
utilizing light in the ultraviolet to infrared range cannot be directly translated into a 
molecular structure at the atomic level. In contrast, with the advance of X-ray synchrotron 
sources that can generate high-flux, ultrashort X-ray pulses, time-resolved X-ray diffraction 
(scattering) and absorption techniques have become general and powerful tools to explore 
structural dynamics of matters. Accordingly, the techniques have been successfully applied 
to studying various dynamics of chemical and biological systems (Coppens, 2003; Coppens 
et al., 2004; Ihee, 2009; Ihee et al., 2005b; Kim et al., 2002; Schotte et al., 2003; Srajer et al., 1996; 
Techert et al., 2001; Tomita et al., 2009) and of condensed matters (Cavalieri et al., 2005; 
Cavalleri et al., 2006; Collet et al., 2003; Fritz et al., 2007; Gaffney et al., 2005; Lee et al., 2005; 
Lindenberg et al., 2005). On one hand, time-resolved X-ray diffraction enables us to access to 
the mechanism of structural transformations at the atomic level in crystalline state (Collet et 
al., 2003; Schotte et al., 2003; Srajer et al., 1996; Techert et al., 2001). On the other hand, time-
resolved X-ray absorption fine structure (XAFS) (Chen et al., 2001; Saes et al., 2003; Sato et al., 
2009) and time-resolved solution scattering (Davidsson et al., 2005; Ihee, 2009; Ihee et al., 
2005a; Plech et al., 2004) can probe structural dynamics in non-crystalline states of materials, 
complementing the X-ray diffraction technique.  
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In particular, time-resolved X-ray liquidography (TRXL), which is also known as time-
resolved X-ray solution scattering (TRXSS), provides rather direct information of transient 
molecular structures because scattering signals are sensitive to all chemical species present 
in the sample and can be compared with the theoretical scattering signal calculated from 
three-dimensional atomic coordinates of involved chemical species. Accordingly, time-
resolved X-ray liquidography using 100-picosecond X-ray pulses from a synchrotron source 
has been effective in elucidating molecular geometries involved in photoinduced reaction 
pathways, elegantly complementing ultrafast optical spectroscopy (Cammarata et al., 2008; 
Cammarata et al., 2006; Christensen et al., 2009; Davidsson et al., 2005; Georgiou et al., 2006; 
Haldrup et al., 2009; Ichiyanagi et al., 2009; Ihee, 2009; Ihee et al., 2005a; Kim et al., 2006; Kong 
et al., 2008; Kong et al., 2007; Lee et al., 2008a; Lee et al., 2006; Lee et al., 2008b; Plech et al., 
2004; Vincent et al., 2009; Wulff et al., 2006). 
Time-resolved X-ray liquidography has been developed by combining the pulsed nature of 
synchrotron radiation and of lasers. In a typical experiment, a reaction is initiated by an 
ultrashort optical laser pulse (pump), and the time evolution of the induced structural 
changes is probed by the diffraction of a time-delayed, short X-ray pulse as a function of the 
time delay between the laser and X-ray pulses. In other words, the X-ray pulse replaces the 
optical probe pulse used in time-resolved optical pump-probe spectroscopy. X-ray pulses 
with a temporal duration of 50 ~ 150 ps are generated by placing an undulator in the path of 
electron bunches in a synchrotron storage ring. 
In this chapter, we aim to review the experimental details and recent applications of time-
resolved X-ray liquidography. Especially, we describe the details of the TRXL setup in 
NW14A beamline at KEK, where polychromatic X-ray pulses with an energy bandwidth of 
ΔE/E ~ 1 – 5% are generated by reflecting white X-ray pulses (ΔE/E = 15%) through 
multilayer optics made of W/B4C or depth-graded Ru/C on silicon substrates. Unlike in 
conventional X-ray scattering/diffraction experiments, where monochromatic X-rays are 
used to achieve high structural resolution, polychromatic X-ray pulses containing more 
photons than monochromatic X-ray pulses are used at the expense of the structural 
resolution because a higher signal-to-noise ratio is desirable in the TRXL experiment. In 
addition, we describe in detail the principle of synchronization between the laser and 
synchrotron X-ray pulses, which is one of the key technical components needed for the 
success of time-resolved X-ray experiments, and has been vigorously implemented in well-
established experimental techniques using synchrotron radiation, such as diffraction, 
scattering, absorption and imaging. Finally, some examples of applications to various 
reaction systems ranging from small molecules to proteins are described as well.  

2. Experimental 
2.1 Optical-pump and X-ray-scatter scheme 
In a typical TRXL experiment, an ultrashort optical laser pulse initiates photochemistry of a 
molecule of interest in the solution phase, and an ultrashort x-ray pulse from a synchrotron 
facility, instead of an ultrashort optical pulse used in the optical pump-probe experiment, is 
sent to the reacting volume to probe the structural dynamics inscribed on the time-resolved 
x-ray diffraction signals as a function of reaction time. TRXL data have been collected using 
an optical-pump and x-ray-probe diffractometer in the beamline ID09B at ESRF (Bourgeois 
et al., 1996; Wulff et al., 1997) and the beamline NW14A of PF-AR at KEK (Nozawa et al., 
2007). The beamline 14IDB at APS also has the capability of collecting TRXL data. The 
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experimental setup is schematically illustrated in Fig. 1. It comprises a closed capillary jet or 
open-liquid jet to supply the solution that are pumped by laser pulses and scatter X-rays, a 
pulsed laser system to excite the sample, a pulsed synchrotron source to produce ultrashort 
X-ray pulses to scatter from the sample, a synchronized high-speed chopper that selects 
single X-ray pulses, and an integrating charge-coupled device (CCD) area detector. 

 
Fig. 1. Schematic drawing of the experimental setup for time-resolved X-ray liquidography. 
The liquid jet is irradiated by an optical laser pulse. After a well-defined time delay (t), the 
X-ray pulses generated by a synchrotron and selected by a high-speed chopper are sent to 
the sample and scatter. The reference diffraction data collected at -3 ns is subtracted from 
the diffraction data collected at positive time delays to extract the structural changes only. 

2.2 Pulsed nature of synchrotron radiation 
Synchrotron radiation is described as the radiation from charged particles accelerated at 
relativistic velocities by classical relativistic electrodynamics. It provides excellent 
characteristics as an X-ray source such as small divergence, short wavelength, linear or 
circular polarization, etc. Synchrotron radiation has another useful feature for time-resolved 
X-ray technique, short-pulsed nature, due to the periodic acceleration of charged particles in 
storage ring. Electrons circulating in storage ring irradiate synchrotron radiation and lose 
their energy. In order to compensate for the energy loss, a radio frequency (RF) oscillator 
accelerates electrons periodically at a harmonic frequency of the revolution frequency f=c/L, 
where c is the speed of light and L is the circumference of the storage ring. In order to keep 
electrons circulated stably in the storage ring, electrons need to pass through the RF 
oscillator at the appropriate timing, which is called the stable phase. Electrons stay and 
oscillate around the stable phase as a group, which is called electron bunch. Due to this 
equilibration process of the electron bunch, the length of the electron bunch is typically 15 – 
45 mm (rms) that corresponds to X-ray pulse duration of 50 – 150 ps. Thus, the timing of the 
synchrotron X-ray pulse is synchronized with the timing of the RF oscillator. If the laser is 
externally triggered by the same RF master clock that accelerates electrons, both laser and X-
ray pulses can be stably synchronized. This is the basis of time-resolved X-ray experiments 
using synchrotron radiation.  
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2.3 X-ray source characteristics and isolation of a single X-ray pulse 
Synchrotron radiation is operated at MHz to GHz repetition rate depending on the bunch-
filling modes of the storage ring. In particular, time-resolved experiments at synchrotron 
radiation facilities primarily require sparse bunch-filling mode of the storage ring operation 
such as single-bunch or hybrid modes. In general, X-ray detectors have a relatively slow 
response time and, furthermore, two-dimensional X-ray area detectors (e.g. CCD) have no 
fast gating capabilities. Due to such limitation of X-ray detectors, isolation of a single X-ray 
pulse from a pulse train is crucial for the success of time-resolved X-ray experiments. Since a 
single pulse can be readily isolated by using a fast chopper in sparse bunch-filling mode, the 
operation in the single-bunch or hybrid mode is highly desirable for time-resolved X-ray 
experiments.  
The 6.5 GeV PF-AR is fully operated in a single-bunch mode for about 5000 hours/year. 
Electrons with a ring current of 60 mA (75.5 nC per bunch) are stored in a single electron 
bunch with a life time of around 20 hours. The RF frequency and harmonic number of the 
PF-AR are 508.58 MHz and 640, respectively. Therefore, the X-ray pulses are delivered at a 
frequency of 794 kHz (= 508.58 MHz / 640) with a pulse duration of about 60 ps (rms). A 
schematic drawing of the beam line NW14A is shown in Fig. 2.  
 

 
Fig. 2. Schematic drawing of the beamline NW14A of PF-AR at KEK. The X-ray beam is 
monochromized by a double-crystal monochromator and then focused using a bent-
cylindrical mirror. Higher-order harmonics are cut off by a pair of flat mirrors. 

The beam line has two undulators with a period length of 20 mm (U20) and 36 mm (U36). 
The U20 gives the 1st harmonic in the energy range of 13–18 keV. The energy bandwidth of 
the 1st harmonic is ΔE/E = 15%, which is utilized as a narrow-bandwidth white beam for 
TRXL experiments. The U36 covers an energy range of 5–20 keV with 1st, 3rd, and 5th 
harmonics, and useful for X-ray spectroscopy experiments. The measured photon flux from 
U36 and U20 at several gaps is shown in Fig. 3. 
In order to isolate a single X-ray pulse from the sources, double X-ray choppers are 
equipped at the NW14A. The first chopper, called as heat-load chopper, has an opening time 
of 15 μs and is used to isolate 10-pulse train at 945 Hz (Gembicky et al., 2007). The second X-
ray chopper, made by Forschungszentrum Jülich (Lindenau et al., 2004), consists of a rotor 
furnished with a narrow channel for the beam passage and isolates a single X-ray pulse 
from the 10-pulse train. The Jülich chopper realizes continuous phase locking with timing 
jitter less than 2 ns. The opening time of the channel at the center of the tapered aperture is 
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1.64 μs. If the repetition frequency of the pump-probe experiment is lower than 945 Hz, as is 
the case of using 10-Hz YAG laser system, a millisecond X-ray shutter (UNIBLITZ, 
XRS1S2P0) is set up between the X-ray chopper and the sample. 

 

 
Fig. 3. Measured photon flux from U20 and U36 at several gaps. The intensity was 
normalized by 60 mA of the ring current and 0.318 mrad (H) x 0.053 mrad (V) beam 
divergence.  

2.4 Energy bandwidth of the incident X-ray beam 
In order to gain maximum X-ray photon flux at 1 kHz repetition rate, energy bandwidth of 
the incident X-ray is the key issue. The X-ray pulse with 3% energy bandwidth of the first 
harmonics of the undulator has been used for TRXL experiments in the beamline ID09B at 
ESRF (Cammarata et al., 2008; Cammarata et al., 2006; Christensen et al., 2009; Davidsson et 
al., 2005; Georgiou et al., 2006; Ichiyanagi et al., 2009; Ihee, 2009; Ihee et al., 2005a; Kim et al., 
2006; Kong et al., 2008; Kong et al., 2007; Lee et al., 2008a; Lee et al., 2006; Lee et al., 2008b; 
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Plech et al., 2004; Vincent et al., 2009; Wulff et al., 2006). For example, the structural dynamics 
of C2H4I2 in methanol were studied at the ID09B beamline (Ihee et al., 2005a), and the 
reaction pathways and associated transient molecular structures in solution were resolved 
by the combination of theoretical calculations and global fitting analysis. 
On the other hand, high-flux white X-ray at NW14A has ΔE/E = 15% energy bandwidth 
when the undulator U20 is used due to relatively large electron beam emittance of PF-AR. In 
order to examine the feasibility of time-resolved liquidography with such a large bandwidth 
and to search for the optimal bandwidth, we simulated the Debye scattering curves for the 
reaction C2H4I2 → C2H4I + I using (i) a 15% bandwidth with the default X-ray energy 
distribution, such as the undulator spectrum at the NW14A beamline, (ii) a Gaussian 
spectrum with a 5% bandwidth, (iii) a Gaussian spectrum with a 1% bandwidth, and (iv) a 
Gaussian spectrum with a 0.01% energy bandwidth, as shown in Fig. 4. 
 

 
Fig. 4. Debye scattering curves calculated for the model reaction C2H4I2 → C2H4I + I using a 
0.01% (monochromatic) Gaussian X-ray energy profile (dot-dashed line), 5% Gaussian X-ray 
energy profile (red solid line), 1% Gaussian X-ray energy profile (solid line), and 15% default 
X-ray energy profile with a long tail (dotted line). 

