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ABSTRACT 

Mid-infrared (MIR) laser sources have demonstrated diverse applications in science and 

technology. For spectroscopy applications, numerous molecules have unique absorption features 

in this range, and one needs a spectrally broad coherent laser source for parallel detection of 

mixtures of species. Frequency down-conversion in nonlinear optical materials via second-order 

nonlinear susceptibility is one of the promising techniques to generate the spectral coverage of 

more than an octave in the MIR, assisted by emerging novel crystals. The nonlinear light-matter 

interactions in such special crystals as ZnSe ceramics have not been analyzed. Additionally, 

through the use of high-intensity few-cycle optical pulses, high-order nonlinear effects such as 

four-wave mixing, multiphoton absorption, and nonlinear refraction come into play beyond 

conventional second-order nonlinear interaction. In this thesis, the nonlinear interactions for 

generating broadband MIR were studied through both experimental and numerical approaches. 

First, a nonlinear frequency conversion model based on random phase matching was developed in 

zinc-blende polycrystalline structures. Monte Carlo simulation statistically verifies that a 

disordered material could perform on par with a quasi-phase-matched material for frequency 

conversion in ultrafast interactions. Second, the nonlinear interaction in orientation-patterned GaP 

combined with an optical parametric oscillator was numerically analyzed. A wave propagation 

model discovers that third-order nonlinearity plays an important role in the process of spectral 

evolution. Finally, using a 2.35-µm Cr:ZnS mode-locked laser, nonlinear absorption and nonlinear 

refractive index were characterized in the Z-scan technique for GaP, ZnSe, GaSe, and ZGP crystals. 

The visualization of nonlinear interactions and the uncovering of nonlinear parameters will be a 
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guide for optimizing experimental systems and will further advance the development of MIR laser 

sources. 
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CHAPTER ONE: INTRODUCTION 

Mid-Infrared Region 

Many molecules have unique absorption features in the mid-infrared (MIR) region (2-20 

µm in wavelengths). They have specific vibrational or rotational energy which is quantized to be 

resolved using coherent MIR lasers. As your smartphone identifies you using your fingerprint, you 

can identify the quantity of molecules based on pressure or temperature. MIR spectroscopy 

provides rich and quantitative information on the structure of matter for example with the 

technique of frequency comb spectroscopy. Optical frequency combs in the MIR region are 

powerful photonic tools that can be used in the most advanced spectroscopic techniques [1,2]. 

Such applications include dual combs spectroscopy, remote sensing, breath analysis, and 

combustion diagnostic. 

Mid-Infrared Laser Sources 

Various approaches have been developed in the last decade to generate MIR laser that 

includes mode-locked lasers [3], difference frequency generators (DFG) [4–6], intra-pulse DFG 

(IDFG) [7–10], tunable optical parametric oscillators (OPOs) [11,12], subharmonic OPOs [13–

15], supercontinuum (SC) generator in fibers and waveguides [16,17], quantum cascade lasers [18], 

and micro-resonators. For spectroscopic detection of a mixture of multiple species, e.g. in the study 

of the dynamics of chemical reactions in combustion processes or in breath analysis, one needs a 

spectrally broad comb with enough power to achieve reasonable signal-to-noise ratio. Yet, 

fulfilling these metrics simultaneously has been challenging. Figure 1 shows the spectral coverage 

diagram for different methods. Note that here the time coherence properties are neglected. Each 
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method has advantages and disadvantages. For example, mode-locked lasers can have direct access 

to the MIR, however, the spectral coverage is limited up to the wavelength of 3 µm. IDFG and 

micro-resonators can suffer from either low conversion efficiency or low output power. The 

tunable OPO, DFG, and QCL have relatively narrow frequency span. SC can have strongly uneven 

spectral density distribution. 

 

 

Figure 1. Frequency span and average power of selected frequency comb sources across the MIR. 
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Nonlinear Optical Materials in the Mid-Infrared 

Nonlinear optical (NLO) materials have been widely used to convert laser wavelength to 

the wavelength that is technically hard to be produced. Recently, NLO materials (such as Lithium 

Niobate, GaAs, GaP, ZnSe, ZnS, GaSe, and ZGP) used as second-order nonlinearity get attentions 

because due to the increase in available laser power for the MIR generation, the third order 

nonlinearity comes to play a role with conventional second-order nonlinear effect. Therefore, the 

characterization of third-order nonlinear coefficient in this range is particularly important as it may 

negatively or positively affect to a system. For example, the spectrum can become broad due to 

self-phase modulation (SPM) and the change of refractive index can spatially produce the lens 

effect in nonlinear medium, leading to have self-focusing and -defocusing. In a phase-mismatched 

condition, where multi-step or cascaded quadratic nonlinearities come into play, the effective 

nonlinear refractive index needs to be addressed, which is a sum of the intrinsic Kerr nonlinearity 

and a term from cascaded quadratic mixing. In ultrafast OPO applications, only few papers report 

these phenomena. 

 

Nonlinear Refractive Index 

Nonlinear refractive index n2 is a critical parameter for the phase shift and optical damage, 

especially in high-power laser system. In the wavelengths of interest for signal processing and 

communications, there have been a large number of studies on materials for using a large Kerr 

nonlinearity. There have been relatively few efforts for nonlinear material characterization in the 

MIR, but recently it is getting active research area thanks to the available laser sources [19–21]. In 
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the spectral region of 9-10 µm, for example, the maximum peak power in CO2 laser demonstrated 

is 15 TW in a train of 3 ps pulses [22]. For better manipulation of this kind of laser beam and for 

achieving sub-picosecond long-wave-infrared pulse in a compressor, the suitable material needs 

to be addressed. Using CO2 laser pulses, the nonlinear refractive index is deduced by measuring 

the four-wave mixing (FWM) efficiency [23]. They estimate the n2 of ZnSe, GaSe, and AgGaSe2 

by comparing the experimental data with the well-known material GaAs in this range. GaP is 

another promising nonlinear crystal for its relatively large second-order nonlinear coefficient, a 

wide transparency range from visible to the mid-infrared (0.55-13 µm), and large direct bandgap 

of 2.79 eV. Its high nonlinear refractive index can be used combined with second-order 

nonlinearity in SC generation [24]. Also, orientation-patterned- (OP-) GaP was used for IDFG to 

produce an octave-wide frequency comb for spectroscopy applications [25]. The value of nonlinear 

refractive index n2 in GaP has been reported in the rage of 1-1.75 µm [21,26–28]. However, no 

prior research measures the value at the MIR for GaP. Polycrystalline ZnSe emerges as an 

attractive quadratic nonlinear crystal for ultrafast OPO [29] and as a host for mid-infrared transition 

metal lasers [30]. The n2 for ZnSe is measured at selected wavelength [20,31]. 

 

Nonlinear absorption 

Recently, nonlinear absorption was observed in OP-GaP irradiated by a 2.35 µm Cr:ZnS 

laser [15]. The absorption was only a few percent, and it was small compared to the one of OP-

GaAs, however, more detailed study must be done to determine its effect for further higher power 

laser system. No research has been conducted for 5-photon or 6-photon absorption in this crystal 
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but there is some research on 2PA, 3PA, and 4PA in different wavelengths. 2PA coefficient is 

measured to be 1.02 cm/GW using 800 nm pump pulse. 3PA coefficient is measured to be 0.14 

cm3/GW2 at the polarization along [1 1 1] direction [26]. Recently, 4-photon absorption is also 

reported in GaP at 1.75 µm with the peak intensity up to 500 GW/cm2 [21]. 

 

Random Phase-Matching 

Random phase-matching (RPM) was first recognized in 1966 [32]. It has been used for 

specific nonlinear applications thanks the materials’ broad acceptance bandwidth for frequency 

conversion. The developed theories appeared in 2004, and it was experimentally demonstrated 

[33]. Recently, using femtosecond laser pulses, broadband spectrum output in the MIR in the form 

of frequency down-conversion and supercontinuum generation was reported [29,34]. Also, RPM 

is used to produce high-harmonic generation [35]. Figure 2 shows the world’s first randomly 

phase-matched OPO, producing the spectrum spanning 3 to 7.5 µm. 

 

Figure 2. MIR output spectrum via randomly phase matched OPO [29]. 
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RPM is an analogy of random walk, where the travel distance from the origin is 

proportional to the length of step and square root of the number of steps. After a number of steps, 

the person is no longer near the origin even though the process is random. In the context of 

interaction with nonlinear materials, the growth of generated electric field is not averaged to zero 

but has some magnitudes. Adding E-field generated from each mono-structure, the intensity grows 

linearly with the number of mono-structures. This process can happen in disordered materials for 

example in polycrystalline materials and crystalline powders. In the early stage of laser 

development, by changing the parameters of powder-layer thickness, average particle size, and 

laser beam diameter, the second-harmonic generation (SHG) in powders yielded the information 

to determine the magnitude of nonlinear optical coefficient. The feature of RPM was described in 

the powder technique for evaluating nonlinear optical materials [36] as follows. (i) The highest 

conversion is when the particle size is close to the coherence length. (ii) Conversion efficiency in 

intensity grows linearly with a sample thickness. (iii) At a fixed sample length and optimized 

conditions, the conversion efficiency is higher for larger coherence length. Therefore, RPM 

efficiency is somewhere between QPM and not phase-matched case, but not just zero.  

 

Scope and Organization of Dissertation 

This work aims to reveal the unique nonlinear interactions for the MIR generations and 

explore the possibilities for producing super-octave wide MIR spectrum. Chapter 2 describes the 

overview of nonlinear optics, specifically focus on second- and third-order nonlinear effects. 

Chapter 3 describes the modeling of frequency conversion in polycrystalline materials. Second-
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order nonlinear interactions in disordered materials based on RPM suggest intriguing opportunities 

for extremely broadband frequency conversion. We present a quantitative realistic model for RPM 

in zinc-blende polycrystals that takes into account effects of random crystal orientation and grain-

size fluctuations and includes polarization analysis of the generated output. Chapter 4 describes 

the simulation of pulse propagation in an optical parametric oscillator. We developed a theoretical 

model that provides an insight into new approach for generating multi-octave optical frequency 

combs. Theoretical analysis and numerical calculations show that the parametric process due to 

cubic nonlinearity importantly contributes to broadening the spectrum. Chapter 5 describes the 

experimental results for the nonlinear properties of samples such as GaP, ZnSe, GaSe, and ZGP. 