Although the photon flux of X-ray pulse increases with the energy bandwidth of the X-ray, 
the simulation shows that the default X-ray spectrum that has a 15% energy bandwidth as 
well as a long tail is not suitable for the time-resolved liquidography experiment owing to 
deteriorated structural resolution. Especially, the long tail of the default X-ray spectrum  
further blurs the scattering pattern at high scattering angles than when a symmetric 
Gaussian spectrum of the same bandwidth is assumed. As a result of the asymmetric 
lineshape, the X-ray spectrum with a long tail at ID09B of ESRF with a 3% bandwidth is 
effectively comparable to a symmetric Gaussian spectrum with a 10% bandwidth. In 
contrast, the scattering curve calculated from the Gaussian spectrum with a 5% energy 
bandwidth is similar in its structural resolution to that obtained from a 0.01% energy 
bandwidth (monochromatic) Gaussian spectrum. Furthermore, the total flux of the 5% 
energy bandwidth X-ray beam is higher than that of the monochromatic X-ray (a 0.01% 



Synchrotron-Based Time-Resolved X-ray Solution Scattering (Liquidography)  

 

793 

energy bandwidth) generated from a Si single crystal by a factor of 500. These estimations 
clearly suggest that the X-ray pulses with ΔE/E of 5% is appropriate for time-resolved X-ray 
liquidography experiment since it can provide a strong scattering signal without much 
sacrificing the structural resolution.  Thus, we reduced the bandwidth of the X-ray pulses 
from the default 15% to less than the 5 % energy bandwidth.  
 

 
Fig. 5. Broadband X-ray pulses were produced by multilayer optics from the undulator 
spectrum. The peak energy position is controlled by changing the incident angle. The black 
curve is the X-ray spectrum from the undulator U20, with a gap of 11 mm. (a) X-ray spectra 
using the W/B4C multilayer optics. The X-ray bandwidth is about 1%. (b) X-ray spectra 
using the depth-graded Ru/C multilayer optics. The X-ray bandwidth is 5%. 

The multilayer optics produces X-ray pulses with a 1% to 5% energy bandwidth and allows 
us to measure TRXL with the undulator at the NW14A beamline. We used two types of 
multilayer optics. The first optics,  made of W/B4C (d =27.7 Å, X-ray Company, Russia) on a 
Si single crystal with a size of 50×50×5 mm3,  provides an X-ray spectrum with a 1% energy 
bandwidth, as shown in Fig. 5(a). The peak energy of the X-ray spectrum can be changed by 
tilting the angle of the multilayer optics. The second multilayer optics, which is made of 
depth-graded Ru/C layer (average d = 40 Å, NTT Advanced Technology, Japan), produces 
a 5% energy bandwidth X-ray spectrum, as shown in Fig. 5(b). A white X-ray with a photon 
flux of 1 × 109 photons/pulse is produced at a 1 kHz repetition rate. When multilayer optics 
with 1% and 5% energy bandwidths are used at the downstream of the Jülich chopper, the 
photon flux of 6 × 107 and 3 × 108 photons/pulse is obtained, respectively. 

2.5 Synchronization of laser and X-ray pulses 
NW14A is equipped with a 150-fs Ti:sapphire regenerative amplifier laser system (Spectra 
Physics, Millenia, Tsunami, Spitfire, Empower). The Ti:sapphire laser system produces 
optical pulses at 800 nm at a 945-Hz repetition rate, with the pulse energy reaching up to 800 
μJ/pulse . The laser is installed in a laser booth next to the experimental hutch. An optical 
parametric amplifier (Light Conversion, TOPAS-C) is also installed in the laser booth for 
conversion of 800 nm light to broad spectral range from visible to mid-infrared region. The 
laser beam is brought to the sample in the experimental hutch through a beam duct for the 
laser. The synchronization of X-ray and laser pulses is based on the RF master clock, by 
which an electron bunch is driven in the storage ring. When the X-ray experiment is 
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conducted with a 945 Hz Ti:sapphire-laser and a detector that has no gating capabilities (e.g. 
CCD), an X-ray chopper is required to synchronize the X-ray and laser pulses at a 1:1 ratio. 
The timing chart of the synchronization is shown in Fig. 6.  
The X-ray pulse is emitted every 1.26 μs (794 kHz = 508 MHz / 640) from the PF-AR. After 
the RF amplifier, the RF master clock signal of PF-AR is split into two major timing 
components: one for the laser system and the other for the X-ray chopper system. In the X-
ray chopper system, the 508 MHz RF and the 794 kHz revolution signals are used as the 
clock and the reference signals, respectively. A 945 Hz (794 kHz / 840) repetition frequency 
of the X-ray pulses is then selected to trigger the Ti:sapphire 150-fs laser system running at 
the same repetition frequency. In the laser system, the mode-locked Ti:sapphire oscillator 
operating at 85 MHz (508 MHz / 6) synchronized with the X-ray pulses provides seed 
pulses to the regenerative amplifier. The seed pulses trigger the regenerative amplifier 
pumped by the Q-switched Nd:YLF laser at 945 Hz (85 MHz / 89600). Then, 945 Hz laser 
pulses are directed to the sample position by a series of mirrors. The pulse trains of 
pumping laser and probing X-ray pulses at the sample are shown together in Fig. 6. The 
timing of the delay between the two pulse trains is controlled by changing the ejection 
timing of the laser pulses from the regenerative amplifier using a phase shifter (Candox). 
The timing of the X-ray and the laser is measured with an InGaAs metal-semiconductor-
metal (MSM) photodetector (Hamamatsu, G7096) coupled to a high-frequency preamplifier 
and a 2.5 GHz digital oscilloscope (Tektronix, DPO7254). The rise time of the MSM 
photodetector is typically 40 ps, which is faster than the X-ray pulse duration, and the 
photodetector is set at the sample position.  
 

 
Fig. 6. The timing chart of the synchronization system at NW14A when using the X-ray 
chopper to synchronize 794 kHz X-ray and 945 Hz laser pulses at a 1:1 ratio. Timing settings 
of the X-rays from (i) PF-AR, (ii) the X-ray chopper, (iii) the X-rays at the sample, and (iv) 
the laser at the sample are shown. 
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2.6 Spatial and temporal overlaps 
In order to increase the signal-to-noise ratio of the TRXL data and define accurate time delay 
between laser and X-ray pulses, the laser and X-ray pulses have to be overlapped at the 
sample both spatially and temporally. To check the temporal overlap, we place a fast 
InGaAs detector at the sample position and record the time traces of the laser and X-ray 
pulses along a single time axis monitored by a 2.5 GHz digital oscilloscope. By adjusting the 
laser firing time, it is possible to adjust the relative timing between the two pulses within a 
few picoseconds. During an experiment, the time traces of the laser and X-ray pulses are 
monitored by fast photodiodes simultaneously and non-intrusively. 
The spatial overlap between X-ray and laser pulses is achieved by using a 50 μm diameter 
pinhole placed at the sample position. The pinhole is located at the center of X-ray beam, 
and then the laser beam is moved across the pinhole by scanning the position of the 
focusing lens until it passes through the center of the pinhole. To ensure precise spatial 
overlap, we monitor the intensity of scattering induced by thermal expansion in a liquid 
solvent, which typically occurs in 1 μs with our beam sizes. Specifically, the ratio of 
scattered intensities  in the inner and outer disks of the solvent signal is monitored. Once the 
sample expands, the solvent signal shifts to lower scattering angles, leading to the increase 
of low-angle scattering and the decrease of high-angle scattering. Therefore, the ratio 
between the inner and outer part of the solvent signal changes in proportion with the laser 
excitation.  The X-ray beam is typically vertically 200 μm and horizontally 250 μm. The laser 
spot is of circular shape with a diameter of 300 – 400 μm. 

2.7 Sample environment and data acquisition 
Two different types of sample cell systems have been used: a diluted solution of 0.5~100 
mM concentration or pure solvent is prepared and circulated through either a capillary or 
through an open-jet sapphire nozzle. Such flow systems provide a stable liquid flow of ~0.3 
mm thickness at a speed ensuring the refreshment of probe volume for every laser pulse 
(typically ~3 m/s). In the capillary-based system, the solution is flowed through a quartz 
capillary of 0.3 mm diameter. In the open-jet system, the capillary is removed and the 
solution is passed between two flat sapphire crystals with a spacing of 0.3 mm (Kyburz), 
which produces a stable naked liquid sheet directly exposed to the laser/x-ray beams. The 
open-jet system producing a bare liquid jet has the advantage over the closed capillary 
system in terms that the scattering background arising from the glass material of the 
capillary is eliminated and thus the signal-to-noise-ratio substantially improves. The lower 
background also helps to enhance the accuracy of the normalization process. In addition, the 
capillary jet often encounters a problem that the excitation laser drills a hole in the capillary. 
The molecules in the jet are excited by laser pulses from the femtosecond laser system 
described above. To maximize the population of transients and photoproducts, the laser 
pulse energy (typically 25 – 100 μJ depending on the excitation wavelength) is set to be 
relatively higher than that used in typical time-resolved optical spectroscopy, and thus 
multi-photon excitation often occurs. In general, one wants to follow photochemistry 
induced by only one-photon absorption that the laser pulse duration of ~100 fs is stretched 
to ~2 ps by introducing chirp from a pair of fused-silica prisms inserted before the sample. 
To probe slow photoinduced dynamics, a nanosecond laser system is used instead of the 
femtosecond laser system. 
The laser beam is generally directed to the sample with a 10 degree tilt angle relative to the 
X-ray beam. The scattered X-ray diffraction signal is recorded by an area detector 
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(MarCCD165, Rayonics, 2048 × 2048, ~80 μm effective pixel size) with a sample-to-detector 
distance of ~45 mm. A typical exposure time is ~5 s, and, given the ~1 kHz repetition rate of 
the laser/X-ray pulses, the detector receives 5 × 103 X-ray pulses and ~5 × 1012 X-ray 
photons per image. Diffraction data are collected for typically 10 or more time-delays (t) 
from -100 ps up to 1 μs (for example, –100 ps, 0 ps, 30 ps, 100 ps, 300 ps, 1 ns, 3 ns, 10 ns, 30 
ns, 100 ns, 300 ns, and 1 μs). Each time-delay is interleaved by a measurement of the 
unperturbed sample (typically at –3 ns). 

3. Data processing and analysis 
3.1 Conversion of 2D images into 1D curves 
The two-dimensional diffraction images are radially integrated into one-dimensional 
intensity curve, S(q, t)exp, as a function of the momentum transfer q (q = (4π/λ)sin(2θ/2) where 
λ is the wavelength of the X-rays, 2θ is the scattering angle, and t is the time delay). The 
curves are averaged and normalized by scaling them to absolute scale of the total (elastic 
and inelastic) scattering from one solution unit-cell molecule in the isosbestic point at high q 
values, where the scattering is insensitive to structural changes. After normalization, the 
diffraction data for the unperturbed sample measured at a negative time delay (typically at 
–3 ns) is subtracted from the diffraction data collected at positive time delays to extract the 
diffraction change only. The difference diffraction intensities ΔS(q,t) contain direct 
information on the structural changes of the solute and solvent in the probed solution. The 
relative laser induced diffraction signal change ΔS/S is quite small. It depends on both time 
and scattering angle, and is typically less than 0.1 %. Standard deviations as a function of q 
are calculated in the process of conversion from a 2D image to a 1D curve by taking into 
account the distribution of the intensities at the same q value. The error of the averaged 
ΔS(q,t) can be obtained from the error propagation of standard deviations or by taking 
another standard deviation from the mean value of individual difference curves. The signal-
to-noise ratio of a typical ΔS(q,t) depends on q and t and oscillates resembling the shape of 
ΔS(q,t) except that the negative values of ΔS(q,t) become positive in the plot of signal-to-
noise ratio. A typical averaged ΔS(q,t) from about 50 - 100 repetitions has a signal-to-noise 
ratio up to 15. The signal-to-noise ratio is zero when ΔS is zero and reaches a maxima in the 
peaks and valleys of ΔS(q,t). To magnify the oscillatory feature at high q, ΔS(q,t) is often 
multiplied by q to yield qΔS(q,t). Although qΔS(q,t) contains direct information on the 
structural changes, often the result in reciprocal space is not intuitive. For this reason 
qΔS(q,t) is transformed to real space where the changes are more readily interpretable: 
positive and negative peaks means formation and depletion, respectively, of the 
corresponding interatomic distance. Obtained through sine-Fourier transforms of qΔS(q,t), 
the difference radial distribution function (rΔR(r,t)) represents the experimental atom-atom 
pair distribution function during the course of the reaction. 