The measurements for nonlinear properties of absorption and refraction have been conducted to 

characterize the materials for the applications in the MIR. Chapter 6 summarizes the work in this 

thesis and outlook is described. 
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CHAPTER TWO: THEORY 

 Here, the theory of nonlinear optics will be explained, featuring second- and third-order 

nonlinear effects. When observing the light-matter interaction in high intensity field, the bonded 

electron to atom can oscillate with the higher frequency than the incoming E-field. The nonlinear 

induced polarization is expressed as  

𝑃(𝜔) = 𝜖0𝜒
(1)𝐸(𝜔) + 𝜖0𝜒

(2)𝐸2(𝜔) + 𝜖0𝜒
(3)𝐸3(𝜔) + ⋅⋅⋅ ( 1 ) 

where 𝜖0 is the permittivity in vacuum, 𝜒(𝑛) is nth order susceptibility, and 𝐸(𝜔) is the electric 

field in the frequency domain [37]. 

Second-Order Nonlinear Optical Processes 

Second-order nonlinear process through χ(2) media includes second-harmonic generation 

(SHG), sum-frequency generation (SFG), difference frequency generation (DFG), and so on. 

Three photons are involved in the process for generating other frequency components while 

maintaining the energy and momentum conservation. Optical parametric generation (OPG) is 

another second-order process, where with one input of a beam both signal and idler waves are 

generated from quantum noise. Combining with the resonator, which is called an optical 

parametric oscillator (OPO), the wavelength can tune by crystal angle, temperature, or poling 

period. 
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Quasi Phase-Matching 

Phase-matching is a critical factor for efficient frequency conversion. When the phase of 

the fundamental and the generated signal is not matched, the signal power oscillates periodically 

from zero to a certain power as it propagates inside media due to destructive interference. 

Birefringent crystals can have different refractive index for ordinary wave and extraordinary wave, 

leading for fundamental and signal waves to propagate at the same speed to avoid the destructive 

interference. When fundamental beam and generated beam, SHG in this case, propagate at the 

same speed, the efficiency increases quadratically with sample length. 

  Another way to compensate for the phase mismatch is to use quasi phase matched (QPM) 

materials. It was first proposed by Armstrong in 1962 [38]. QPM material is an engineered material, 

where the crystalline orientation is flipped for every coherence length. The coherence length is 

expressed as Lc = π/Δk, where Δk is the phase mismatch. Figure 3 shows the field growth of SHG 

in propagation distance for the phase-matched, QPM, and non-phase-matched case, showing that 

by flipping the sign of nonlinear coefficient, QPM signal grows quadratically. One of the most 

used materials is periodically poled lithium niobate (PPLN). For the MIR application PPLN has a 

limited transparency range up to 5 µm. The extensive study of fabricating orientation-patterned 

(OP-) GaAs and GaP has been done in the past decade to use QPM technique in the MIR region. 

Both OP-GaAs and OP-GaP have shown promising results for the MIR applications. 
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Figure 3. Diagram of conversion efficiency for using different methods: birefringent and quasi-phase-

matched method [37]. 

 

Polarization-Dependent Frequency Conversion 

The three-wave mixing in χ(2) media is characterized by the second order of nonlinear 

polarization. χ(2) is a second-order nonlinear susceptibility, which is a third-rank tensor having 27 

components. The indices ijk in 3x3x3 matrix form refer to the polarization components of 

interacting fields. It can also be represented as 3x6 matrix as djk. For the zinc-blende crystal 

structure the formula is reduced, indicating that two orthogonal polarizations are needed to induce 

a polarization to the direction of principal axis in the crystal. This high symmetry of second-order 

susceptibility offers various nontrivial possibilities for nonlinear interactions between three waves, 
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with respect to their polarizations. The polarization dependence of three-wave mixing process in 

QPM GaAs has been explored in several experiments for several key crystallographic directions 

(Figure 4). When all three polarizations are parallel to [111] (the direction of the Ga-As bond, 

35.3º with respect to [110]), the nonlinear coefficient is maximized. When a pump beam is 

polarized to [110], the output signal only has the polarization that is orthogonal to the input [39].  

 

Figure 4. (a) Schematic of the polarization direction of input against the crystal coordinate. (b) The 

relationship of the fundamental polarization and the second harmonic polarization. [39]. 

 

Third-Order Nonlinear Optical Processes 

Third-order nonlinear process through χ(3) media includes third-harmonic generation, four-

wave mixing (FWM), intensity dependent refraction, cross phase modulation, two-photon 

absorption, Raman scattering, and so on. Unlike χ(2) media, any material including air can have χ(3) 

effect. 
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Z-scan 

The Z-scan technique was invented in 1989. The study has been conducted for more than 

30 years to measure nonlinear refraction and absorption. This method is rapid, simple, and accurate. 

A sample of the material under investigation is moved through the focus of a laser beam, and the 

transmitted light through the aperture is recorded (Figure 5). 

 

 
Figure 5: Schematic drawing of the Z-scan technique. 

 

The MPA coefficient and nonlinear refractive index are obtained by analyzing open- and 

closed-aperture measurements, respectively. If the nonlinear refractive index is positive, and the 

sample is placed after the focus, self-focusing reduces the beam divergence and thus increases the 

detector signal. If the sample is moved to the left-hand side of the focus, the focus is moved to the 

left, and the stronger divergence after the focus decreases the detector signal. From the detector 

signal depending on the sample position, it is possible to extract the magnitude of the nonlinear 

index. The nonlinear absorption can also affect the measured signal. This feature can be measured 

separately by recording the power of the beam without the aperture. 
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Closed Aperture Z-scan 

The nonlinear refractive index is also known as the Kerr effect, which can increase or 

decrease the refractive index when an intense beam propagates through a medium: Δ𝑛 = 𝑛2𝐼(𝑡). 

It is derived by third-order nonlinear polarization for self-phase modulation (SPM). SPM induces 

the intensity-dependent nonlinear phase shift and shifts the front of pulse to lower frequencies and 

the back of pulse to higher frequencies Using the cubic nonlinear susceptibility, it is expressed as 

𝑛2 = 
3

4

𝜒(3)

𝑛2(𝜔)𝑐𝜖0
. The measurement of n2 is often done with the Z-scan technique, which is based 

on self-focusing via Kerr lens. 

For Z-scan analysis, a Gaussian beam is focused and passes through a thin sample as 

depicted in Figure 6. The nonlinear phase shift in a sample is multiplied to the original E-field 

𝐸𝑒(𝑧, 𝑟, 𝑡) = 𝐸(𝑧, 𝑟, 𝑡)𝑒𝑖Δ𝜙(𝑧,𝑟,𝑡). After the free space propagation of distance d from the exit of 

the sample, the transmitted power is derived as following 

𝑇(𝑧) = ∫ 𝑃𝑇(𝛥𝛷0(𝑡))
∞

−∞
𝑑𝑡/𝑆 ∫ 𝑃𝑖(𝑡)

∞

−∞
𝑑𝑡 ( 2 )  

where 𝑃𝑇 is the power at the aperture, S is the aperture linear transmittance and 𝑃𝑖 is the input 

power [40]. 
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Figure 6. Schematic image of analyzing the nonlinear phase shift in Z-scan. 

The numerically calculated Z-scan transmittance curves for both positive and negative sign of n2 

is shown in Figure 7. Using the value of peak to valley and the aperture parameter S, the nonlinear 

phase shift, the changes of refractive index, and finally the n2 are obtained. 
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Figure 7. An example of closed aperture Z-scan transmittance curves. 

 

The n2 at a certain wavelength can be expected from the two-band model for a direct bandgap 

semiconductor [41] using the data obtained for other wavelengths. Independent of materials, the 

magnitude of n2 is dependent on n0
2Eg

-4. This law hints that the magnitude of GaAs is about 5 

times higher than that of GaP at 1 µm. Figure 8 shows the calculated n2 using the parameter 𝐾′ =

1.50 × 10−8 and the bandgap energy without any fitting. Using the ratio of two wavelengths and 

taking the value of ref. [26], the n2 is expected to be 2.1 × 10−18m2/W  at 2.35 µm and 

1.9 × 10−18m2/W at 4.7 µm. 
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Figure 8. Calculated nonlinear refractive index of GaP as a function of normalized photon energy. 

 

Open Aperture Z-scan 

Assuming that only one type of MPA dominates for a given wavelength, the intensity 

variation along the propagation direction is expressed as 

𝑑𝐼(𝑧,𝑟,𝑡)

𝑑𝑧
= −𝛼𝑁𝐼𝑁(𝑧, 𝑟, 𝑡) ( 3 ) 

where 𝛼𝑁 is an N-photon absorption coefficient. In the limit of small absorption (𝑇 − 𝑇0)/𝑇0 ≪ 1, 

by integrating over space and time the transmittance is calculated to be [42] 

𝑇0

𝑇
= 1 +

1

𝑁3/2 𝛼𝑁𝐼𝑖𝑛
𝑁−1𝑙 ( 4 ) 
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where T/T0 is normalized transmission. In data processing, MPA coefficients are deduced by best 

fitting to the Eq. (4). 

 

Z-scan for Thick Samples 

Thick sample analysis in Z-scan must be considered for the sample longer than the depth 

of focus. This method is used when it is necessary to focus away from the damage prone surfaces, 

or the laser is not powerful and requires thicker sample length to increase the nonlinear effect.  

 

Anisotropy of 3rd Order Nonlinearity in Zincblende Structures 

Although in the application of broadband QPM based OPO, the polarization is always fixed 

along [1 1 1] direction to maximize the second-order nonlinear coefficient, it is important to know 

the degree of anisotropy, which is necessary to obtain a threshold for all-optical switching, for 

example. The theory of the anisotropy in zinc-blende semiconductors is given by [43] for two-

photon absorption and by [44] for nonlinear refractive index. In the experiment, strong anisotropy 

and crystal orientation dependence of the nonlinear processes have been reported in GaAs at 2 µm 

[42] and GaP at 1.04 µm [26]. 

The third-order susceptibility tensor has 21 nonzero elements and 4 of which are 

independent. If a material is isotropic, there is a relationship between the four independent tensor 

elements that 𝜒𝑥𝑥𝑥𝑥
(3)

= 𝜒𝑥𝑥𝑦𝑦
(3)

+ 𝜒𝑥𝑦𝑦𝑥
(3)

+ 𝜒𝑥𝑦𝑥𝑦
(3)

. The anisotropy parameter is defined as bellow. 
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𝜎 =
𝜒𝑥𝑥𝑥𝑥

(3)
−(𝜒𝑥𝑥𝑦𝑦

(3)
+𝜒𝑥𝑦𝑦𝑥

(3)
+𝜒𝑥𝑦𝑥𝑦

(3)
)

𝜒𝑥𝑥𝑥𝑥
(3) . ( 5 ) 

The following analysis applies for both two-photon absorption and nonlinear refractive index, 

therefore the discussion here follows the latter case. For arbitrary polarization incident in a single 

beam configuration, n2 is expressed as  

𝑛2 =
3

4𝜖0𝑐𝑛0
2 𝑅𝑒 {𝜒𝑥𝑥𝑥𝑥

(3)
} [1 − 𝜎 + 𝜎 ∑ |𝑒𝑖|

4
𝑖 ] ( 6 ) 

where 𝑒𝑖  is a unit vector of input polarization and 𝑖 = 𝑥, 𝑦, 𝑧  (crystal frame). In the crystal 

coordinate system used for the OPOs, where 𝑒̂ =
sin𝜃

√2
(𝑥̂ − 𝑦̂) + cos 𝜃 𝑧̂, the effective third-order 

susceptibility is given by 

𝜒eff
(3)

= 𝜒𝑥𝑥𝑥𝑥
(3)

[1 −
𝜎

2
(1 + 3 cos2 𝜃) sin2 𝜃] ( 7 ) 

The calculated 𝜒eff
(3)

 is shown in Figure 9. The maximum value is taken when the input polarization 

angle is 55˚, where, for example in GaAs, the bond of Ga-As is parallel to the polarization angle. 

 

Figure 9. Definition of the coordinate system and the calculated χ(3) for different input polarization angle.  
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CHAPTER THREE:  

RANDOMLY PHASE MATCHED FREQUENCY CONVERSION MODEL 

IN ZINCBLENDE POLYCRYSTALS FOR ULTRAFAST INTERACTIONS 

Introduction 

Phase matching is a critical factor for generating new optical frequencies in the coherent 

process of nonlinear optical frequency conversion [38]. Birefringent crystals have been widely 

used to compensate phase mismatch, while quasi phase matching (QPM) is another technique to 

maintain growth of a new optical field by preventing destructive interference. An alternative 

approach is random phase matching (RPM), which avoids destructive interference by exploiting 

the random nature of disordered crystalline domains. A wide variety of materials can show this 

feature if they are composed of disordered microstructures. In the early stage of laser development, 

RPM has been used in a powder technique for evaluating nonlinear optical materials [36]. The first 

frequency conversion in a polycrystalline semiconductor where monocrystals are embedded with 

random orientations was demonstrated in 1966 and the variation of an output signal in terms of 

intensity and polarization has been qualitatively discussed [32]. Thanks to the fact that disordered 

materials have extremely wide acceptance bandwidth they have been used as a nonlinear gain 

medium for several applications such as nonlinear optical microscopy, autocorrelation 

measurements, sum- and difference-frequency generation.  

In the field of ultrafast interactions, a full advantage has been taken of the ultra-wide 

bandwidth of nonlinear interactions in polycrystalline zinc-blende materials. A spectrally broad 

second harmonic generation (SHG) with a high power of 0.3 W and a number of other nonlinear 

wave mixing has been observed with the gain medium of polycrystalline Cr2+:ZnS and Cr2+:ZnSe 
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in mode-locked lasers [45]. Recently in our group, an optical parametric oscillator (OPO) based 

on RPM was demonstrated in a disordered ZnSe ceramic material, pumped by femtosecond 2.35 

µm laser pulses. The OPO produced an ultra-broad spectrum spanning 3-7.5 µm and exhibited 

pump depletion as high as 79% [29]. Multi-octave spectrum via simultaneous randomly phase 

matched three-wave mixing processes, facilitated by filamentation, was also observed in 

polycrystalline ZnSe [46].  

RPM can be viewed as an analogy of a random walk, where the electric field grows as the 

square root of the interaction length within a nonlinear material. Thus, in RPM an output intensity 

increases linearly with a sample thickness. Another feature is that the optimum average grain size 

for high conversion efficiency is the same as coherence length for a three-wave interaction [33,47–

49]. Although there are several attempts to analytically describe the frequency conversion process 

based on RPM, none of them rigorously derived the probability distribution of the effective 

nonlinear susceptibility of randomly rotated crystal; also, polarization analysis in RPM has been 

dismissed in these works. Additionally, most papers assume that the beam size is larger than the 

average grain size. In ultrafast OPO applications that we are most interested in, the focused beam 

size inside a polycrystalline material is usually smaller than the average grain size and statistical 

averaging over a beam aperture no longer applies, since the beam will typically see only one grain 

at a time. In this chapter, we present a model for ultrafast nonlinear χ(2) interactions in an RPM 

material that includes random grain orientation, realistic grain size distribution, as well as variation 

of the output polarization due to randomly transformed susceptibility tensor. The SHG process is 

used for the analysis since SHG and subharmonic OPO is related to each other through effective 

second-order nonlinearity in a three-wave mixing process [37]. 
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Second-Order Nonlinear Susceptibility in a Single Crystal with Arbitrary Orientation 

The susceptibility variation in each grain is modeled by randomly rotated crystal 

coordinates with respect to a fixed laboratory frame. Since polycrystals are an ensemble of 

monocrystals with random orientation, it is reasonable to start with an arbitrarily oriented single 

crystal. There are several ways to orient a crystal randomly. Here we show the way of selecting 

random crystal orientation in an intuitive way as shown in Figure 10. The random orientation of a 

crystal corresponds to a random rotation of a crystal coordinate. The random rotation of the 

coordinate is described as follows. First, setting a uniformly distributed point (𝑥0, 𝑦0, 𝑧0) on a unit 

sphere. Secondly, rotating a coordinate for one of the principal axes (z-axis) to direct the point. 

Thirdly, rotating the coordinate about the vector 𝑛⃗ 3 = (𝑥0, 𝑦0, 𝑧0) by 𝜓 uniformly from 0 to 2 𝜋. 

The uniformly distributed point on the sphere is expressed as (𝑥0, 𝑦0, 𝑧0) =

(sin𝜙 cos 𝜃 , sin𝜙 sin 𝜃 , cos 𝜙) with the probabilities of 𝜃 ∈ [0, 2𝜋) and 𝜙 = arccos(𝑢) where 

𝑢 ∈ [−1 1] . These operations are summarized as three successive rotations 

𝑅𝑛⃗ 1
(𝜃), 𝑅𝑛⃗ 2

(𝜙) and 𝑅𝑛⃗ 3
(𝜓), which are denoted as Rodrigues’ rotation formula corresponding to 

a rotation by an angle 𝜙 about a fixed axis specified by the unit vector 𝑛⃗ 2 for example. For a given 

point the matrices are defined by 𝑛⃗ 1 = (0,0,1), 𝑛⃗ 2 = (−sin 𝜃 , cos 𝜃 , 0) and 𝑛⃗ 3 = (𝑥0, 𝑦0, 𝑧0). 

𝑅 = 𝑅𝑛⃗ 3
(𝜓)𝑅𝑛⃗ 2

(𝜙)𝑅𝑛⃗ 1
(𝜃) =

(

cos𝜙 cos 𝜃 cos𝜓 − sin𝜙 sin𝜓 −cos𝜙 cos 𝜃 sin𝜓 − cos𝜓 sin𝜙 cos𝜙 sin 𝜃
cos 𝜃 cos𝜓 sin𝜙 + cos𝜙 sin𝜓 −cos 𝜃 sin𝜙 sin𝜓 + cos𝜙 cos𝜓 sin𝜙 sin 𝜃

− cos𝜓 sin 𝜃 sin 𝜃 sin𝜓 cos 𝜃
) ( 8 ) 
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Figure 10. Schematic of the random rotation from a laboratory coordinate to a crystal coordinate and vice 

versa. The incoming light propagates along the y’ axis, while its polarization is along z’ axis. 

 

The susceptibility of randomly oriented crystal is found in the process of deriving the 

nonlinear polarization in the laboratory frame for a certain crystal orientation. In two Cartesian 

coordinates (𝑥, 𝑦, 𝑧) as a crystal and (𝑥′, 𝑦′, 𝑧′) as a laboratory, the nonlinear polarizations are 

connected by the rotation matrix as 𝑃
𝑖′
(2)′

= 𝑅𝑖′𝑖
𝑇 𝑃𝑖

(2)
 (and likewise for electric fields). Since the 

rotation matrix is an orthogonal matrix, the relationship is also described as 𝐸𝑗 = 𝑅𝑗′𝑗
𝑇 𝐸𝑗′

′ . Thus, 

the nonlinear polarization in the laboratory frame has the transformed nonlinear susceptibility 

tensor that is computed by the transformation rule for the third rank tensors 𝜒
𝑖′𝑗′𝑘′
(2)′

=

𝑅𝑖′𝑖
𝑇 𝑅𝑗′𝑗

𝑇 𝑅𝑘′𝑘
𝑇 𝜒𝑖𝑗𝑘

(2)
 derived as follows. 
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𝑃
𝑖′
(2)′

= 𝑅𝑖′𝑖
𝑇 𝜖0 ∫ ∫ 𝑑𝜔1𝑑𝜔2

∞

−∞

∞

−∞

 𝜒𝑖𝑗𝑘
(2)

𝐸𝑗(𝜔1)𝐸𝑘(𝜔2)𝑒
−𝑖(𝜔1+𝜔2)𝑡 

= 𝑅𝑖′𝑖
𝑇 𝜖0 ∫ ∫ 𝑑𝜔1𝑑𝜔2

∞

−∞

∞

−∞
 𝜒𝑖𝑗𝑘

(2)
𝑅𝑗′𝑗

𝑇 𝐸𝑗′
′ (𝜔1)𝑅𝑘′𝑘

𝑇 𝐸𝑘′
′ (𝜔2)𝑒

−𝑖(𝜔1+𝜔2)𝑡 ( 9 ) 

= 𝜖0 ∫ ∫ 𝑑𝜔1𝑑𝜔2
∞

−∞

∞

−∞
 𝜒

𝑖′𝑗′𝑘′
(2)′

𝐸𝑗′
′ (𝜔1)𝐸𝑘′

′ (𝜔2)𝑒
−𝑖(𝜔1+𝜔2)𝑡. 