 2
2 0

1( , ) ( , )sin( )exp( )
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where the constant α is a damping constant to account for the finite experimental q range. In 
principle, the errors in the r-space can be also obtained from the same procedure as the one 
described for the q-space data: The sine-Fourier transform of every single qΔS(q,t) is taken 
and then averaged over all rΔR(r,t) curves, which defines a meaningful standard deviation. 
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3.2 Data analysis 
We fit the experimental difference intensities (ΔS(q,t)exp) for all time delays against 
theoretical difference intensities (ΔS(q,t)theory), including the changes from three principal 
components that are mutually constrained by energy conservation in the X-ray illuminated 
volume: (i) the solute-only term, (ii) the solute-solvent cross term (also called as the cage 
term), and (iii) the solvent-only term from hydrodynamics as in the following expression.  
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where R is the ratio of the number of solvent molecules to that of solute molecules, k is the 
index of the solute (reactants, intermediates and products), ck(t) the fraction of molecules in k 
as a function of time t, Sk(q) is the solute-related (the solute-only plus the cage components) 
scattering intensity of species k, Sg(q) is the scattering intensity of the reactants (k = 
reactants), (∂S(q)/∂T)ρ is the solvent scattering change in response to a temperature rise at 
constant volume, (∂S(q)/∂ρ)T is the response to a density change at constant temperature, 
ΔT(t) and Δρ(t) are the solvent temperature and density changes as a function of time. The 
equation indicates that, to calculate ΔS(q,t)theory, two types of basis components are needed: 
time-independent functions such as Sk(q), (∂S(q)/∂T)ρ and (∂S(q)/∂ρ)T and time-dependent 
functions such as ck(t), ΔT(t) and Δρ(t). In the following, the steps involved in the calculation 
of time-independent and time-independent basis functions are described with the 
photochemistry of CHI3 in CH3OH as an example. Fig. 7 presents an overall scheme for data 
analysis. 
 

 
Fig. 7. Schematic of the data analysis. A theoretical difference scattering curve is represented 
as a sum of the three terms contributions: the solute-only term, the solute-solvent cross term, 
and the solvent-only term. The discrepancy between the theory and experiment is 
minimized in global fitting analysis by considering data at all positive time delays 
simultaneously. See the text for details. 

Sk(q) are calculated from MD simulations combined with quantum calculations. The possible 
structures of the parent molecule, the transient intermediates and the products in solution 
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are provided by fully optimizing the molecular geometry with the ab initio and/or density 
functional theory (DFT) methods with solvent effects included. In case of the 
photochemistry of CHI3 in CH3OH, the molecular structures of all putative species such as 
CHI3, CHI2, CHI2-I isomer, I2, I, and CH3OH are calculated. The charge on each atom of all 
related species is also calculated via the natural bond orbital analysis. These structures and 
the charges of all species are used as starting points for the MD simulations, where one 
solute molecule is placed in a box containing 512 or more rigid solvent molecules. After MD 
simulations, pair correlation functions for atom pairs (gαβ(r) for the atom pair α and β) are 
calculated. The Sk(q) curves are then computed by  
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where fα(q) is the atomic formfactor of the α atom, Nα is the number of α atoms in the MD 
simulation, δαβ is Kronecker delta, and V is the volume of the MD box. Including gαβ(r) for 
only the pairs within the solute molecule (for example, CHI2-I isomer has one type of C···H, 
three types of C···I, three types of H···I and three types of I···I) results in the solute-only 
term, which can be also described by Debye scattering of isolated solute molecules as in the 
gas phase. The cage term is calculated when gαβ(r) for the solvent-solute cross pairs (for 
example, the CHI2 radical in CH3OH has Csolute···Csolvent, Csolute···O, I··· Csolvent, and I···O, 
and many other pairs including H) are used in the integration. In practice, gαβ(r) for both 
solute-only and solute-solvent cross pairs are used to yield the solute-only plus cage terms, 
that is, the solute-related terms, Sk(q). The solvent differential functions, (∂S(q)/∂T)ρ and 
(∂S(q)/∂ρ)T, can be obtained either from MD simulations or determined in a separate 
experiment where the pure solvent is vibrationally excited by near-infrared light 
(Cammarata et al., 2006). The latter gives superior agreement than the former. In general, the 
gαβ(r) from MD simulation for a particular atom pairs α and β can be used to calculate the 
contribution from that particular atom-atom pair to the overall signal, thereby aiding the 
peak assignment (for example, the atom pair of I and O gives the I···O interatomic 
contribution, which is one of the major solute-solvent cross terms). 
The basic strategy of the least square fits to the experimental data is to minimize the total χ2 

iteratively in a global fitting procedure, simultaneously minimizing the differences between 
the experimental and theoretical curves at all positive time delays. The definition of chi-
square (χ2) used is as follows. 
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The polychromacity of the X-ray beam has to be taken into account when a ΔS(q,t)theory curve 
is compared with the ΔS(q,t)exp curve by weighting the X-ray spectrum into the ΔS(q,t)theory 
curve. A result of global fitting analysis for CHI3 is shown in Fig. 8. The time-dependent 
basis functions (ck(t), ΔT(t) and Δρ(t)) depend on the fitting parameters of the global fitting 
analysis. A set of rate equations for a reaction kinetic model including all reasonable 
candidate reaction pathways is set up to extract a reaction mechanism. As a candidate 
reaction model for CHI3, the rate constants for dissociation (CHI3 → CHI2 + I), geminate and 
non-geminate recombination (CHI2 + I → CHI3), and the non-geminate formation of 
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molecular iodine (I + I → I2) can be considered. Integrating the rate equations provides ck(t) 
to be used to construct the theoretical scattering signal. The ΔT(t) and Δρ(t) are 
mathematically linked to ck(t) and to each other by energy and mass conservation and 
hydrodynamics. From ck(t), the time-dependent heat released from solutes to the solvent, 
Q(t), is calculated and used to compute ΔT(t) and Δρ(t) via thermodynamic and 
hydrodynamics relations (Bratos et al., 2004). 
The fitting parameters include the rate coefficients, the fraction of the excited molecules, the 
fraction of the molecules undergoing structural changes, and the laser beam size. Structural 
parameters such as bond lengths and angles and energy levels of chemical species can be 
included as fitting parameters.  

3.3 Example: Photochemistry of CHI3 
Fig. 8A shows a comparison of qΔS(q, t)exp and qΔS(q, t)theory from global fitting analysis of 
TRXL data of CHI3 in CH3OH, and Fig. 8B shows the corresponding rΔR(r,t)exp and 
rΔR(r,t)theory. Fig. 8E summarizes the final fit values. Upon irradiation of 20 mM iodoform in 
methanol, 24(±1)% of the solute molecules are excited by the laser pulse at 267 nm. Among 
the excited iodoform, 28(±1)% dissociate into CHI2 + I within the time resolution of 100 ps, 
and the remaining 72(±1)% decay into the ground state via vibrational cooling and release 
their energy to the solvent. The iodine atoms recombine to form I2 with the bimolecular rate 
constant of 1.55(±0.25) × 1010 M-1s-1. Based on these values from global fitting analysis, 
chemical population changes (as shown in Fig. 8C) and the temperature and density change 
of the solvent (as shown in Fig. 8D) as a function of time can be drawn. Initially, the 
temperature and the pressure of the solvent increase at a constant volume due to the energy 
transfer from the solute to solvent. Then, the thermal expansion occurs with a time constant 
of ~50 ns, returning the sample to ambient pressure. Due to the thermal expansion, the 
density of the solvent decreases by 1.2 kg/m3 (0.15%) at 1 μs, leading to a temperature 
increase of 1.02 K. After the analysis, the whole signal can be decomposed into each 
component. For example, the solute-only term, the cage term, and the solvent-only term in 
real space are shown in Figs. 9D, 9E, and 9F along with the assignment of the peaks in the 
real space. The prominent negative peak around 3.6 Å of the solute-only term (Fig. 9D) is 
due to the depletion of the I···I distance in CHI3 and the shoulder at 2.7 Å in late time delays 
is due to the formation of a new I-I bond in I2. Most positive and negative peaks located at 
distances larger than the size of the solute molecule in Fig. 9E and 9F are related to the 
solvent rearrangement due to temperature and density changes. 

4. Applications 
4.1 On the issue of isomer formation from CHI3 in methanol 
TRXL has been used to capture the molecular structures of intermediates and their reaction 
kinetics for various photochemical processes. In the following, we present some application 
examples ranging from small molecules to proteins, which illustrate the wide applicability 
of TRXL.  
The first example is the photochemistry of iodoform (CHI3). According to previous time-
resolved spectroscopic studies (Wall et al., 2003; Zheng et al., 2000), the CHI2 radical and I 
atom generated upon excitation at 267 nm geminately recombine to form iso-iodoform 
within the solvent cage as the main species (quantum yield of at least 0.5) with a rise time of 
7 ps and this iso-iodoform survives for up to microseconds. To investigate the possibility of 
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the isomer formation, we performed the global fitting analysis on the TRXL data with two 
candidate reaction pathways ([CHI3 → CHI2 + I; simple dissociation channel] and [CHI3 → 
CHI2-I; isomer formation channel]). As shown in Fig. 8, the isomer channel reaction model is 
not compatible with the TRXL data, but a simple dissociation channel gives good agreement  
 

 
Fig. 8. Structural dynamics of the photochemistry of CHI3 in methanol upon photolysis at 
267 nm determined by TRXL. (A) Experimental difference-diffraction intensities, qΔS(q, t) 
(black) and theoretical curves (red) as a result of global fitting analysis. (B) Difference radial 
distribution curves, rΔR(r, t), corresponding to (A). (C) The population changes of the 
various chemical species as a function of time delay determined from global fitting analysis. 
(D) The change in the solvent density (red) and temperature (blue) determined from global 
fitting analysis. (E) A reaction mechanism determined by TRXL. 
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Fig. 9. Determining the major reaction channel for CHI3 in methanol excited at 267 nm and 
decomposition into three components for peak assignment. (A) qΔS(q,t) for two candidate 
reaction pathways, CHI2 formation versus CHI2-I isomer formation, are compared. 
Experimental curves with experimental errors are shown in black and theoretical curves are 
in red. The CHI2 formation channel gives superior agreement between experiment and 
theory, confirming that simple dissociation is the major reaction pathway and the isomer 
formation is negligible. (B) The qΔS(q,10 ns) curve is decomposed into the solute-only, cage, 
and solvent-only contributions. (C) The same decomposition in the real space for rΔR(r,10 
ns) corresponding to (B). (D) The solute-only component of rΔR(r,t). (E) The cage component 
of rΔR(r,t). (F) The solvent-only component of rΔR(r,t). 

(Lee et al., 2008a). Furthermore, when both reaction models are included in the fit, the 
fraction of the isomer-formation process converges to zero, confirming that the iso-iodoform 
should be a minor species if it forms at all. Since the X-ray pulse width used in this study is 
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~100 ps (fwhm), the formation of iso-iodoform as a major species on time scales shorter than 
our experimental time resolution cannot be ruled out. The subsequent kinetics obtained 
from TRXL was detailed in the previous section (Data Analysis). It should be noted that the 
data show that the formation of I2 is dominant over other possible recombination products 
such as CHI3 (from CH3 and I) and C2H6 (from two CH3). 

4.2 Protein folding of cytochrome c 
Protein structural changes in solution have been mainly characterized by time-resolved 
optical spectroscopic methods that, despite their high time resolution (<100 fs), are only 
indirectly related to three-dimensional structures in space. For protein crystals, a 
combination of high time resolution and structural sensitivity has become readily available 
with the advent of sub-nanosecond Laue crystallography (Ihee et al., 2005b; Moffat, 2001; 
Schotte et al., 2003; Srajer et al., 1996), but its applicability has been limited to a few model 
systems due to the stringent prerequisites such as highly-ordered and radiation-resistant 
single crystals. More importantly, crystal packing constraints might hinder biologically 
relevant motions. Owing to such limitations, the time-resolved X-ray crystallography has 
been applied to only reversible reactions in single crystals, and it cannot be simply used to 
study irreversible reactions such as protein folding. To obtain information about protein 
motions in a more natural environment, X-ray scattering and nuclear magnetic resonance 
(NMR) methods have been mainly used as direct structural probes of protein structures in 
solution (Grishaev et al., 2005; Schwieters et al., 2003). Due to the inverse relationship 
between the interatomic distance and the scattering angle, the scattering from 
macromolecules is radiated at smaller scattering angles and is typically called as small-angle 
X-ray scattering (SAXS) or wide-angle X-ray scattering (WAXS) for scattering angles larger 
than conventional SAXS angles. The SAXS is sensitive to overall structure, for example, 
overall size and shape, of the protein, while wide-angle X-ray scattering (WAXS) gives more 
detailed information on the tertiary and quaternary structure such as the fold of helices and 
sheets. However, thus far, the time resolution had been limited to 160 μs at best (Akiyama et 
al., 2002). As well, NMR is a powerful technique for structure determination in solution, but 
it works best for small proteins and needs properly labeled samples (Kainosho et al., 2006). 
More importantly, due to the nature of microwave pulses, the time resolution of protein 
NMR is inherently limited to milliseconds.  
In case of protein solutions, the relatively low concentration (only a few mM or less) make 
TRXL measurements non-trivial, and the large molecular size of proteins (more than 
thousand times larger than small molecules) complicates the structural analysis. However, 
recent TRXL data from model proteins in solution have demonstrated that the medium to 
large-scale dynamics of proteins is rich in information on time scales from nanoseconds to 
milliseconds (Cammarata et al., 2008). TRXL methodology has been applied to  human 
haemoglobin (Hb), a tetrameric protein made of two identical αβ dimers, that is known to 
have at least two different quaternary structures (a ligated stable “relaxed” (R) state and an 
unligated stable “tense” (T) structures) in solution. The tertiary and quaternary 
conformational changes of human hemoglobin triggered by laser induced ligand 
dissociation have been identified using the TRXL method. A preliminary analysis by the 
allosteric kinetic model gives a time scale for the R-T transition of ~1–3 μs, which is shorter 
than the time scale derived with time-resolved optical spectroscopy. The optically induced 
tertiary relaxation of myoglobin (Mb) and refolding of cytochrome c (Cyt-c) have been also 
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studied with TRXL. As previously mentioned, the advantage of TRXL over time-resolved X-
ray protein crystallography is that it can probe irreversible reactions as illustrated with the 
folding of cytochrome c as well as reversible reactions such as ligand reactions in heme 
proteins.  
The basic idea of protein folding is that the three-dimensional structure of proteins is mainly 
determined by their amino acid sequences. Unfolded polypeptide chains use this 
information to accurately and quickly fold into their native structures (Fig. 10a). The 
optically triggered folding of horse heart Cyt-c has been extensively studied with 
spectroscopic techniques (Chen et al., 1998; Jones et al., 1993) and also by using fast-mixing 
SAXS (Akiyama et al., 2002). Cyt-c is a single domain protein similar to Mb. Unlike Hb and 
Mb, Cyt-c does not usually bind external ligands such as CO since the iron atom of the heme 
group is covalently coordinated to the Met-80 residue of the protein. However, if Cyt-c is 
partially unfolded with a denaturing agent, it is possible to replace the Met-80 residue with 
CO and the CO ligand can be optically dissociated, thereby initiating the re-folding process. 
The time-dependent evolution of the TR-WAXS signal of Cyt-c after photolysis is evident, 
especially in the small-angle region (Fig. 10b). As a preliminary analysis, we fitted the 
observed signal as a linear combination of one pattern at the earliest time delay, 32 μs, and 
 