In the contracted form of input polarizations for SHG, assuming that the fundamental electric field 

is linearly polarized, the second-order polarization that is parallel and perpendicular to the input 

polarization is given as 

(
𝑃||

(2)′
(2𝜔)

𝑃⊥
(2)′

(2𝜔)
) = 𝜖0𝐸

2(𝜔)𝑑14 ( 6𝑅11𝑅21𝑅31
2𝑅11𝑅21𝑅32+2𝑅11𝑅22𝑅31+2𝑅12𝑅21𝑅31

) , ( 10 ) 

where 𝑑14 is the only nonzero component in the tensor for the 4̅3𝑚 point group, and the resulting 

effective nonlinear coefficient for both parallel and perpendicular polarization is modified by the 

coordinate rotation. 

A Monte Carlo simulation of one million iterations of random rotations yields the 

distribution of the nonlinear coefficient in a randomly oriented single crystal for both parallel and 

perpendicular output polarizations with respect to the linearly polarized incoming electric field as 

shown in Figure 11(a). The nonlinear coefficient fluctuates within the expected range, |𝑑||/𝑑14| ≤

√4/3 for the parallel case, and |𝑑⊥/𝑑14| ≤ 1 for perpendicular case [39,50,51]. The expectation 

value of the magnitude of the nonlinear coefficient in a single grain is 0.48𝑑14 for parallel and 

0.41𝑑14 for perpendicular output polarizations. Figure 11(b) shows that some grains do not even 

induce the polarization contributing to the light propagating direction but there is a decent 
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probability for the grains to align with [1 1 1] direction, which maximizes the nonlinearity for the 

given input polarization.  

 

 

Figure 11. (a) Probability of normalized effective nonlinear coefficient in a randomly oriented single crystal 

for the parallel (blue) and perpendicular (red) output polarization. (b) Correlation of the 

nonlinear coefficient between orthogonal polarizations. Both figures are plotted with the bin 

size of 0.02. 

Considering the second harmonic intensity after a single grain, where the contribution of nonlinear 

coefficient is expressed as a square of it, the effective squared nonlinear coefficient on average is 

0.34𝑑14
2  for the parallel and 0.23𝑑14

2  for perpendicular polarization. Figure 12 shows the 

histogram of squared effective nonlinear coefficient including the combined (parallel and 

perpendicular) one. The total averaged nonlinear coefficient has 18% probability to have the higher 

intensity compared to the case where the polarization is along [1 1 0] direction. The values of these 

nonlinear coefficients are summarized in Table 1. 
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Figure 12. Probability of normalized squared nonlinear coefficient for parallel (blue), perpendicular (red) 

and their combined (green) output polarization with the bin size of 0.05. 

 

Table 1: Summary of magnitude of nonlinear coefficients for different polarization outputs 

|𝑑||/𝑑14| |𝑑⊥/𝑑14| 𝑑||
2/𝑑14

2  𝑑⊥
2/𝑑14

2  (𝑑||
2 + 𝑑⊥

2)/𝑑14
2  

0.48 0.41 0.34 0.23 0.57 

 

SHG Experiment 

We characterized the nonlinear optical properties of ZnSe ceramics through SHG process 

(from 4.7 to 2.35 µm) using a nanosecond OPO source at λ = 4.7 µm. The OPO was pumped by a 

λ = 1.064 µm Q-switched Nd:YAG laser (Spectra-Physics Model T40-X30S) with 20 ns pulse 

duration and 1.5 mJ pulse energy operating at 100 Hz repetition rate. A tunable flat-flat 
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periodically poled lithium niobite (PPLN) OPO linear cavity produced linearly polarized idler 

wave with an energy of about 15 µJ, which was normally focused into the sample after removing 

the pump beam and the OPO signal. The experimental setup is shown in Figure 13. The samples 

were mounted on an XY translation stage, and the SH power for parallel and perpendicular 

polarizations was 2D mapped with 100-µm steps. The pump beam size was 50 µm at the focus 

and the Rayleigh length was longer than the crystal thickness. 

 

Figure 13. Experimental setup for the characterization of polycrystalline ZnSe via SHG. PPLN OPO was 

tuned to select the idler wave of 4.7 µm. The beam splitter (BS) rejected the OPO signal wave 

and the pump beam and transmitted the OPO idler wave. The beam was focused by the f = 50 

mm CaF2 lens (L1). A ZnSe sample was placed in the focus and scanned in x-y directions. The 

SH signal was collected by the f = 50 mm BK7 lens (L2) and measured using an InGaAs 

detector 
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Figure 14. Grain size distribution in the real sample by the line intercept method. Inset: 1.2 mm х 0.9 mm 

cross section of a chemically etched ZnSe sample. 

The samples we used in the experiment were obtained from IPG Photonics. They were 

based on commercial CVD-grown ZnSe ceramic, where the optimal average grain size of ~100 

µm – close to the coherence length of our studied nonlinear processes – was achieved by thermal 

annealing in vacuum at 900 ̊ C. The samples were polished with 5 х 10 mm cross section, and their 

thickness varied between 0.5 to 2 mm. The surface of a chemically etched sample and its grain 

size distribution is shown in Figure 14. The grain size was measured by the linear intercept method 

using a microscope. The average grain size was 95 µm and the standard deviation is 48 µm, and 

lognormal fitting had an average value of 100 µm and a median value of 80 µm. 

A typical mapping result for 1-mm-long sample with hot spots (higher gain points of a 

sample) for both parallel and perpendicular output polarizations and its distribution is shown in 

Figure 15(a,b). Some points produced much higher SH power and these hot spots can be used for 

applications requiring high nonlinear gain. The SH power ratio of parallel and perpendicular 

𝑃||
2𝜔/𝑃⊥

2𝜔 at each point can vary from zero to infinity. Their average values however give the ratio 
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from 1.2 to 2.1 for several samples. Interestingly, when the sample was rotated by 90˚ on the 

transverse plane, the ratio takes the symmetry value to about 1.5 in that range, which is in accord 

with the simulated average ratio 1.5. This result indicates that the grain size and its orientation are 

not purely random. This can be due to possible anisotropy of CVD-grown ZnSe (e.g. grains that 

are elongated in one direction), associated with a certain growth direction. Figure 15(c) plots the 

average SH power for different lengths of samples, which are all from the same origin. The linear 

dependence on the sample length confirms the prediction of the RPM theory. 
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Figure 15. (a) Normalized SH power scanned over a sample with 100-µm step for both parallel and 

perpendicular polarizations, where one can see SH hot spots. (b) Histogram of SH power for 

both polarizations. The average SH power of parallel output polarization is normalized to be 1, 

where that of perpendicular one varies from 0.48 to 0.83 in different samples. (c) Average SH 

power with different lengths of samples. 

SHG Model in Random Phase Matching 

RPM is numerically investigated in two conditions in terms of the beam size w compared 

to the average grain size D. The modeled polycrystalline structure is created by Voronoi 

tessellation [52] and is based on a real ZnSe sample in terms of the distribution of the grain size 
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and orientation. The grain size distribution by the linear intercept method in the generated structure 

had the lognormal fitting with the mean and median values of 100 µm and 80 µm respectively, 

which is the same distribution as the one obtained from the cross section of real samples. After the 

volume of 0.5 mm х 0.5 mm х 1.0 mm is created, a randomly picked up structure of 1 mm thickness 

is used for the simulation. The formulas used in this simulation are shown below, where 𝑑𝑚 is the 

calculated nonlinear coefficient for a grain number m and 𝑧𝑚  is the starting point in the 

propagation direction for mth grain. The total SH electric field is the sum of the SH generated in 

each grain. 

𝐸∥(𝑧, 2𝜔) =
𝑖𝜔

𝑛2𝜔𝑐
𝐸2(𝜔)∑ 𝑑𝑚, ∥ ∫ 𝑒𝑖Δ𝑘𝑧𝑧𝑚

𝑧𝑚−1
𝑑𝑧𝑚  ( 11 ) 

𝐸⊥(𝑧, 2𝜔) =
𝑖𝜔

𝑛2𝜔𝑐
𝐸2(𝜔)∑ 𝑑𝑚, ⊥ ∫ 𝑒𝑖Δ𝑘𝑧𝑧𝑚

𝑧𝑚−1
𝑑𝑧𝑚  ( 12 ) 

The grain size distribution and the modeled structure are shown in Figure 16(a). The random 

susceptibility tensor is assigned to each grain and single or multiple (assuming that the polarization 

induced in each grain is uncorrelated in a transverse plane) 1D simulation along the beam 

propagation direction is performed inside the structure of the beam size volume. First, when the 

beam size is much smaller (ignoring multiple grains on transverse plane) than the average grain 

size, which typically is the case for ultrafast interactions, the SH power has larger overall 

fluctuation and hence larger maximum value although it has a higher possibility of producing weak 

SH power as shown in Figure 17(a). Secondly, when the beam size is comparable to the grain size 

(a plane wave with FWHM of 50 µm is assumed), the simulated SH power varies in the form of 

lognormal distribution as shown in Figure 17(b). Comparing Figure 15(b) and Figure 17(b), the 

simulated SH power histogram that takes averaging over the beam cross section into account 
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demonstrated good agreement with the experiment in terms of the histogram shape and the ratio 

of parallel and perpendicular polarization outputs. This smaller number of weak SH power is due 

to the effect of multiple grains, where the average number of 35 grains including tiny ones 

contributes to producing the SH signal (one of the corresponding structures is shown in Figure 

16(b)). For both cases the parallel SH power is stronger by 1.5 times and their average values are 

the same. 10,000 set of different structures is tested, and maximum efficiency reaches at least 4 or 

more times larger than the average efficiency for this interaction length. It can be expected that 

when a beam passes through a large number of grains (w >> D) the variation of the signal is 

reduced due to the averaging effect across multiple grains. 

 

 

Figure 16. (a) Grain size distribution in the simulated structure which is measured using the line intercept 

method. Inset: a polycrystalline structure model created by Voronoi tessellation. Different 

colors show the different orientations of grains. (b) An example of a 50 µm х 50 µm which is 

randomly cut from the modeled structure.  
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Figure 17. Simulated histograms of normalized SH power of the parallel and perpendicular components in 

the cases of (a) w << D and (b) w ≈ D. 

The probability of output polarization state is examined in the case of w << D. The 

polarization state after propagating 200 µm and 1.0 mm for the coherence length of 100 µm is 

shown in Figure 18. When the average grain size is close to Lc, the electrical field is likely to 

evolve with changing the phase with only 0 or π in every boundary of grains. For the interaction 

length of only a few Lc SH signal tends to have a linear polarization because the phase between 

parallel and perpendicular component is close to 0 or π. As the interaction length gets longer, the 

fluctuation of grain size and the nonlinear coefficient let electrical field evolve in an arbitrary 
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direction in a complex plane and thus the phase between parallel and perpendicular components 

becomes random.  

 

 

Figure 18. The evolution of output polarization of SH field illustrated on Poincare sphere. The principal 

axis shows the Stokes parameters. Each point on the sphere represents the polarization state by 

Monte Carlo, and points are linearly colored along the axis of S3.  

 

RPM Performance Compared to QPM 

As demonstrated before RPM is very well suited for ultrafast three-wave interactions. In 

fact, the group delay walk-off between the waves with different wavelengths, especially when few-

cycle pulses are used, limits the interaction length to less than 1 mm. Here, we evaluate the 

performance of RPM in ZnSe by comparing it with QPM in the case of an ultrafast interaction. 

We modeled an ideal ZnSe QPM material, which used nonlinear coefficient of √4/3𝑑14. For the 
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same sample length, the SH power in RPM is compared with the one in QPM as shown in Figure 

19, indicating that with a small number of grains there is a greater chance that RPM can perform 

on par with a QPM. In a separate ultrafast OPO experiment, it is shown that by using hot spots the 

OPO threshold for an RPM ZnSe sample with 5-10 coherence length is 90 mW, while that of 

oriented patterned GaAs in a similar OPO arrangement is 8 mW. Since the nonlinear figure of 

merit in GaAs is 6.5 times larger (at Brewster angle operation) it is calculated that the parametric 

gain in RPM ZnSe is close (to within less than a factor of 2) to the one for an ideal QPM sample 

with the same length. As the modeling shows, for this small number of grains participating, the 

threshold is in the range of consistency. The polycrystalline ZnSe is a great candidate as the gain 

medium for a femtosecond laser source especially because the QPM ZnSe is not yet available. 
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Figure 19. RPM SHG efficiency normalized to QPM efficiency (only parallel output component is counted) 

verses normalized sample length. For each sample length (1, 3, 10, 30, 100, 300 Lcoh), Monte 

Carlo simulation is performed using 1,000 sets of random structure and the average efficiency 

is shown with the solid line. Nonlinear coefficient of √4/3d14 is used in the QPM condition. 
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CHAPTER FOUR: 

 NUMERICAL SIMULATION FOR BROADBAND MID-INFRARED 

OPTICAL PARAMETRIC OSCILLATORS 

Introduction 

Mid-infrared frequency comb sources have been providing rich and quantitative 

information of molecules by using various spectroscopic techniques. For spectroscopic detection 

of a mixture of multiple species, one needs a spectrally broad comb with enough power. Yet, 

fulfilling these metrics simultaneously has been challenging. The exploration of suitable laser 

sources is particularly active recently, and full transparency range of materials are now being 

exploited in various approaches through nonlinear frequency conversion. Intra-pulse difference 

frequency generation (IDFG) exhibits a simple scheme after preparing amplified and/or temporally 

compressed high-power pump pulses. The spectra seamlessly cover throughout longwave portion 

of the mid-infrared range in different kind of nonlinear media, such as LiGaS2, OP-GaP, ZnGeP2, 

GaSe, and polycrystalline ZnSe/ZnS [7–10,25]. Although the spectrum spans more than an octave 

wide, the mid-infrared output power is limited due to the low conversion efficiency. The spectrum 

components generated by IDFG have zero carrier-envelope offset (CEO), however, the generated 

spectrum by a cascaded interaction with pump laser pulse can have different CEO component, thus 

not a single frequency comb. Supercontinuum (SC) generation in nanophotonic waveguides made 

from silicon or silicon nitride generates broadband mid-infrared combs reaching the longwave 

cutoff of the material [17]. They operate with small input pulse energy, and group-velocity-

dispersion (GVD) engineered structure controls the spectral shape, but the spectral density 

distribution is strongly uneven. Microresonator-based Kerr frequency combs present compact and 

robust system, yet the spectrum coverage is limited to the wavelengths around the CW pump laser. 
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Each MIR comb source has its advantages and drawbacks. In terms of spectral bandwidth, 

accessible MIR output power and coherency, optical parametric oscillators (OPOs) have been 

holding the promise for real-world applications. Among them, a synchronously pumped 

subharmonic OPO demonstrates instantaneous broad bandwidth and most importantly the down-

converted comb inherits the coherence property of the pump combs [53,54]. 

Thanks to the intensive study and development of mode-locked Cr:ZnS/ZnSe lasers of 

watt-level average power, the accessible power of MIR range will certainly increase owing to 

relatively high conversion efficiency of frequency down-conversion in OPOs. With the 

combination of newly developed nonlinear medium OP-GaP, which has zero group velocity delay 

around the half frequency of the pump laser (center wavelength of 2.35 µm), and the injector that 

injects pump beam into a cavity without introducing extra phase, the broad spectrum (3-12 µm) in 

a resonant system is achieved [55]. 

This high-intensity pump pulses may lead a complex spectrum broadening process beyond 

the conventional χ(2) subharmonic OPO due to the third-order nonlinear susceptibility χ(3) effect. 

With increasing pump intensity, the intensity dependent phase shift and four-wave mixing effect 

play a significant role in the pump pulses and accordingly for the circulating mid-infrared pulses, 

which is similarly observed in high-power picosecond OPO [56]. In the case of degenerate 

femtosecond OPOs, it may extend the spectrum to the longwave cutoff of materials, or the 

spectrum would merge and become indistinguishable to the pump laser. 

In this work, we model broadband mid-infrared combs in a minimally dispersive cavity 

based on OP-GaP crystal. Taking the parameters from the recently demonstrated experiment, the 
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simulation result is compared with the experimental result, especially focusing on the role of χ(3). 

Furthermore, the simulation predicts the time-domain profiles of OPO waveform. 

 

Nonlinear Single-Wave Propagation Model in an Optical Parametric Oscillator 

To simulate the evolution of the OPO pulses, we used an approach based on the nonlinear 

wave equation in the frequency domain, which treats all the interacting waves, including the OPO, 

pump, sum frequency (SF), and second harmonic (SH), as a single field and describes the dynamics 

of the electric field rather than that of the envelope [57,58]. The commonly used approach to 

distinguish waves by their spectral bands, so-called coupled-wave equation, is impractical here. 

The limitation to certain wavelength bands would intrinsically suppress unpredicted mixing 

products generated by cascaded processes or dismiss the dissipation of pump energy to higher 

frequency regime in down-converting OPO system, for example. Using this method in prior 

research, for instance, the formation and interaction of few-cycle soliton and the octave spanning 

pulses by cascaded nonlinear process are demonstrated [59,60]. This method is more suitable to 

simulate our ultrabroadband subharmonic OPO pulses for the reasons that (i) there are several 

overlapping spectral bands, e.g. between the pump laser and the OPO, and (ii) the nonlinear crystal 

can provide simultaneous phase-matching for multiple χ(2) (including cascading) and χ(3) (intensity-

dependent phase shift and four-wave mixing) nonlinear processes. The key point of this equation’s 

derivation from Maxwell’s equation is that the approximation is based on slowly evolving wave 

approximation (SEWA), physically meaning that the envelope of electric field and the relative 

carrier phase must not significantly vary as the pulse covers a distance equal to the wavelength 
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𝜆0 = 2𝜋𝑐/𝜔0. In return, it does not explicitly impose a limitation on the pulse or spectral width, 

which is the requirement of frequently used approach: slowly varying envelope approximation 

(SVEA). Assuming that all the interacting waves are co-polarized, and under plane-wave 

approximation, the evolution of the circulating electric field in the nonlinear medium is described, 

in the frequency domain: 

𝜕𝐸̃(𝑧,𝜔)

𝜕𝑧
+ 𝑖𝑘(𝜔)𝐸̃(𝑧, 𝜔) = −𝑖

ω

2𝜖0c𝑛(𝜔)
𝑃̃NL(𝑧, 𝜔), (13) 

𝑃̃NL(𝑧, 𝜔) = 𝜖0(𝜒
(2)ℱ{𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)} + 𝜒(3)ℱ{𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)𝐸(𝑧, 𝑡)}), (14) 

where 𝐸(𝑧, 𝑡) is the time-domain E-field, 𝐸̃(𝑧, 𝜔) is the frequency-domain E-field, 𝑃̃NL(𝑧, 𝜔) is 

the nonlinear induced polarization in the frequency domain, 𝑘(𝜔) is the wavevector module in the 

medium, c is the speed of light in vacuum, 𝜖0 is the vacuum dielectric permittivity, 𝑛(𝜔) is the 

refractive index, ℱ{ } represents Fourier transform, and 𝜒(2)  and 𝜒(3)  are quadratic and cubic 

nonlinear susceptibilities, respectively. It is noted that the frequency domain has a range (−∞,∞), 

and the wave vector 𝑘(𝜔) has its content in negative frequency, which is the complex conjugate 

of that in positive frequency. This set of equations can be numerically solved by split-step Fourier 

method. For each propagation step of Δ𝑧, it switches between the time and frequency domains to 

calculate nonlinear interaction and linear propagation (dispersion and absorption) respectively. 