 
Fig. 10. Application of TRXL to track the folding of cytochrome c. (a) Schematic 
representation of light-induced folding of cytochrome c. (b) Time-resolved WAXS data 
relative to CO-photolysis-induced folding of cytochrome c. A 200 ns laser pulse at 532 nm 
was used to initiate photodissociation of the CO ligand, which in turn initiates the folding 
process. Experimental data at representative time delays are shown. (c) Population of the 
folded state as a function of time estimated from a linear combination of the experimental 
signal at 32 μs and 0.2 s (open symbols). A simple exponential analysis yields a time 
constant of about 25 ms. 
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the other at the latest time delay, 0.2 s. This simple approach reproduces the experimental 
data at all times very well. The plot of the weighting factor of the late time component 
against time is shown in Fig. 10c and a simple exponential analysis yields a time scale of 
about 25 ms for the CO-photolysis-triggered folding. 

5. Summary and future perspectives 
In this chapter, we have described the principle and experimental details of TRXL technique 
with recent examples of its applications. With 100-ps X-ray pulses readily available from 
synchrotron radiation, TRXL has been established as a powerful tool for characterizing fast 
structural transition dynamics of chemical reactions and biological processes, ranging from 
small molecules to proteins in solution. In particular, the technique provides rather direct 
information on transient molecular structures since scattering signals are sensitive to all 
chemical species present in the sample unlike in the optical spectroscopy. Although there 
still remain challenges to overcome, for example, limited structural and time resolution, 
TRXL is expected to play an important role in revealing transient structural dynamics in 
many other systems in solution and liquid phases, especially with the aid of next-generation 
X-ray sources. At the frontier of the technical advances supporting such bright prospects of 
TRXL is the advent of linac-based X-ray light sources, which can generate X-ray pulses of 
femtosecond duration. They include self-amplified spontaneous emission X-ray free electron 
lasers (SASE-XFEL) and energy recovery linacs (ERL) that are currently under development 
will be available in the near future. 
Among these novel X-ray sources, the high-gain XFEL using SASE promises to generate 
highly coherent, femtosecond X-ray pulses on the order of 100 fs with a high photon flux up 
to 1013 photons per pulse. The superb time resolution of XFEL will enable us to access 
reaction dynamics in femtosecond time regime, elucidating much more details of ultrafast 
structural dynamics. Also, the high flux of XFEL provides the potential for single-shot 
collection of the XFEL signal. On the other hand, ERL can be operated at a high repetition 
rate on the order of MHz to GHz. Such high repetition rate capability of ERL will be able to 
significantly improve the signal-to-noise ratio of TRXL signal since TRXL is basically a 
perturbative, pump-probe type experiment. With such a high-repetition rate X-ray source, 
TRXL can be implemented combined with a high-repetition rate oscillator instead of 
femtosecond amplified lasers, which is commonly operated at only a kHz rate. Furthermore, 
the nanometer-scale size of the X-ray beam from the ERL (typically 100-nm diameter) will 
allow tight focusing of the laser beam down to the order of micrometers, enabling the 
collection of signal from a small volume of sample. Since the scattering signal from the small 
area will be relatively weak, low-noise and fast-gatable two-dimensional detectors are 
desirable for future ERL-applied TRXL experiments. The development of pixel detectors 
using silicon-on-insulator technology will pave the way for such high-performance two-
dimensional detectors. 
The excellent beam characteristics of the ERL will be further extended to develop the 
coherent X-ray source, for example, oscillator-type XFEL (XFEL oscillator or XFEL-O) (Kim 
et al., 2008). The X-ray source generating fully coherent X-ray pulses will serve as the 
ultimate X-ray light source with superb spatial and temporal coherence. Then, what kind of 
potential applications can we expect once fully coherent X-ray pulses become available? For 
example, by making an analogy to the ultrafast optical spectroscopy that fully takes 
advantage of the temporal coherence of ultrashort optical laser pulses, one could imagine 
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phase-coherent spectroscopy in the X-ray regime with controlled timing, phase, and 
intensity among multiple, coherent X-ray pulses (Mukamel et al., 2009). As X-ray radiation 
has the sub-nm wavelength, which corresponds to the sub-attosecond period in the time 
domain, X-ray pulses offer much higher spatial and temporal resolution than achievable in 
the optical regime. Thus, the development of X-ray sources that can generate coherent X-ray 
pulses will revolutionize the whole X-ray science.  
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1. Introduction      
Laser beam, first introduced in the field of ophthalmology in 1964 has been a powerful tool 
in medicine, plastic or general surgery, dermatology, gynaecology, oncology, in vitro -
fertilization and numerous other clinical areas (Nelson & Berm, 1989; Senz & Miiller, 1989).  
Furthermore, it is also a useful tool for studying basic cellular and biochemical processes. 
Fluence, energy per unit area, is one of the most important and critical aspects of the laser 
treatment (Sidhu et al., 2009). Depending upon the laser fluence, either transient or 
permanent changes can be induced in various cellular compartments including cell walls, 
plasma membranes, and even organelles with high resolution under physiological 
environment. For instance, Higashiyama et al. performed a selective ablation of a target 
compartment of the embryo sac with ultraviolet (UV) pulsed laser to investigate the 
contribution of each gametophytic cell to pollen tube attraction and found that the synergic 
cells adjacent to the egg cell plays an important role in attracting the pollen tube 
(Higashiyama et al., 2001).  
Laser pulses with a sufficient spatial resolution can introduce a physical gate in either a 
membrane or a cell wall under physiological environment such that one could deliver a 
foreign material into the cell and bring about selective manipulation of subcellular 
components without demolishing the cell’s integrity.  It has been reported that in Japonica 
rice (Oryza sativa), which was pre-treated in a hypertonic buffer containing an exogenous 
gusA/npt II chimeric gene, however only five out of 1000 treated cells exhibits the gusA gene 
expression in embryogenic calli (Hoffmann, 1996). In case of tobacco leaves, it has been 
recently reported that the transferred gene into the tobacco cells via nanosecond laser pulse 
was stably maintained even during the meiosis. However, the previous reports from 
nanosecond laser pulses treatment in UV region illustrated a rather limited transformation 
efficiency of less than 0.5 %. The shortage in transformation efficiency can be overcome by 
utilizing opto-acoustic shock pressure induced by fundamental output from Nd:YAG 
pulsed laser (Tang et al., 2006). Since pollen grain is a haploid and is known to be 
regenerated into a plant, this laser application draws a great interest from the application 
point of view in plant transformation and genetic engineering. Nevertheless, the cell wall of 
plant cell including pollen is not easily accessible because it forms a potential barrier for the 
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active or passive transport for the molecules. This problem can be resolved via utilizing the 
cell protoplast as a carrier for the molecules, but this step may add the numerous other 
problems such as, tissue disintegration and difficulties in plant regeneration (Krautwig & 
Lörz, 1995). More recently, ultrafast laser-based gene transfer has been considered as a 
break-through in the current hiatus of non-viral mediated gene therapy (Greulich & Weber, 
1992). Compared to relative intensive work on mammalian cells, application of 
femtosecond-laser optoperforation in plant cells is quite limited. However, the application 
of the recently found ultrafast laser ablation technique in the plant cells is expected to bring 
about a significant increase in gene transfection efficiency by eliminating physical barriers 
such as the hard cell wall or the turgor pressure (Tirlapur & König, 2002).  
It is important to understand the developmental process of a pollen including germination 
of a receptive stigma and consequent tube growth as a basic sexual mechanism in flowering 
plants for the manipulation of plant production (Taylor & Hepler, 1997). Pollen 
transformation is also considered as an alternative strategy for the genetic engineering. 
Pollen acts as a natural vector for direct gene transfer due to its involvement in the normal 
sexual process in flowering plants and hence, transformed pollen has been used to generate 
numerous transgenic plants such as Tobacco, Scots pine etc., (Van der Leede-Plegt et al., 
1995; Touraev et al., 1997; Aronen et al., 2003). In addition to several other potential 
advantages of this technology like rapid propagation with reduced somaclonal variation, 
pollen transformation does not require any in vitro regeneration process that is typically 
essential for genetic engineering. For instance, for the restoration of American chestnut 
which is difficult to regenerate, in vitro, pollen transformation based on particle 
bombardment method was successfully applied to transiently express green fluorescence 
protein (GFP) with an efficiency of 4.1 % (Fernado et al., 2006).  
In first section of this chapter, we are discussing the application of ultrafast laser 
optoperforation to make a transient hole on lily (Lilium hybrid cv Shiberia) pollen wall to 
deliver the desired foreign material into the pollen, which furthermore improve its transfection 
efficiency and also eliminates the tedious in vitro regeneration or tissue disintegration 
problems. The presence of apparent holes on the cell wall, after single-shot laser irradiation, 
was confirmed by measuring the AFM topography of the processed pollen surface. Laser 
exposer with a moderate to high laser fluence induces a massive extrusion of the pollen’s 
interior contents through the hole. However, the in vitro germinability of perforated pollens 
was comparable to those of the untreated ones. If one of the two nuclei compartments of the 
pollen grains, which are tentatively assigned to be a generative cell, was excluded out from the 
pollen wall through the transient hole, the second one (vegetative cell) moved along the tube 
tip endorsed to follow the normal pollen tube growth dynamics. This reveals that during the 
germination, coherent movement of both the nuclei is not a necessary requisite for normal 
pollen tube growth. Meanwhile, we have tried and successfully able to deliver a foreign 
materials into the pollen grain, which results in a transient red fluorescence protein (RFP) 
expression with a high efficiency. The use of such an optoperforation followed by the delivery 
of foreign material into the pollens holds an imperative approach in the field of pollen 
germination, growth of the pollen tube and the pollen transformation. 
We will devote the latter part of this chapter to explain the ultrafast laser-assisted 
optoperforation of endothelial cell membrane. In order to induce the transient perturbation 
on the live-cell plasma membrane for the efficient delivery of foreign materials, including 
drugs or genetic material, into the live cells (such as embryonic stem cell), numerous 
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chemical or physical methods have been employed (Kobayashi et al., 2005). Also, it’s an ever 
chasing challenge waiting for us to elucidate the mechanism involved in the self-healing 
process of the perforated live cell plasma membranes. The mechanism for laser-mediated 
foreign material transfer as well as other perturbation methods was hypothesized with a 
limited understanding of the structure and functions of membrane lipids (Engelman, 2005). 
Recently, the fundamental mechanisms of fs-laser interaction with an aqueous media are 
extensively studied by Vogel et al. (Vogel et al., 2005). The most frequently invoked 
explanation was based on the assumption that the physicochemical methods used in the 
specific cases may either perforate the surface of the cell membranes or enhance the 
permeability of the foreign materials, enabling a transient transfer of foreign molecules into 
the cytosol (Kobayashi et al., 2005; Zeira et al., 2003). Manipulation and operation using 
ultrafast laser pulses have been introduced as a promising tool for the cellular nanosurgery 
and the transfer of foreign molecules into live cells under in vitro and in vivo conditions 
(Zeira et al., 2003; Tirlapur & König, 2002; Shen et al., 2005; König et al., 1999). Ultrafast 
laser-based gene transfer has been considered as a break-through in the current hiatus of 
non-viral-mediated gene therapy (Zeira et al., 2003). Lastly, in this chapter we are discussing 
the experimental results on the optoperforation of retina blood vessels with minimizing any 
probable damage outside laser focusing area.  