At the exit of the nonlinear medium (𝑧 = 𝑙), the pulse proceeds to a linear propagation in the cavity 

with dispersion and loss (including the one for the output coupling). The feedback loop is closed 

when a new pump field is added to the existing field, starting a next roundtrip.  

𝐸̃(𝑚)(0,𝜔) = √𝑅𝑖𝑛𝑗(𝜔)𝐸̃in + √1 − 𝑅𝑖𝑛𝑗(𝜔)√1 − 𝑙𝑜𝑠𝑠 𝑒𝑖𝜙(𝜔)𝐸̃(𝑚−1)(𝑙, 𝜔)  ( 15 ) 
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Here m indicates the roundtrip number, 𝑅𝑖𝑛𝑗(𝜔)  is the intensity reflection coefficient of the 

injector and loss is the combined intensity loss in the cavity from the outcoupling, gold mirrors, 

scattering, and ϕ(ω) is an extra phase because of the cavity-length mismatch and dispersion of the 

intracavity elements other than the nonlinear medium. 

 

Numerical Calculation 

A quantum noise (1 photon per mode) was added in the frequency domain as an input for 

the first roundtrip to initiate the parametric process. The calculation was stopped when the change 

of the current and former roundtrip pulses is negligible, which is approximately 50-150 roundtrip 

depending on the cavity length. With the time/frequency grid points of 215 and propagation length 

of 500 µm, the computation for one roundtrip takes a few seconds. 

The parameters used in the simulation are completely based on the experiment. The 

schematic of experimental setup is shown in Figure 20. The input pulse was a hyperbolic secant 

function with the center wavelength of 2.35 µm and the pulse duration of 62 fs. The peak cross-

section-averaged incoming pump peak intensity was set to 50 GW/cm2. The thickness of the OP-

GaP crystal was 500 µm with the QPM period 110 µm. The dispersion operator Re[𝑘(𝜔)] includes 

all dispersion orders calculated from the refractive index given in ref. [61]. The nonlinear 

coefficient of GaP is 𝑑14 = 35 pm/V. As for the value of nonlinear refraction, we took 𝑛2 =

1.9 × 10−18 m2/W; this was based on the measured value (𝑛2 = 7 × 10−18 m2/W) for λ=1.04 

µm [26] scaled to λ≈4.7 µm using the scaling law derived from the two-band model of a 
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semiconductor [41]. The refractive index, group velocity, and group velocity dispersion of GaP is 

shown in Figure 21. 

 

Figure 20. Schematic of OPO. The injector highly reflects the pump and highly transmits the signal and 

idler waves. 

 

 

Figure 21. Refractive index (left), group velocity (middle), group velocity dispersion (right) of GaP in the 

MIR. 



 

 42 

Output Spectrum 

Figure 22(a) shows the injector transmittance and normalized parametric gain (acceptance 

bandwidth) calculated from a phase-mismatch to the pump. The injector has a broad transparency 

from 3 µm to 12 µm and a high reflection for the pump pulse. Figure 22(b) shows the calculated 

extra phase for each element and their total [62]. The total extra phase has a broad flat region, 

where the pump and the generated signal propagate at the same group velocity. The asterisks 

indicate the spectral point where the acquired phase per roundtrip is multiplication of 2π compared 

to the flat phase portion of OPO. The simulated spectrum agrees well with experimental data as 

shown in Figure 22(c). In addition to OPO spectrum, the broadening of pump pulse and the 

oscillatory behavior of SFG due to the drastic phase accumulation corresponds well with the 

experiment.  
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Figure 22. (a) The injector transmission and the normalized parametric gain. (b) Calculated extra phase in 

a cavity for each optical component. (c) The output spectrum of the experiment (red) and the 

simulation (blue). 

 

Figure 23 presents the color-coded intensity spectrum as a function of cavity length 

detuning for the experiment (left), the simulation that includes all possible instantaneous three- 

and four-wave interactions (middle) and the simulation that includes only three-wave interactions 

(right). First, the calculated spectrum matches well with the experimental spectrum if taking into 

the account of χ(3). The role of χ(3) is (i) smoothening the long-wave spectrum around 7-10 µm and 

(ii) filling the dip at the degenerate wavelength at 4.7 µm. In the non-degenerate mode, one can 

2

OPO

SFG
(Pump + OPO)

Pump laser

Simulation output

Simulation input

10003000 20005000

Wavenumber (cm-1)

T
ra

n
s
m

it
ta

n
c
e

 (
a
.u

.)

N
o
rm

a
liz

e
d
 g

a
in

 (
a
.u

)

E
x
tr

a
 p

h
a

s
e

(r
a
d

)
a

b

c

S
p
e

c
tr

a
l 
p
o

w
e
r 

d
e

n
s
it
y
 (

d
B

)

Wavelength (µm)

GaP AllInjector + ZnSe wedge

G
a
in

 c
u
rv

e Injector transmittance

40006000

0
2π
4π
6π

-2π
-4π



 

 44 

see that spectrum in the signal is broader than that of idler, which is not the case for only with χ(2) 

where you split one photon into two. This can be explained by the fact that the SPM induced 

spectral broadening is proportional to the photon energy. Also, SPM effects in the normal 

dispersion regime can generate new high/low frequencies, on the other hand in the anomalous 

dispersion regime, SPM compensates pulse broadening and leads soliton-like propagation. 

Another χ(3) effect to be mentioned here is four-wave mixing (FWM). In the long-wavelength 

portion of OPO spectrum, the phase-matching condition is satisfied thanks to the anomalous 

dispersion in GaP. For example, in the degenerate case, the 2 photons at 6 µm transfer to 4.5 µm 

and 11 µm.  

 

 

Figure 23. Spectrum vs. cavity length detuning. Experimental spectrum (left), simulated spectrum with both 

χ(2) and χ(3) included (middle), simulated spectrum with only χ(2) (right). 

 



 

 45 

The single wave method also covers the SH range of the pump laser. Some peaks of SH 

can be explained by the process of high order quasi-phase matching. Since the QPM grating has 

many different frequency components, the phase matching can occur for unexpected wavelengths. 

The phase-mismatch for higher order in SHG is expressed as follow 

Δ𝑘SHG = 𝑛2
2𝜋

𝜆2
− 2𝑛1

2𝜋

𝜆1
− (2𝑚 + 1)

2𝜋

Λ
 ( 16 ) 

where m indicates the mth-order QPM grating and Λ is the period of OP-GaP. It is noted, however, 

that the efficiency of mth-order phase-matching is proportional to (2m+1)-2. Figure 24 shows the 

simulated and experimental spectrum in 700-1800 nm range when OPO is operating and when 

OPO is not operating. The high-order QPM curve predicts the peak in SHG, and it matches well 

with the experiment. The higher order of m = 2,3 is observed. This calculation results can be 

helpful when detecting the carrier envelope offset frequency at near infrared region. 
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Figure 24. Simulated output spectrum in 700-1800 nm. The bottom figure shows the high-order (m = 0, 1, 

2, 3, 4 from right to left) QPM phase mis-matching curve for SHG. 

 

In subharmonic OPO the large pump depletion has been observed. The simulation tracks 

the energy transfer of the pump. As Figure 25 shows that for the small output-coupling (3.4%) the 

pump deletion is found to be 68% and most of the pump power amplifies (compensating the loss) 

the mid-infrared pulse. Some other energy transfers to SFG and SHG. The circulating mid-infrared 

pulse has 1.6 times higher energy than that of the pump energy (100 vs. 157 in Figure 25). The 

average output power is calculated to be 64 mW, which is a good agreement with the value 53 mW 

obtained in the experiment. 
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Figure 25. The calculated energy conservation in the OPO. In a steady state of OPO, 68% of the newly 

injected pulse energy mostly converts to MIR energy. 

 

Temporal Waveform 

The equation directly solves the dynamics of the E-field of laser pulse in nonlinear medium, 

which contains the information about the phase. The E-field of MIR output is calculated after 

filtering out the MIR portion of 3-13 µm. Compared to the pulse duration of the pump pulse that 

is 62 fs, the OPO pulse duration is about 3 times shorter due to the broadened spectrum as shown 

in Figure 26. Also, the absolute peak amplitude of the E-filed is 2 times larger than the pump pulse. 
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Figure 26. Simulated time-domain profiles for the E-field (left) and intensity (right) of the OPO pulse. 

Regarding the top spectral band in Figure 23 that has a narrower spectrum than the second 

spectral band from the top, the pulse duration is 35 fs. This peak is relatively stable: less change 

of temporal and spectrum shape at every roundtrip. Also, the carrier envelope phase is analyzed 

briefly in time domain. Looking at the pulse train, as shown in Figure 27, the carrier phase of each 

pulse from a cavity is flipped exactly by π, indicating that the change of carrier phase is Δ𝜙CEP =

𝜋.  
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Figure 27. The electric fields for different number of trips in a cavity for the longest cavity length. 

 On the other hand, when it comes to the broadest spectral band (second peak from the top in Figure 

23), every pulse is identical, indicating Δ𝜙CEP = 0. This is consistent with the parameter of CEO 

that is set to zero and thus the properties of phase in OPO. Additionally, it satisfies the property of 

phase-locking in subharmonic OPOs [53]. 