2. Ultrafast laser optoperforation of lily (Lilium hybrid cv Shiberia) pollen  
2.1 Materials and method 
Mature pollens were obtained from the anthers of Lilium hybrid cv Shiberia. After collection, 
the pollens were air- dried and stored at 4o C. Before in vitro culture, pollens were 
rehydrated in deionized water under humid atmosphere for about 30 min and spread on the 
culture medium (pH 5.8) comprising of 145 mM sucrose, 1.6 mM H3BO3, 1.8 mM Ca(NO3)2 
and 0.4 % phytagel (Sigma).  
Near-infrared laser beam from amplified Ti:sapphire femtosecond laser at a repetition rate 
of 1 kHz (Quantronix) was focused on the pollen exine through objective lens (N.A. = 0.6) so 
that we could selectively puncture a wall inside an ornament. Petri dish containing the 
pollen grains was mounted on a motorized XYZ – translation stage, which is used to 
manipulate the sample to expose a fresh pollen grain surface at each laser pulse. The images 
obtained during the fs-laser irradiation on the pollen’s surface were fed into a personal 
computer for further data analysis. Laser fluence was attenuated by a variable neutral 
density filter. All the laser exposers were conducted under a single shot configuration by 
using a fast mechanical shutter with a opening time constant of 0.6 ms, which is 
synchronized with the laser. After optoperforation, the viability of the operated pollen 
grains was checked by measuring the germination rate of pollen tube by intrusion of 
propidium iodide (PI). The glass coverslips with grids marked on the surface, were used to 
cover over the pollens for the localization of the irradiated pollen grains.  
For the pollen transformation study, a foreign DNA with a construct, encoding F1TPae-γ 
mitochondrial targeting sequence fused to RFP; was added into the culture medium before the 
laser optoperforation (Lee et al., 2001). MitoTracker Green FM (Molecular probes, invitrogen) 
was further used to confirm the RFP expression. MitoTracker Green FM is a conventional 
fluorescent marker used for tracking of the mitochondria (Lovy-Wheeler et al., 2007). 
Pollen germination as well as its response to optoperforation was characterized with an 
optical microscope and a fluorescent microscope (Axioskop, Zeiss). In order to confirm the 
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hole size, the intact pollen surface treated with laser beam was imaged by atomic force 
microscope (XE-120, PSIA) without any further treatments.  

2.2 Results and discussion 
It was observed that size of lily pollen grain increased during pollen re-hydration process. 
Before pollen tube starts to grow, a laser beam was precisely focused into the interior of the 
ornament of pollen surface. Figure 1 shows sequential optical microscopic images captured 
from the movie file obtained during fs-laser optoperforation of lily pollen walls. 
Immediately, after laser pulse irradiation on pollen wall surface, a cytoplasmic content of 
the pollen oozes out from the pollen grains. 
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(a) (b) (c)

(e)(d) (f)

0.00 s0.00 s 0.06 s0.06 s 0.40 s0.40 s
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Fig. 1. Sequential images of hydrated lily pollens before (a) and after fs-laser treatment (b-f). 
The contents of pollens were burst out just after laser irradiation on the selected surface with 
a time span of 0 to 1.67 seconds.  The arrow indicates the point of focusing. 

This observation is consistent with the previous reports stating that UV laser pulses 
treatment causes release of cytoplasmic content either from the pollen itself or its tube 
(Hoffmann, 1996). This abrupt extrusion of cytoplasm from the treated pollen can be 
explained in terms of a high turgor pressure inside the hydrated pollen, which ranges 
between 0.1 and 0.4 MPa, and the mean value being 0.21 ± 0.06 MPa. (Benkert et al., 1997). 
Unless the buffering osmotic pressure is against the turgor pressure, the pressure inside the 
cell will no longer sustain due to the presence of hole on the wall. Following the cytoplasmic 
extrusion, a large vesicle with a diameter of about 10 μm was also flushed out from the 
pollen grain through the hole. The excluded large structure was apparently distinct from the 
concomitant flushed contents, as seen under optical microscope. The distinct boundary was 
rather rigid in nature and it remains intact without any bursting phenomenon.  
The extrusion of pollen’s cytoplasmic contents and the large organelle was strongly 
dependent on laser fluence. Figure 2 shows a series of optical microscopic images and a 
graph that represents the normalized germination percent of the pollen grains  as a function 
of the laser fluence (0.11 – 7.10 J/cm2). With changing the laser fluence energy from 0.11 
J/cm2 to 7.10 J/cm2, we perforate the pollen walls with single fs-laser pulse. Figure 2(a) 
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Fig. 2. The percent germination threshold of the hydrated (single pulse laser irradiated) lily 
pollen grains (a) Optical microscope images (b) Germination of the pollen grains after laser 
irradiation at varied fluence range (0.11 ~ 7.10 J/cm2). (c) Graphical representation of 
Normalized germination percent of the pollen grains as a function of laser fluence. The 
pollen wall ablation threshold was found to between 0.71 ~ 1.42 J/cm2.  
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shows the exclusion of pollen’s cytoplasmic contents at progressive laser fluence energy 
levels. We observe that the hydrated lily pollens mostly begin to exclude cytoplasmic 
contents at the laser fluence energy level of 1.42 J/cm2. Sometimes we can observe the 
extrusion of the cytoplasmic contents even at the laser fluence less than 1.42 J/cm2. We have 
also compared the germinabilty rates of treated vs non-treated pollen grains at above 
mentioned laser fluence energy levels. With the optical setup used in the current work, the 
threshold laser energy for making a physical hole on the wall was found to be about 0.5 
J/pulse , where there is no observable extrusions of any cytoplasmic contents were seen out 
the pollen grains. Figure 3 shows the AFM topography of perforated pollen surface. The 
diameter and depth of the hole is found to be 1.1 μm and 0.9 μm, respectively. 
 

 
Fig. 3. Inset represents the AFM image of hole after being perforated at 0.5 mW fs-laser 
pulse. The extrusion of any cytoplasmic contents out of the pollen grains was not observed 
at the said fluence. 

We have cross-checked the viability of the pollen grains after optoperforation by the 
observation of intrusion of the PI (Propodium Iodide). About 150 out of 300 opto-perforated 
pollens were not stained with PI despite of the massive exclusion of the cytoplasmic 
contents, indicating that the fs-laser optoperforation of lily pollen wall hardly harms its 
viability. More interestingly, the excluded large organelle was not stained with PI, even 
though the organelle was not likely surrounded by pollen wall. This observation led us to 
assume that the organelle excluded from the pollen grains by the fs-laser processing still 
maintained its biological integrity without any observable perturbation.  
Figure 4 exhibit a series of optical microscopic images during the in vitro germination of 
pollen after optoperforation at a time lapse of 0, 4, and 11 hrs. The pollens operated with the 
fluence of 8 μJ/pulse are indicated with asterisk. Even though the contents of pollen 
including the large organelle were massively excluded just after optoperforation of cell wall, 
still 19 % of the operated pollens (480 pollens in total) were tend to germinate the pollen 
tubes successfully. This germination efficiency is very close to the value of 24 % as observed 
under the control experiment (420 pollens in total).  
Subsequently, we emphasized our study on nucleus staining of the treated pollens to have a 
deeper understanding on the nature of excluded large organelles. Figure 5 shows bright-field 
optical image (a) and fluorescence image (b) of pollens stained with nucleic acid specific dye 
acridine orange after the fs-laser treatment (1, 2, and 3 labelled pollens). Cellular contents were 
massively extruded from all of the treated pollens upon illuminating rather at the  
high laser fluence (~8 μJ/pulse). Amongst them, only pollen “1” has been successfully 
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((aa))  ((bb)) ((cc))  
Fig. 4. Sequential images of pollen tube growth before (a) and after fs-laser treatment (b-c). 
fs-laser beam was focused into the interior of the wall inside pollen ornament. The pollens 
marked with asterisks were irradiated with laser beam with the fluence of 8 μJ/pulse. Seven 
pollens out of 26 treated pollens in this run were eventually geminated to grow the pollen 
tube. 
germinated to grow the pollen tube. It should be noted that an apparent fluorescent spot 
(arrow), indicating the presence of nucleic acid, was observed in the excluded contents in all 
the treated pollen grains. A faint emission indicated by an arrow head, which supposed to 
be a vegetative nucleus, was clearly observed in the pollen tube geminating from pollen “1”. 
Meanwhile, the nuclei excluded from the same pollen were obviously seen outside the 
pollen grain. Thus, it is most likely to state that the excluded large vesicle from the pollen 
“1” must either be a generative cell with its own nucleus or a sperm cell after the second 
mitotic division. In other words, the vegetative nucleus of treated pollen “1” is well 
trapped/tracked inside the tube, while the regenerative nucleus or sperm cell stayed outside 
the pollen. Vervaeke et al. suggested that the vegetative nucleus (VN) and the generative 
cell (GC) form a functional assemblage to generate callose plugs (Vervaeke et al., 2005; 
Strubinska & Sniezko, 2000). However, our findings clearly indicate that the close physical 
contact between the vegetative nucleus and the generative cell is not a necessary requisite 
for the pollen germination. Instead, it suggests a kind of chemical connection between the 
two constituents. Even if it is not known as how the two constituents are connected 
physically or chemically, the extrusion of generative cell from lily pollen grains by fs-laser 
optoperforation does not alter the growth of pollen tube or vegetative nucleus movement to 
a greater extent.  
We have further performed the transformation studies for the fs-laser treated lilium pollen 
grains. Initially the pollen grains were soaked in hypotonic solution having a foreign DNA 
with a construct encoding F1TPae-γ mitochondrial targeting sequence fused to RFP. An 
apparent expression of RFP from the optoperforated pollens as shown in fluorescence 
microscopic images (Figure 6) reveals that the current optoperforation method could be 
successfully applied to transfer the foreign genetic materials into the lily pollens. Figure 7(a), 
after 72 hours, represents the successful germination of the pollens, treated with an fs-laser 
beam. From the fluorescence image of germinated pollens (Figure 7(b)) measured at 650 nm 
(wavelength corresponding to the emission from RFP), we deduced that the DNA delivered 
into the pollen grain was effectively expressed in pollen tube during the germination due to 
successful transformation. We have further confirmed transformation of the lily pollen by 
staining the transformed pollen tube with MitoTrack Green FM, which selectively stains the 
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Fig. 5. Bright field (a) and fluorescence label (b) of germinated pollens (“1”, “2”, and “3”) 
stained with nucleic specific dye, acridine orange after fs-laser treatment. Interior 
cytoplasmic contents were massively excluded from all the treated pollens due to rather 
high laser fluence. Amongst them, only pollen “1” successfully germinated to grow the 
pollen tube. It should be noted that an apparent fluorescent spot (arrow) due to the presence 
of nucleic acid was observed from the excluded contents from all the treated pollen grains. 
A dim emission part (arrow head), which should be vegetative nucleus, was observed in the 
pollen tube geminating from treated pollen “1”. The nucleus excluded from the same pollen 
was very well seen. 

mitochondria and results in the expression of green fluorescence. Exact matching of RFP 
fluorescence image with that of mitochondria in pollen tube led us to conclude that, the 
foreign DNA with a construct encoding F1TPae-γ mitochondrial targeting sequence fused 
RFP was delivered into pollen and expressed as designed. Statistically, 42 pollens out of 206 
treated pollens were germinated. Amongst the germinated pollens, foreign DNA expression 
in mitochondria delivered by fs-laser optoperforation was observed in 9 pollen tubes out of 
42 germinated pollens. As a result, the transformation efficiency of lily pollen by fs-laser 
optoperforation was about 4.4 %. However, in case of germinated pollens, the efficiency was 
about 21.4 %. This transformation efficiency was higher than that of American chestnut 
pollen transformation based on particle bombardment method to transiently express GFP 
with an efficiency of 4.1 % (Fernado et al., 2006). 
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Fig. 6. The red fluorescence images were taken at 0, 12 and 25 hr periodic intervals of time. 
The fluorescence signal at the membrane site was thought to be due to expression of foreign 
DNA. 
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Fig. 7. Direct proof for the selective transformation of a foreign DNA with a construct 
encoding F1TPae-γ mitochondrial targeting sequence fused to RFP in the mitochondria of a 
pollen tube. (a) DIC microscopy, (b) RFP fluorescence, (c) MitoTracker green fluorescence 
and (d) merge b and c 
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3. Ultrafast laser optoperforation of endothelial cell membranes 
3.1 Experimental techniques and materials 
The perforation of the plasma membrane of live cells was performed with a femtosecond 
amplifier system (Integra, Quantronix) with maximum output energy of 1 mJ/pulse at 780 
nm, of which the pulse width and the repetition rate is 150 fs and 1 kHz, respectively 
(Jeoung et al., 2005). The laser beam was tightly focused on the membrane with a high-
numerical-aperture objective lens (Nikon, X100, N.A = 1.3, oil immersion lens) mounted to 
an inverted microscope (Axiovert 200M, Zeiss). All the experiments were done under single-
shot configuration by using a fast electrical shutter with an opening time constant less than 
0.5 ms. In order to eliminate any desperate loss of laser energy during these experiments, the 
fast electrical shutter was perfectly synchronized with the laser. The laser energy before the 
objective lens was kept to be about 5 ~ 7 nJ/pulse by attenuating it with a neutral density 
filter. 
The changes in the topography and the optical images of plasma membrane induced by the 
ultrafast laser irradiations were simultaneously monitored with both an atomic force 
microscope (AFM) and a charge coupled device (CCD) detector, respectively. AFM (XE-120, 
PSIA) was slightly modified and combined to an optical microscope. AFM probe was 
carefully aligned to be aimed at same position of the focus of fs-laser beam. Contact imaging 
of the AFM was performed using a silicon nitride bio-cantilever (Bio-lever, Olympus, 
Japan), of which nominal force constant is 0.03 nN/m. The topographies have been obtained 
by optimising the AFM running parameters that gives the identical results to that of the 
two-way scanning configuration (Parpura et al., 1993 & Velegol et al., 2003). The set point 
for loading force was kept to be very weak between 0.65 nN and 1 nN, to minimize the 
damage or the attractional movement caused by attraction force of the AFM tip. A 
successive scanning of the live cells exhibit no observable changes in its phenotypes.  
The measurements of the velocity field responsible for the membrane motility after fs-laser 
perforation have been measured by a micro particle image velocimetry (μ-PIV) (Yahng et al., 
2005). The visualization of membrane movements was figured out by attaching a fluorescent 
polystyrene bead (diameter ~ 200 nm) on the plasma membrane of a target cell. Just after the 
fs-laser irradiation on the surface of plasma membrane, two successive ns-laser pulses with 
a time lapse of 10 ms were employed to capture the two fluorescence images. Thereafter, the 
velocity fields of membrane motility were obtained by a cross correlation calculation with 
the two images. We have confirmed that there is no damage on the cells with the current 
volumetric excitation with the ns-laser pulses, where the laser fluence is kept explicitly low. 
Neuroblastoma (Neuro2A) cells were used to investigate the dynamics of its plasma 
membrane and self-healing process. During the experiment, live cells were kept inside a 
sterile miniaturized cell chamber filled with Dulbecco's Modified Eagle's Media (DMEM, 
Gibco BRL) containing 10 % Fetal Bovine Serum (FBS, Gibco) and 1 % 
penicillin/streptomycin (Gibco) under humid atmosphere at 5 % CO2 partial pressure. 
Although the lid glass of the cell chamber was removed for AFM imaging or other 
measurements, no apparent change in its phenotypes was observed within time span of (1.5 
hr) the current experiments. 

3.2 Results  
As a consequence of single-pulse ultrafast laser irradiation on the cells surface (ca. 5 ~ 7 nJ), 
a circular area appears to be observed on its plasma membrane as shown in Fig. 8(a). The 
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injured area increased relatively fast over several tens of seconds comparable to the 
percentage of cellular size. It is interesting to note that the initial circular type of injured 
membrane area changes to an elliptical one with a long axis parallel to the cell. After 
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Fig. 8. Transparent photomicrographs (a-d), which were taken 0 sec, 38 sec, 229 sec, and 414 
sec, respectively, and topographical images (e-g) taken 1, 30 and 43 minutes, respectively, 
after ultrafast laser-induced injury in a single Neouro2A cell. The height profile along the 
broken line in (e) is shown in (h). The image sizes in (a-d) were 50 μm x 50 μm. The 
hollowed black area is a remnant of fs-laser ablated region, which was processed on the 
substrate as a guideline before seeding of the cells. 
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reaching at its maxima of about 6.4 x 4.9 μm2, within several tens of seconds (Fig. 8(b)), the 
area starts decreasing spontaneously and then completely faded out in next 7 minutes (Fig. 
8(c-d)). We have checked the cell viability using trypan blue-dye extrusion and found no 
evident change in laser treated cells compared to that of intact cells. AFM topography 
shown in Fig. 8(e-g) were taken with a time-laps after irradiation. Fig. 8(h) exhibit a typical 
cross-sectional height profiles along dotted line in Fig. 8(e). It shows the presence of a deep 
hole on the irradiated plasma membrane, of which diameter is about 1.6 μm at a full width 
at maximum. Meanwhile, the estimated initial size must be the upper limit due to the 
limitation of spatial resolution for optical detection as well as the limitation in scanning 
speed for topographical imaging by the AFM. However, the laser beam irradiations on the 
fixed cells under the similar experimental conditions leads to a submicron-sized selective 
ablation (for dissection) and hole drilling on the plasma membrane surface. With a repeated 
scanning of the injured membrane, the topographical image shows not only the spontaneous 
movement of the ruptured region on the plasma membrane but also the dynamic changes in 
its shape as well as its size. 
While the presence of injured area was completely faded out in the optical images within a 
time span of several minutes after the perforation, further changes on the membrane surface 
were still observed in AFM topographical images as shown in Fig. 8 (f). The observations 
from the topographical images reveals that the highly localized irregular ruffled features 
along with small irregular movements after the laser irradiations are in-part an experimental 
observations for the self-healing process of the plasma membrane (Fig. 8 (f)). After about 1 
hour, the plasma membrane was found to be fully recovered in its topographic feature and 
looks almost similar as that before the perforation. Accompanied with these dynamic 
changes in plasma membrane, a trace tailed to the operated cellular parts, which is initially 
absent as shown in Fig. 8 (e), appeared on the substrate surface after several minutes of the 
perforation. Close examination of the shape and position of the trace for laser perforations 
indicates a little cellular or cytosolic extrusion along with the progressive increment in hole-
size. 
Figure 9 exhibits the temporal behavior of the geometrically averaged radius of the hole 
induced by fs laser ablation. The temporal behavior of the injured area was found to be 
strongly dependent on the pulse energy and the irradiated position. 
For all the cases, where the laser energy is in between 5 nJ and 7 nJ, a very small quantity of 
the cellular contents are extruded from the injured cells before complete disappearance of 
the changes at site of injured area. With the progressive rise in the laser fluence, initially 
there is a successive increase in the injured area verified by the increments in radius of 
perturbation. However, at the higher fluence levels, the cell contents are massively extruded 
from the cells results in the complete rupturing of the injured cells without any initiation of 
self healing process. Upon irradiating the cells towards the site of nucleus, the laser fluence 
even lower than 5 nJ results in complete rupturing of the plasma membrane. These 
observations suggest that geometrical factors of the plasma membrane of the live cells plays 
an important role in the dynamics of ruptured membrane of live cells, assuming that the 
physicochemical nature of the plasma membrane is isotropic across the entire live cell.  
We have an access to the velocity field by attaching the fluorescent beads (diameter ~200 
nm) on the surface of the plasma membrane with several time lapses (Fig. 10). After 
incubation of the cells with the beads for about 12 hours, a strong correlation between 
fluorescence and topographical image from the beads, led us to know that the beads were 
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Fig. 9. Temporal behavior of the geometrically averaged radius of hole on the plasma 
membrane perforated by fs laser. The growth of the holes was fitted with the proposed 
model using Eq. (3) with the parameters of ri, rc, and time constant t of 0.3 μm, 3 μm and 12 
sec, respectively. For the closure of the hole, the least-square fitting procedure on the 
experimental data gives the speed of about 0.007 μm/sec. 

not delivered into the cytosol but remain attached on the surface of plasma membranes. 
With an aid of applied force to the beads by AFM tip, we found that interaction force 
between the beads and plasma membrane is fairly high enough to visualize the membrane 
dynamics without any detachment of the beads during the dynamic membrane movements.  
Just after the laser irradiation, the velocity field is found to be radial in approximately with a 
direction towards the edge of the cells. The magnitude of the velocity field decreased with 
increasing the distance from the position of irradiation. This suggests that all the lipids 
collected from the growing hole are almost homogeneously spread throughout the 
remaining area of plasma membrane. Furthermore, the absence of any rim collecting the 
lipids associated with a long-range flow of the membrane indicates a viscoelastic behavior of 
the membrane opening process. The velocity field of the membrane closer to the initial 
ruptured area turns to the opposite direction in next 0.7 seconds after the perforation, while 
the plasma membrane at a long distance from the irradiated area is keeps on expanding. 
Afterwards, the movement of velocity fields for the membrane looks randomized, as shown 
in Fig. 10(d) and (e). Followed to these interesting dynamical behaviors of the live cell 
membrane, overall pattern of the velocity field in both direction and magnitude resumed 
again, as observed just after the perforations previously (Fig. 10(f)). At a short span of time, 
the repeated change in direction of velocity field accompanied with an ultimate hole-size 
increment seems to be due to an elastic propagation. It behaves like a rubber, with fairly a 
high elastic modulus. After a long overall hole opening time, the velocity fields of 
membrane movement turned its direction towards the initially injured area, possibly be 
associated with the self-healing process of the created holes. 
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Fig. 10. Time sequence of the measured velocity components and contours of the plasma 
membrane associated with the hole opening of the plasma membrane of live N2A cells. The 
red circle indicates the point of laser irradiation. 

3.3 Discussion 
The simplest explanation for the mechanism of laser-mediated foreign material transfer is 
based on the assumption that the foreign material added to the transforming medium 
passively enters into the cell through the laser-induced membrane perforation. Furthermore, 
it successfully undergone with a rapid self-sealing process follows immediately with no 
subsequent and irreversible injury to the cell (Zeira et al., 2003).  The results demonstrated in 
the current study made the above assumptions true for the Neuro 2A cells, where the cells 
were irradiated with an ultrafast laser in near infrared (NIR) region. 
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The dynamic behavior of the rapidly generated pores, either in organic films or in lipid 
vesicles has been widely studied (Debregeas et al., 1995 & Sandre et al., 1999). These 
synthetic materials are quite different in many aspects from the current plasma membranes 
of the live cell. Especially, they are quite inhomogeneous in distribution of viscosity, having 
a different elastic modulus and three-dimensional shape, and lastly have a different lipid 
composition. Meanwhile the previous investigation suggests that the viscosity of the films 
plays a very important role in opening and closing dynamics of the perforated holes (Sandre 
et al., 1999). If viscous dissipation is associated with the generation of transient pores 
dominates the inertia due to the very high viscosity, the leak out or extrusion of the cytosolic 
components slows down; the pore reaches the size up to 10 μm. The immersion of vesicles in 
a viscous environment allows visualization of transient pores in a membrane stretched by 
intense illumination or laser irradiations. Therefore, we have adapted a simple model to 
describe the dynamics of holes in the plasma membrane of live cells by an analogy with the 
opening of holes in viscous suspended long-chain polymer films and the dynamics of 
transient pores in stretched giant unilamellar vesicles (Sandre et al., 1999). The growth law 
of the hole is derived from a transfer of surface energy into viscous losses: 

 4 2drd rf
dt

πη π=  (1) 

where ηd is the surface viscosity, and f is the surface tension acting on the film. The growth 
of pores in tense vesicles is more complex, because (i) the tension of the membrane relaxes to 
zero as a pore expands, and (ii) the line tension cannot be neglected. It is the driving force to 
close the pores. Including these two effects, we write the driving force f per unit length of 
the hole as 

 
2
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r r

σ= − −   (2) 

where σ0 is the membrane tension before the opening of the hole and rc is the maximum 
radius of the hole. The first term describes that the surface tension decreases linearly with 
the area of the pore. The second term is the restoring force that tends to close the pore 
because of the line energy S per unit length. 
Following the model, we are proposing the dynamics of live-cell plasma membrane 
associated with perforation of a hole with an initial radius of ri, with further increment, 
closing and finally complete sealing of hole in the ruptured plasma membrane (Fig. 11). In a 
period of opening of the hole, the dynamics could be described in terms of a relaxation of 
surface tension, which is the plasma membrane tension before the perforation, due to the 
size increment of the hole. The growth of a hole is ruled by Eq. (1) with f ≈ σ0 (1- r2/rc2). This 
leads to: 
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where τ-1 = σ0/ηd. 
With opening of a hole at the radius r, extending to, in the presence of surface tension leads 
to an extrusion of the intracellular contents (Fig. 8(c)); finally reducing with the relaxation of 
the surface tension to zero. The increase in the radius as well as relaxation of the tension is 
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Fig. 11. Schematic diagram for the self-healing process after the fs- laser irradiation on live-
cell plasma membrane. Plasma membrane healing process consists of the following four 
successive processes. Opening: when the plasma membrane is ablated by fs-laser, a 
submicron-sized hole was created on the membrane surface. Increment: due to the presence 
of surface tension of the films, which consist of plasma membrane and cytoskeleton network 
such as F-actin, the radius is increased with radial flow of the plasma membrane. Extrusion: 
with growth of the hole size, the cellular contents extrude with a relaxation of the initial 
surface tension. Closure: after reaching the maximum radius of the hole, the restoring force 
for the surface line energy dominates the dynamics to reduce the radius of the hole. Sealing: 
Finally the cellular structures come close to each other and support the closure of ruptured 
hole where the intracellular supporting networks as well as the lipid molecules have been 
reconstituted completely. 

associated with the domination of restoring force of the hole due to the increment of line 
energy S per unit length. This finally induces the closure of the transient hole in order to 
reduce the line energy. Taking Eq. (1) into account, with the restoring force f = -S/r, the 
closing speed shall be approximately described as following: 

 
2

dr SV
dt dη

= − =   (4) 