 The pulse formation dynamics is also explored. So-called temporal simulton [63] is 

observed for the first peak from the top in Figure 23, which has a relatively higher threshold with 

larger conversion efficiency slope against input power. For the cavity length slightly longer than 

the synchronously operated cavity length, the pulse can accelerate in time to compensate the cavity 

length mismatch. Figure 28 agrees well with this theory where after a gain saturation, the pulse 

accelerates in time. This spectral band has the largest threshold among all other spectral bands, 

also indicating it is the simulton working regime. 
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Figure 28. Pulse evolution for the longest cavity length. The envelope of electric field is normalized for 

each cavity round trip. 

 

The simulation can be further extended to (i) calculate the spectrogram to visualize the time-

dependent frequency within the pulse as a frequency resolved optical gating trace and (ii) analyze 

the stability of carrier envelope phase for each OPO output pulse. 
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CHAPTER FIVE: NONLINEAR ABSORPTION AND REFRACTION IN 

THE MID-INFRARED 

Introduction 

Nonlinear optical (NLO) materials have advanced coherent laser sources and applications 

such as frequency-comb spectroscopy for the mid-infrared (MIR) region. The exploration of such 

a coherent beam based on nonlinear frequency conversion via χ(2) media is particularly active in 

recent years, and the large portion of MIR spectrum is covered limited only by the materials’ 

transparency range. The broadband MIR generation has been achieved as frequency down-

conversion in intra-pulse difference frequency generation based on GaP, ZnSe, GaSe, and ZGP 

[8–10,25], and in optical parametric oscillators based on GaP [15,64]. These crystals have an 

extremely broad MIR transparency stretching beyond 10 µm and possess high quadratic 

nonlinearity. Thanks to the crystals’ relatively large band gap energies (> 2 eV), they are not 

expected to suffer from two-photon absorption when pumped at λ> 1.25 µm; however, with 

increasing available pump power by using e.g. few-cycle optical pulses, high-order effects may 

come into play even though MIR photon energy is small (~0.5 eV). To avoid roll-off of generated 

signal, high power laser sources require NLO materials with low multiphoton absorption (MPA). 

Accurately characterizing MPA will pave its way for more applications in high power sources in 

the MIR region. So far, among those crystals, there is no MPA (N≥4) measurement data available 

except four-photon absorption in GaP [21]. Another important mechanism contributing to 

nonlinear absorption (NLA) is free carrier absorption (FCA), which is led by MPA-assisted 

excited-state intraband absorption. The number of carriers generated is dependent on the pulse 
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duration, hence the pulse duration is the critical factor to assess FCA. In many NLA measurements, 

the effect of FCA is dismissed, leading to an overestimation of MPA. 

The high-intensity pump pulses may introduce complex light-matter interactions beyond 

the conventional χ(2) effect in these crystals due to the χ(3) (or nonlinear refractive index n2) effect 

such as self-focusing, self-phase modulation (SPM), and four-wave mixing. Such applications 

using n2 effect include Kerr frequency comb in integrated photonics based on GaP [27,28] and 

supercontinuum generations based on ZnSe or GaSe [31,65]. The nonlinear refraction associated 

with spatial, spectral, and temporal effect needs to be characterized at the MIR for the nonlinear 

pulse evolution studies. 

Experiment Setup 

Figure 29 shows the schematic diagram of the experimental setup. We characterized the 

materials using nonlinear transmittance technique: open- (OA) and closed-aperture (CA) Z-scan. 

The beam of a linearly polarized mode-locked 2.35 µm Cr2+:ZnS laser, with an average output 

power of 1.2 W, at 79 MHz repetition rate and 62-fs pulse duration was focused by an off-axis 

parabolic mirror (OAP), and the transmitted power was recorded while the sample was translated 

along the focus by a motorized stage. The material was placed closed to the normal incidence 

avoiding back reflection to the laser (ZGP was anti-reflection coated). The thickness of the 

materials was 0.50 mm for GaP, 0.10 mm for ZnSe, 0.46 mm for GaSe, and 1.0 mm for ZGP. The 

transmitted signal was measured using a large area pyroelectric detector. The input intensity was 

controlled by a variable neutral density filter (2-mm SiO2 substrate) and was monitored by a 

reference detector to calibrate the transmitted power through the sample. With the knife-edge 
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measurement, the beam waist (1/e2 in intensity) was found to be 8.5 µm for f = 15 mm OAP and 

12 µm for f = 25 mm OAP, with the beam quality factor M2 close to unity as shown in Figure 30. 

 

Figure 29. Experiment setup. The focal length of the OAP is f = 15 mm (only for CA Z-scan measurements 

f = 25 mm OAP was used). The aperture was used for CA Z-scan. The spectrum analyzer was 

used in the spectral broadening experiment. 

 

 

Figure 30. Beam profiles focused by f = 15 mm (left) and f = 25 mm (right) off-axis parabolic mirror. 
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Figure 31. Interferometric autocorrelation based on two-photon absorption 

 

The n2 was also characterized in the frequency domain using the optical spectrum analyzer (OSA) 

by measuring the spectral broadening via SPM. 

While multiphoton absorption is instantaneous process since the free carrier concentration 

accumulates in time, the pulse with longer duration has larger free carrier absorption when the 

peak intensities are same (Figure 32(a)). Note that their magnitude of MPA is the same. Therefore, 

to observe a FCA contribution, we stretched the pulse in time through dispersive material (a few 

mm sapphire plate) and measured pulse duration by intensity autocorrelation method, as shown in 

Figure 31 and Figure 32(b). Here, we used a different Cr2+:ZnS laser with 30-fs pulse duration. 

With 2mm and 3mm sapphire windows, the pulse was stretched to 49 fs and 70 fs from 30 fs, 

respectively.  
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Figure 32. (a) Schematic of contribution of FCA depending on pulse duration. The dashed lines show 

intensities after FCA. (b) Pulse durations measured by autocorrelation measurements. The 

experimental trace was fitted with a numerical simulation considering the group velocity 

dispersion effect introduced by a sapphire plate. 

Theoretical Modeling 

The intensity changes along the propagation direction, followed by subsequent FCA can 

be modeled in Eq. (17,18) assuming the pulse does not ‘see’ the carriers created by previous pulses 

which have not yet recombined. According to the literature, the free carrier lifetime is an order of 

a few ns, which is shorter than our pulse train period [66–68]. 

𝑑𝐼

𝑑𝑧
= −𝛼𝑁𝐼𝑁 − 𝜎c𝑛c𝐼  ( 17 ) 

𝑑𝑛c

𝑑𝑡
=

𝛼𝑁𝐼𝑁

𝑁ℏ𝜔
 ( 18 ) 

In terms of E-field, the pulse propagation inside a nonlinear material is modeled [69] 

𝜕ℰ(𝑟,𝑡,𝑧)

𝜕𝑧
=

𝑖

2𝑘
𝛥⊥ℰ(𝑟, 𝑡, 𝑧) −

𝛼𝑁

2
𝐼(𝑁−1)ℰ(𝑟, 𝑡, 𝑧) + 𝑖

𝜔

𝑐
𝑛2𝐼ℰ(𝑟, 𝑡, 𝑧)  ( 19 ) 
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𝑛𝑐 is the density of free carriers excited by MPA and 𝜎𝑐 is the FCA cross section. ℰ(𝑟, 𝑡, 𝑧) is the 

complex electric field amplitude, 𝑘 is the wavenumber, 𝛥⊥ is the transverse Laplacian operator, 

𝛼𝑁 is the Nth order MPA coefficient, and 𝐼  is the intensity expressed as 𝐼 = 𝜖0𝑐𝑛|ℰ|2/2. For 

modeling CA Z-scan experiment, the propagation to an aperture after a nonlinear material was 

modeled by Fresnel diffraction integral. The numerical implementation was done with the Crank-

Nicolson algorithm to account the diffraction term and the nonlinearity was treated by the second-

order Adams-Bashforth scheme. The diffraction term is required for characterizing samples 

beyond thin sample approximation. The nonlinear transmittance was calculated by temporally and 

spatially integrating the pulse energy after the propagation. 

FCA term is integrated into the equation as −
𝜎𝑐

2

𝛼𝑁

𝑁ℏ𝜔
∫ 𝐼𝑁(𝑡′)

𝑡

−∞
𝑑𝑡′ ℰ(𝑟, 𝑡, 𝑧) and similarly solved 

with the numerical method. The carrier density is also distributed corresponding to the intensity 

profile. The equations show that the FCA term is the order (N+1), implying FCA will dominate 

NLA as the intensity becomes high. 

 

Multiphoton Absorption Results 

To determine the dominant MPA order N, we performed OA Z-scan in a small absorption 

(|ΔT|<1%, where T is the transmission) regime, where -ΔT is proportional to the intensity to the 

power (N-1). Figure 33 is the log-log overview plot of the transmission change vs. peak intensity 

for different crystals. The value of the linear fitting slope is summarized in Table 2 with the good 

accordance with the expected MPA order N from the corresponding direct band-gap energies 
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Figure 33. The transmission change vs. the on-axis peak intensity for the different crystals. 

 

To compare these samples on the same page by normalizing by their thickness, we calculated the 

required peak intensity to have nonlinear absorption of 1 cm-1. We found that GaSe can tolerate 

the most to NLA while ZGP suffers from the absorption loss the most. 
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Table 2. Experimentally obtained MPA order and the tolerance of nonlinear absorption for different crystals. 