Based on the above simple model, the dependence of the radius r of the hole on time-lapse t 
was fitted in both region of opening and closing of the holes using Equations (3) and (4), 
respectively. It is quite appealing that the observed temporal behavior of the hole radius is 
fairly well fitted with the parameters of ri, rc, and time constant t of 0.3 μm, 3 μm and 12 sec, 
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respectively. In the first order of approximation, the estimated speed of plasma membrane 
in opening region is found to be 0.2 μm/sec. For the closing period, the fitting of the 
experimental data results in the speed of about 0.007 μm/sec.  
For comparison, the opening time constant and closing speed for a synthetic unilamellar 
vesicles made of 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) adhering on the 
substrate were reported to be 0.8 sec with ri ~ 1.3 μm and rc ~ 8.0 μm and 1.8 μm/sec, 
respectively (Sandre et al., 1999). It is remarkable to compare the closing speed (S/2ηd) of the 
live cell membrane, which is found to be 250 times slower than the synthetic vesicles. And 
also, the comparison on the time constant responsible for the opening of hole indicates that 
the opening process observed from live cell membrane is much slower than that for 
unilamellar stretched vesicles. These differences might be explained in terms of higher 
surface viscosity and/or the lower surface tension as well as lower surface line energy in the 
live cells. Without any exact physical constants for live cells including the above parameters, 
it is difficult to give any conclusive remarks on the dynamics observed from the current 
work. Assuming the viscosity of the viscous films on the surface of live cell and its energy 
loss per unit length to be curved at the edge of the holes is not quite different from those for 
the previous synthetic vesicles, however, the films in the flow field associated with the hole 
closing of the live cell must be of two orders of magnitude thicker than that of a synthetic 
unilamellar vesicles. This interpretation is contrary to the fact that the thickness of cellular 
membrane based on the fluid mosaic model should be of same order of magnitude as that of 
the synthetic one (Singer & Nicolson, 1972). It’s a well known fact that the cytoskeleton 
bound to membrane is a deformable intracellular support network made of interconnected 
filamentous biopolymers and its main constituent is the network of helical actin-filaments 
(F-actin) (Engelman, 2005; Singer & Nicolson, 1972). So, it is reasonable to suppose that the 
nature of the films composed with membranes itself and the bound cytoskeleton structure 
due to its relatively long filament half-life of order of 10-1 ~ 1 min, must be considered as 
parameters to explain the live cell membrane dynamics induced by the current ultrafast 
perforations (Oliver et al., 2005). In other words, the presence of the cytoskeleton bound to 
cell membrane results in the increment of effective thickness in the flow field of live cell 
membrane for hole growth and closure processes. In fact, typical thickness of actin cortex in 
motile osteoblasts was reported to be the order of 10-1 ~ 1 μm (Oliver et al., 2005). The rather 
thick intracellular supporting network compared to a unilamellar membrane of synthetic 
vesicles should play an important role in the growth and closure dynamics of transient hole 
in the live cells and thus results in much higher surface viscosity of the films. 
Finally, we would like to discuss some explanations for the irregular features observed from 
the topographical studies during the self-healing process (Fig. 8(f)). The topographical 
features were maintained for quite a long period even after the disappearance of optical 
signature of presence of holes on the cell membranes. The long lasting irregular ruffled 
structures of the membrane are likely to be associated with the final reconstruction of live cell 
membrane, to that of similar nature as present at the initial stages. Following the previous 
interpretations on the nature of films in the dynamic hole opening and closing behavior, the 
intracellular support network as well as the lipid molecules have been not reconstructed 
completely even though the cellular structures get close enough to do so. The chemistry and 
physics associated with the reconstruction process is still far from its complete 
understanding. We can suppose that a non-homogeneous reconstruction process at a 
relative slow reconstruction speed may result in the generation of irregular topographies at 
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Fig. 12. Bright field (a) and fluorescence image (b) of injured cell stained with Alexa fluor 
635 Palloidin (Molecular Probe) to visualize the distribution of F-actin. The cells were fixed 
and stained after completing the hole closing process under bright field images. The 
emission intensity near to the ablated region (arrowed) is less than that for other parts. The 
hollowed black area in the bright-field image (a) is a remnant of fs-laser ablated region, 
which was processed on the substrate as a guideline before seeding of the cells. 

the edge of colliding films on the surface of cells. In order to obtain qualitative information 
concerning on this supposition, the cells just after completing the closing process under 
bright field images were stained to know the actin network distribution. As shown in Fig. 
12, the fluorescence image shows the lower intensity of Alexa Flour 635 Palloidin expression 
near to the perforated region rather than other parts of the cells. This observation partly 
supports our proposition that the reconstruction process of F-actin network might results in 
several tiny slices of lipid during sealing and interconnecting the dissected cell membrane at 
the final stage of self-healing process. Another possible interpretation on the observations 
might be the self-healing process of damaged surface membrane of live cells such as 
urchin’s egg and muscle cell by, so called, surface precipitation reaction mechanism 
proposed several tens of years ago (Heilbrunn, 1956; Gonzalez-Serrators et al., 1996). If this 
is the case, the piece of the lipid assembly should be together spontaneously to recover the 
injured surface membrane of live cells and resulted in the surface irregularity detected with 
only AFM techniques as shown in Fig. 8 (e)-(f). Even though no any conclusive remarks on 
the nature of the final reconstruction process of the damaged surface of the live cells will be 
given with the available information on the process, the irregular features observed should 
be strongly associated with reconstruction of not only the plasma membrane itself but also 
the actin network as an cytoskeleton structure of the live cells. 

4. Ultrafast laser- assisted optoperforation of primary retinal blood vessels 
4.1 Experimental techniques and materials 
Furthermore, these extensive studies on single cell and plasma membrane dynamics open 
up the new scenarios, to apply this technology in a real surgical world, such as retinal blood 
vessel occlusions.  
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Experimental porcine eyes obtained from a local abattoir were deposited in ice cold Hanks’s 
Balanced Salt Solution (HBSS) and transported to the laboratory on ice (4 oC) within 1 hr 
after the slaughter. After a precise incision of the porcine eyes behind the ora serrata, cornea 
and lens, the retina tissues were carefully peeled off from pigmented epithelium and put it 
onto the Whatmann 2 paper. Before proceeding further for the fs-laser irradiations, the 
retina segments with size of about 3 X 5 mm2 were prepared and to closely mimic the in vivo 
retinal conditions and to prevent the drying off the samples, we covered the tissues with 100 
μl of vitreous humour during the experiments. 
The fs-laser system used in this study consists of a regenerative amplified Ti: Sapphire (λ = 
810 nm) laser, delivering a 150-fs pulse at a repetition rate of 1 kHz (Quantronix, USA). The 
laser beam is focused on the retina surface with an objective lens of N.A. 0.4 and the 
estimated laser beam diameter at the retinal surface is about 1.3 μm. Similar to the previous 
setups, the retina tissues are mounted onto a motorized XYZ translation stage, which is used 
to manipulate the samples to expose a fresh area of tissue to each laser pulse (Fig. 13). The 
laser fluence used in the current work is in the range of 1.4 J/cm2 ~ 99.4 J/cm2. With 13 
different porcine eyeballs, 20 - 25 laser treatments for each eye ball were conducted at 
intervals of 100 μm on the surface of retinal blood vessels. Blood vessels used in the 
experiments were primary in nature and were classified on the basis of the location and the  
 

 
Fig. 13. (a) Schematic diagram of the experimental setup for fs-laser treatment of porcine 
retina blood vessels (b) The image from a fundus camera (Carl Zeiss Meditec, AG, Germany) 
shows the organization of blood vessels following the direction of blood flow from the 
center of the retina, i.e., the fovea region, to the peripheral retina: Key: P = Primary, S = 
Secondary, T = Tertiary and Q = Quarternary Blood Vessels. (c) The inset shows a typical 
cross-sectional image of the primary blood vessel, including the underlying multilayered 
structure of the porcine retina. 
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diameter of the vessel. All the experiments were conducted under a single-shot 
configuration by using a mechanical shutter with an opening time constant of 0.6 ms, which 
is synchronized with the laser, allows an accurate delivery of single pulse- irradiations into 
the samples. (Sidhu et al., 2009) 
After optoperforation of blood vessel epithelium, the location of each laser lesion was 
carefully mapped. Just after laser treatment, the retina segments were immersed and fixed 
in 2% p-formaldehyde at 4 oC for one hour. In next step, the retina tissues were submersed 
in 30% sucrose for about one hour to retain the cell shape. The fixed and retained samples 
were embedded in Jung’s Tissue Freezing medium for an hour at room temperature and 
later on transferred to a refrigerator at –20 oC for 4-6 hrs. Transverse cryo-sections with a 
thickness of 20 μm (Microtome, LEICA) were made of the lesion area at –15 oC. The slices 
were stained with Haemotoxylin and Eosin Red (H & E) to assay the laser lesions at the 
peripheral Inner Limiting Membrane (ILM : upper layer of cells covering the entire retina 
surface along with the blood vessels) and the blood vessels epithelium of the retina tissue. In 
order to determine the percent probability of damage for the blood vessels, we examined 
about ~1002 sampled (6 times) at various laser fluences in the range of 1.4 J/cm2 – 99.4 
J/cm2. 

4.2 Results 
With changing laser fluence from 1.4 J/cm2 to 99.4 J/cm2, we produce a series of lesions on 
the blood vessel walls with a single fs-laser pulse. Laser irradiation on the surface of the 
retinal blood vessels with the fluence higher than about several tens of J/cm2 results in an 
apparent disruption of the vessel walls, followed by a continuous outflow of blood within 2 
~ 3 seconds, as shown in Fig. 14. The red color of the vessels fades out after about 5 minutes. 
After ~ 10 minutes, the bleeding is almost stopped. However, at lower laser fluence, the 
bleeding is stopped within one minute after extrusion of a little blood. (Sidhu et al., 2009) 
 

 
Fig. 14. Captured optical images of blood flow from a retinal blood vessel after exposure to a 
single fs-laser pulse at 810 nm with time scale from 0 to 10min. The laser beam is focused at 
the position indicated by the arrow head. Just after laser irradiation, a continuous outflow of 
blood is observed for 2 ~ 3 seconds. The scale bar is 100 ㎛. 

To examine the blood vessels of a porcine retina after fs-laser irradiation, we sequentially 
sectioned the retina segment with primary blood vessels with a thickness of 20 μm. Figure 
15 represents histological images of the sectioned slices. The laser irradiations at lower 
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fluence cause damage on the surface of the blood vessels with a low probability. At higher 
laser fluence, however, almost all the retinal segments exhibit apparent disruption of the 
ILM, which mainly consists of a Glial cell layer. Apparent disruptions of the ILM in the 
sectioned slices of the retina treated at 14.2 J/cm2 could be observed in the first and the fifth 
slices without any visible alterations in other sequential slices. No apparent disruption in the  
 

 
Fig. 15. Sequential sections of a blood vessel lesion caused by a single fs- laser pulse 
irradiation. The thickness of the sectioned slices is 20 μm. Figures on the right-hand side 
represent laser fluence. The arrow head indicates a lesion observed on the blood vessels. The 
scale bar is 100 μm. 
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surface of the blood vessels endothelial layer and no bleeding after laser irradiation were 
observed. If the slice thickness of 20 μm in the sectioning procedure is considered, the 
interval between slices with an apparent disruption is 100 μm, which is quite consistent with 
the distance between laser-irradiated points on the retina tissue. This observation suggests 
that from the histological analysis, the lateral damage of the retina upon fs-laser exposure is 
limited to 20 μm range. In fact, the diameter of the laser lesions on the surface of treated 
retina, examined via scanning electron microscopy, is found to be less than 4 μm (Fig. 16). 
With increasing laser fluence to 28.4 J/cm2, single-pulse laser irradiation induces complete 
optoperforation on the blood vessel wall. With further increment in the laser fluence to 52.6 
J/cm2, the frequency of sequential slices with observed prominent damage on the blood 
vessels increases. This reveals that the diameter of the induced lesion is larger than 20 μm 
under these rather higher laser fluences. The data suggest that up to 85.2 J/cm2, there is no 
observable alteration in underlying retina cell layers, except for disruptions in both the 
blood vessel walls and the ILM. Under a higher fluence of 99.4 J/cm2, however, a slight 
distortion is observed in the underlying tissue (Fig. 15(J)). (Sidhu et al., 2009) 
 

 
Fig. 16. Scanning electron microscopic images for a laser-irradiated retina surface (white 
circles) with two different laser fluences 99.4 J/cm2 (A) and 7.1 J/cm2 (B). The insets show 
SEM images with lower magnification. 

The cryosections of the retina segments irradiated with a single-shot ultrafast laser were 
tentatively grouped into three types of lesions: no change, ablation only at the ILM and 
optoperforation of blood vessel walls (Fig 17). Correlation statistics of these different types 
of lesions is shown in Fig. 18 as a function of laser fluence. The optoperforation probability 
of blood vessels increased in the fluence range of 3.6 J/cm2 ~ 99.4 J/cm2. We determined the 
laser fluence to damage the ILM layer, found to be in the range between 1.4 J/cm2 and 3.6 
J/cm2. However, perforation of the blood vessels is apparently caused by femtosecond-laser 
irradiation with a higher fluence between 3.6 J/cm2 and 7.1 J/cm2. If the percent probability 
at low fluence is extrapolated, the fluence at zero probability of alteration of the ILM and the 
perforation of the blood vessels are estimated to be 2.19 ± 1.08 J/cm2 and 5.85 ± 1.49 J/cm2, 
respectively. (Sidhu et al., 2009) 
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Fig. 17. Representation of retinal segments irradiated with a single-shot ultrafast lasers. They 
were tentatively grouped into three types of lesions: A. No change, B. The ablations at the 
ILM and C.  The optoperforation of blood vessel walls. The arrow head indicates the point 
of irradiations on the blood vessels. 
 