 GaP ZnSe GaSe ZGP 

Thickness (mm) 0.50 0.10 0.46 1.0 

Theoretical MPA order N 6 5-6 4 4 

 

Experiment N 

6.6 [111] 

5.6 [110] 

7.5 [001] 

Ave. 6.6 

4.9 [111] 

4.8 [110] 

4.6 [001] 

Ave. 4.8 

3.9 (x-axis) 

3.9 (y-axis) 

 

Ave. 3.9 

4.1 (o-ray) 

4.7 (e-ray) 

 

Ave. 4.4 

Peak intensity (GW/cm2) required for 

NL absorption of 1 cm-1 

 

100 

 

95 

 

143 
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Figure 34 shows the nonlinear transmission at |ΔT|>1%. A linear slope was observed for 

the materials. This is because at higher intensities the contribution of FCA becomes larger, or the 

self-focusing brings more absorption by increasing the intensity inside a material. It is expected 

that the absorption will be saturated as increasing the intensity by power depletion, especially for 

these high-order MPAs. GaP showed different slopes for different crystal orientations, but on 

average it follows the theoretically predicted value based on the band bap energy. ZnSe has a direct 

band bap energy of 2.7 eV, which corresponds to a cut-off wavelength of 2300 nm for 5 photon 

absorption. The pump laser has a broad spectrum and contains 21% of total energy below 2300 

nm, which can lead to 5 photon absorption. GaSe and ZGP have the same magnitude of band gap 

energy and show 4 photons are involved in MPA, however, ZGP showed slightly higher slope. 
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The fluorescence was observed due to the recombination of upper state carrier excited by 

MPA. Corresponding to crystals’ band gap energy, ZnSe had blue light emission and GaSe had 

red light emission. Although GaP has larger direct band gap energy than that of ZnSe, the 

fluorescence from GaP was green light emission, indicating the recombination happens in an 

indirect band gap (2.26 eV) assisted by phonon. 

 

 

Figure 34. The transmission change vs. the on-axis peak intensity for the different crystals at higher 

intensities. Insets show fluorescence from the crystals. 
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For GaP we performed OA Z-scan measurement in two regions with different crystal growth, 

substrate and orientation patterned portion, and there was no difference observed for NLA. 

 

Free Carrier Absorption Results 

Because free carriers accumulate over the length of excitation pulse, FCA is expected to 

be a function of pulse duration at fixed peak intensity. To estimate the role of free carriers, we 

performed the OA Z-scan for different pulse durations, while we controlled the intensity by the 

neutral density filter to keep the peak intensity for the pulses of different durations at the same 

level. Assuming that at the shortest pulse duration of 30 fs the FCA is neglected, we fitted 

experimental results by letting the absorption cross section 𝜎𝑐 as a variable. The peak intensity of 

110 GW/cm2 was used for GaP and ZGP, and that of 220 GW/cm2 was used for ZnSe and GaSe. 

For ZnSe and GaSe, nonlinear absorption was measured only at two different pulse durations due 

to their relatively small total NLAs compared to GaP and ZGP. Figure 35 shows the numerical 

simulation with the experiment result (marked as a green star) of how NLA changes with different 

pulse duration in GaSe. Here we assumed the MPA to be 2%, and used 𝜎𝑐 as a fitting parameter. 

As expected, when there are no FCA, the total NLA does not change with the input pulse duration. 

Also, the effect of FCA becomes larger for the larger free carrier cross section. 
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Figure 35. Numerical simulation of NLA with different pulse durations for a fixed MPA in GaSe. The 

points show the numerically calculated NLA at a fixed pulse duration, and the lines are the 

fitting for a constant FCA cross section. The stars show experiment result at the pulse 

durations of 30 and 49 fs. 

Table 3 shows our experimental results for the total NLA vs. pulse duration at a constant 

peak intensity and extracted FCA cross sections. We found that NLA strongly depends on pulse 

duration, even for the shortest pulses, the contribution of FCA can be significant and comparable 

to that of MPA, which is usually dismissed and leads to overestimating of MPA coefficients. The 

extracted FCA cross sections, ranging from 2x10-15 to 2x10-16 cm2, are 10 to 20 times larger than 

those reported in literature [70–72], considering the wavelength dependence. A possible 

explanation for this mismatch is that a constant FCA cross section model, valid for low levels of 

irradiation, is no longer valid at our peak intensities (> 100 GW/cm2) and peak E-fields (> 5 
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MV/cm). Different high-field effects in the conduction band may occur, such as multi-photon 

absorption to higher lying bands, or even scattering to adjacent valleys of the conduction band. 

 

Table 3. Nonlinear absorption for different input pulse durations and obtained FCA cross section. 

Nonlinear absorption (%) GaP 

[111] 

ZnSe 

[111] 

GaSe 

(y-axis) 

ZGP 

(o-ray) 

Pulse duration 30 fs 1% 1% 2% 5% 

Pulse duration 49 fs 2% 3% 8% 30% 

Pulse duration 70 fs 12% N/A N/A 37% 

FCA cross section σc (cm2)      2х10-15       5х10-16       2х10-16 2х10-15 

 

 

Nonlinear Refractive Index Results. 

The nonlinear refractive index n2 was characterized via two methods: CA Z-scan technique 

and spectral broadening method. The value of n2 obtained is summarized in Table 4. 

In CA Z-scan experiment, the peak intensity was reduced so that there was no NLA, which is 

around 20 GW/cm2 for ZGP and 70 GW/cm2 for the other three crystals. The experimental data 

were fitted with the modeling and the n2 was determined. The linear transmittance at the aperture 

was around 6%. Figure 36 shows the experimental data and the numerical fitting for different 
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crystals, including 0.5-mm poly-ZnSe. We first measured ZnSe as a reference sample whose n2 is 

well studied to validate our CA Z-scan method. 

 

Figure 36. CA Z-scan curves for different crystals. The dashed curves are the fittings from the model. 

GaP had the highest n2 and GaSe had the lowest n2 among these crystals, which did not follow the 

dependence of n0
-2Eg

-4 derived from the two-band model of a semiconductor [41]. For mono- and 

poly-ZnSe we got almost the same value. 

We also characterized n2 value through spectral broadening experiment. The sample was 

set at the focus and the output spectrum was recorded through an OSA. Only the central portion 

of the beam was coupled into the OSA. The spectral broadening by SPM was evaluated by the 

model including the total absorption, where GaP, GaSe, ZGP, and poly-ZnSe had the absorption 

of 25%, 4%, 48%, and 13%, correspondingly, with the intensity inside the materials around 150 
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GW/cm2. For mono-ZnSe no spectral broadening was observed due to the smaller thickness. The 

original spectrum and the broadened spectrum with the fitting are shown in Figure 37. In ZGP the 

spectrum bandwidth (FWHM) was broadened from 96 nm to 148 nm.  

 

Figure 37. Spectral broadening via self-phase modulation. 

Comparing with the values obtained from the CA Z-scan, they have a good match in terms of their 

order of magnitude among the crystals (Table 4).  
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Table 4. Measured values of n2 for different crystal in the CA Z-scan method and spectral broadening 

method. 

n2 (10-18 m2/W) GaP 

[111] 

Mono-ZnSe 

[111] 

GaSe 

(y-axis) 

ZGP 

(o-ray) 

Poly-ZnSe 

CA Z-scan 1.8 1.0 0.62 1.7 0.88 

Spectral broadening 1.8 N/A 0.80 1.7 1.1 

n2 from literature 3.5 [28] 

1.9 [21] 

1.1 [73] 

 

2.1 [23] 5.3 [74] 1.2 [31] 

1.2 [23] 

 

Comparing n2 with other literature, that of GaP and ZnSe has a good match, however, the one for 

GaSe and ZGP is 3 times smaller than those reported. 
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CHAPTER SIX: CONCLUSIONS 

Nonlinear optical frequency conversion is a powerful technique to generate MIR 

wavelength preserving a coherence of the pump laser. Through the use of high peak power MIR 

laser system or a few cycle pulses, various nonlinear interactions were studied both theoretically 

and experimentally, such as RPM, a combination of second- and third-order nonlinearity in OPO, 

nonlinear absorption, and nonlinear refraction.  

A rigorous model for RPM in a cubic zinc-blende structure was developed, which is based 

on the local nonlinear susceptibility distribution and the real grain size distribution. The model 

verified the statistical SHG distribution result obtained in our experiment. The theory of RPM 

where the power grows linearly with material thickness was confirmed. The output polarization 

state was found to become random as a beam propagate long distance in the medium. It was also 

shown that in the case of ultrafast interactions with focused beams, a disordered material consisting 

of randomly oriented domains can perform on par with a QPM material, and the world’s first OPO 

based on a disordered χ(2) material was demonstrated. RPM in polycrystalline materials, in addition 

to polycrystalline ZnSe, opens a new route for ultrafast interactions, for frequency up and down 

conversion, as well as for producing ultra-broadband mid-infrared frequency combs via frequency 

division. 

A numerical wave-propagation model for OP-GaP based ultra-broadband MIR OPO was 

presented. Using a nonlinear single-wave propagation model, the evolution of MIR pulse inside 

the cavity was characterized in frequency and time domain by treating all interacting frequencies 

as a single field. The propagation model in OPO and the details of the numerical calculation were 
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presented. The result of spectral evolution matched well with the experimental results, supported 

by the analysis of the extra phase in the cavity. By turning on and off the effect of cubic 

nonlinearity in the simulation, it was found that the high intensity circulating pulse induced SPM 

or FWM to make the spectrum broad and smooth. The simulation also predicted the spectrum 

shape in the near infrared region where the shape aligned with the high-order QPM theory. In the 

time domain, the electric field of MIR pulse was derived as well as its intensity form. The pulse 

formation dynamics in OPO were also analyzed and supported the theoretical predictions. 

High-order nonlinear optical effects in the MIR range were characterized for GaP, ZnSe, 

GaSe, and ZGP crystals. OA Z-scan measurements revealed the MPA order for each crystal, and 

it followed the predicted theoretical order derived from the bandgap energies. Out of the four 

crystals, GaSe had the least nonlinear absorption among all. Also, nonlinear absorption 

measurement with different pulse durations but with constant peak intensity revealed strong 

dependence on pulse duration due to accumulation of free carriers and their possibly strong 

nonlinear response at high irradiation field. The nonlinear refractive index for these crystals was 

obtained through the CA Z-scan method and spectral broadening experiment. With the numerical 

modeling, the values obtained from both experiments had a good match. These results will be 

critical parameters when designing experimental setups and analyzing a complex beam 

propagation inside nonlinear materials. 
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