 
Fig. 18. Linear plot of the percent probability for inner limiting membrane (ILM) damage 
(solid rectangles) and vessel perforation (solid circles) as a function of the laser fluence. The 
ablation threshold fluence for ILM and blood vessels was found to be 2.19 ± 1.08 J/cm2 and 
5.85 ± 1.49 J/cm2, respectively. With increasing fluence, the percent probability of blood 
vessel perforation monotonically increases. The lines represent an extrapolation to 
determine the ablation thresholds for perforation of retinal primary blood vessels and for 
ILM damage of a porcine eye. 

4.3 Discussion 
Recent development in advanced laser technology transiently facilitates to perform 
transaction, ablation, and coagulation of tissues via delivery of laser irradiation into a small 
focal volume are providing an attractive possibilities for new laser surgical technologies. 
The laser beam is a potential candidate that has already undergone a multi-center clinical 
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trial to evaluate the feasibility for its use in vitreoretinal surgery (Schastak et al., 2007). 
Limited precision and significant damage by lasers with relative long pulse durations does 
not allow partial or selective tissue ablation with high precision. If such damage is to be 
overcome, infrared laser sources, such as CO2, Er:YAG and Holmium:YAG lasers, have 
undergone several trials via optical fiber delivery in intraocular surgery. However, apparent 
collateral damage to surrounding tissue due to significant thermal and shockwave effects 
have been reported (Paula- Yu et al., 2006).  
Laser ablation of tissues could be described using either an optical breakdown model or a 
thermal confinement models. The optical breakdown model considers plasma formation 
and subsequent shock wave formation, cavitation, and tissue disruption. The thermal 
confinement model recognizes the competing thermal effects of the vaporization of water 
driving an explosive ablation and thermal diffusion leading to collateral damage. This 
model accounts for the observation that collateral damage is limited if the pulse duration is 
less than the thermal relaxation time of the ablated tissue volume (Vogel et al., 2003; Apitz et 
al., 2005).  
 

 
Fig. 19. Interplay of photoionization, inverse Bremsstrahlung absorption, and impact 
ionization in the process of plasma formation. Recurring sequences of inverse 
Bremsstrahlung absorption events and impact ionization lead to an avalanche growth in the 
number of free electrons. (Vogel et al., 2005) 

The process of plasma formation through laser induced breakdown in transparent biological 
media is schematically depicted in Fig. 19. It essentially consists of the formation of quasi-
free electrons by interplay of photoionization and avalanche ionization. It’s a well known 
fact that the optical breakdown threshold in water is very similar to that in ocular and other 
biological media (Docchio et al., 1986). Irradiation by an intense ultrafast laser beam further 
leads to multiphoton excitation of a target material. The absorbed energy might be 
transported to the electrons without thermal diffusion to adjacent material because the pulse 
width is shorter than the vibrational relaxation time constant of several picoseconds. As a 
result, thermal damage on the surrounding tissues could be minimized, and the biological 
tissue remains unaffected by the subsequent photoinduced mechanical shock process. This 
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effectively renders the fs-laser surgical process non-thermal. The formation of a high density 
of free electrons could result in a local plasma formation in the targeted materials. This hot 
plasma formation results in a permanently damaged region, even inside a cell with a sub-
micron size (Vogel et al., 2005). Furthermore, a previous  on tissues like the corneal stroma 
revealed that the ablation threshold fluence decreased with increasing pulse width of the 
applied laser (Preuss et al., 1995). These uniquely show that ultrafast lasers can be utilized 
for precise treatment of tissues while minimizing any apparent thermal damage or shock 
pressure to biological tissues (Kohli et al., 2005). The results illustrated in the current work 
made the above hypothesis true for the retinal tissues, where retinal blood vessels were 
selectively perforated with wide range of laser fluence (1.42 ~ 99.4  J/cm2) with an ultra fast 
laser in near infra red region.  
From the past literature values for the ablation thresholds for various tissues, including the 
corneal stroma, axons, the eye’s anterior chamber, and hard tissue (under a single-shot 
configuration, as in current work), the ablation threshold of the corneal stroma for an 
ultrafast laser is in the range of 1 J/cm2 to 2 J/cm2. Meanwhile, the ablation threshold for 
axons of C. elegans is reported to be about 4.4 J/cm2. It is of great interest to note that the 
value for the femtosecond laser ablation threshold of the ILM of the porcine retina, 2.19 ± 
1.08 J/cm2 as determined in the current work, is in the same range of reported values for the 
soft tissues. It is also interesting to compare the ablation threshold of the retina upon 
irradiation by a femtosecond laser to the values for irradiation with an ultraviolet (UV) laser 
with a nanosecond pulse width, including ArF excimer lasers and higher-harmonic Nd:YAG 
lasers. The ablation threshold is reported to be in the range of between 0.6 J/cm2 and 1 
J/cm2 when irradiating single-pulsed UV light into the retina tissue, which is slightly lower 
than that for femtosecond laser ablation threshold. Considering the remarkable difference in 
the linear optical absorption coefficients of the retina tissue in the UV and the NIR ranges, it 
is reasonable to suppose that an ultrafast laser operating in the NIR region would be able to 
ablate the ILM layer in the retina with much lower deposited energy per unit volume 
compared to UV nanosecond lasers. The perforation threshold of the underlying primary 
retinal blood vessels (5.85 ± 1.49 J/cm2) is significantly higher than the literature values. 
The thickness of the ILM, which is essentially a basement membrane consists of retina 
müller cells, is only 6 µm to 10 µm. The thickness of the ILM is thinnest at the fovea region 
of the retina. However, the thickness is larger at the posterior pole of retina (Hoerauf et al., 
2006). Furthermore, the ILM is also present over the retinal blood vessels. If only the ILM is 
to be ablated selectively without any alterations in the underlying layers, the energy 
delivered by the laser irradiation must be confined in thin layers without any apparent 
diffusion of the deposited energy into other parts of the retina. To evoke this topic, we have 
examined the dependence of the ablation depth for transparent materials, like retinal tissue, 
on the laser fluence (Fig.  20). If there is high free electron density due to optical absorption 
processes, we suppose that the underlying mechanism for the ablation by fs-laser irradiation 
is not directly governed by the optical and the electronic properties of the materials. Even if 
the absorption mechanism of the NIR fs-laser is dependent on the optical band gap of each 
material, two different slopes under fs laser irradiation have already been reported for 
metals, semiconductors, and dielectrics (Nolte et al., 1997; Furusawa et al., 1999). For a lower 
laser fluence, F, the ablation depth can be described by the expression L = δln(F/Fth(δ)), 
where δ is the optical penetration depth and Fth(δ) is the threshold laser fluence of ablation 
[Preuss et al., 1995, Jia et al., 2006]. A fit to the experimental data results in Fδ

th = 2.2 ± 0.9 
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J/cm2 and δ = 8.2 ± 2.2 μm. It should be notified that the optical penetration depth is 
governed by a nonlinear optical transition, if multi-photon absorption plays an important 
role in photo-excitation of the materials. Therefore, the optical penetration depth estimated 
from the current work is difficult to reconcile with the literature value of the optical 
absorbance of retina tissue at a wavelength of 810 nm. Due to the strong dependence of the 
multiphoton absorption on the energy density, the value of δ should be relatively small. At 
any rate, it is of great interest to compare the observed optical penetration depth with the 
thickness of the ILM in the porcine retina. This comparison led us to propose that the energy 
delivered by femtosecond laser irradiation under the controlled laser fluence can be 
confined in the ILM layer, followed by a selective ablation of the layers only if the optical 
penetration depth of 8.2 ± 2.2 μm is comparable to the thickness of the ILM of the retina. 
  

 
Fig. 20. The lesion depth of a porcine retina caused by fs-laser irradiation as a function of the 
laser fluence. The blue solid and the red dotted lines represent linear fit. About 300 
sectioned slices from more than 10 eyeballs were examined for each laser fluence. 

With increasing laser fluence, however, the mechanism underlying the retina ablation can 
no longer be expressed by the optical penetration depth. As shown in Figure 16, the retina 
surface treated with a high laser fluence of 99.4 J/cm2 is very much roughened compared to 
the surface treated with a low fluence of 7.1 J/cm2. Based on the changes in the slopes of the 
semi-logarithmic plot of the ablation depth as function of the fluence, we have supposed 
that at laser fluence higher than 25.3 J/cm2, the electronic heat diffusion process plays an 
important role, even in an ultrafast laser ablation. The ablation depth in this region can be 
described with the expression of L = l ln(F/Fth(l)), where l is the electronic heating depth, and 
Fth(l) is the corresponding threshold fluence. The electronic heating depth and Fth(l) are 
estimated to be 69.7 ± 8.7 μm and 25.3 ± 13.9 J/cm2, respectively, which means that the 
thickness of the retina tissue affected by fs-laser irradiation might be abruptly increased for 
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the laser fluence higher than 25.3 J/cm2. As a result, we have to control the laser fluence 
very precisely to achieve a selective peeling of the ILM layer without any visible thermal 
damage being induced by the laser irradiation.  
The probability of retina blood vessel damage shows a linear relationship with the laser 
fluence. With the progressive increase in the laser fluence, selective ablations of concerted 
retina layers even including primary blood vessels is possible without any apparent damage 
to the underlying layers of the porcine retina. The threshold fluence to perforate the walls of 
the primary blood vessels embedded in the porcine retina is estimated to be 5.85 ± 1.49 
J/cm2. If the ablation depth depends on the laser fluence as δln(F/Fth(δ)), the thickness of the 
tissues ablated by a single-shot fs-laser pulse can be estimated to be 8.0 ± 3.0 μm, by using 
the parameters of δ and Fth(δ) from this work. Meanwhile, the thickness of the tissues 
covering the primary blood vessels is tentatively determined to be about 25 μm by 
examining the sectioned slices shown in Fig. 15. If the current interpretation for the ablation 
depth of the tissues by fs-laser irradiation is correct, the fluence to perforate the primary 
blood vessels should be about 46 J/cm2. However, the ablation depth per pulse in the high-
laser-fluence region should be described in terms of electronic heating depth with the 
relation of L = δln(F/Fth(l)). With the parameters of l and Fth(l),  we are able to estimate the 
fluence to fully perforate the primary blood vessels of the retina to be 36.2 J/cm2. This value 
for blood vessel perforation is very close to the laser fluence at 1/e2 percent perforation 
probability, as shown in Fig. 18. 

5. Conclusion 
In summary, all the observations from the present work reveals that fs-laser irradiation on 
pollen walls to make an evident physical hole with an outside diameter of about 1 μm well 
conserves the physiological state of the cell including its viability and pollen tube 
germination capability. Furthermore, from the successful delivery of foreign DNA into 
pollen through the hole reveals that the current method has an evident potential in the field 
of plant genetic engineering. 
Topographical imaging as well as optical imaging of the plasma membranes led us to 
observe a self-healing process for live cells within several minutes of time after the fs-laser 
ablation on the live cells. A simple viscoelastic model for both the hole opening and closing 
process was found to be applicable to interpret its dynamics. The very slow dynamics could 
be explained in terms of high surface viscosity due to the presence of cytoskeleton network 
bound to the plasma membrane. The irregular feature in plasma topography observed in the 
final stage of the healing process might be due to a slice of the assembled lipid, which 
resulted from the reconstruction of not only the plasma membrane itself but also F-actin 
network as a cytoskeleton structure of live cells. Although two-dimensional plug flow 
model adapted in the current work fairly well interpret the experimental observations in 
macroscopically, the presence of transmembrane proteins, transbilayer interactions, and 
adhesion sites, etc., in addition to the bound cytoskeleton structure, produces a variety of 
restrictions on the flow dynamics of the plasma membrane through an alterations in many 
microscopic physico-chemical properties including thickness and hydrodynamic properties 
of the fluidic films.  
We have developed a new method for elucidating more exact mechanism on the interesting 
topic of self-healing process based on ultrafast laser perforation of the plasma membrane of 
the animal cell. A mechanical stimulus to live-cell plasma membrane by the induced surface 
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tension as well as surface line energy can be also applied by the current methods with high 
spatial resolution and unattainable speed of perforation. So interesting is the spatiotemporal 
characterization of the plasma membrane movement associated with the healing process 
that is closely related with the cell migration and transmission of the mechanical stimuli into 
biochemical signals, which might be mainly governed by cytoskeleton structure (Wang et 
al., 2005; Yamazaki et al., 2005; Supatto et al., 2005). 
We have also successfully applied the current fs- laser technology to selectively perforate the 
retinal blood vessels without any apparent damage in the concerted retina layers. It 
provides a major breakthrough for the retinal vein occlusion therapy and removal of 
abnormal blood vessels (Choroidal Neovascularization (CNV)) grown during numerous 
retinal diseases. 
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