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ABSTRACT 

The cascaded second-order nonlinearity arising from the second-harmonic 

generation process in noncentrosymmetric media is a novel approach to achieving the 

nonlinear phase shifts required for all-optical signal processing. The research presented 

in this dissertation demonstrated and measured the cascaded second-order nonlinearity for 

the first time in viable integrated optical waveguide formats. 

Cascaded self-phase modulation was measured in potassium titanyl phosphate 

(KTiOP04 or KTP) segmented quasi-phasematched waveguides at wavelengths near 

855 nm and in the optical fiber telecommunications window near 1.585 J.1m using 

picosecond and femtosecond pulses, respectively. Spectral modulation and broadening 

were observed on the output fundamental spectrum and compared to predictions from 

pulsed second-harmonic generation theory under conditions of group-velocity mismatch 

(temporal walk-off) and group-velocity dispersion. Peak cascaded phase shifts of the 

fundamental of approximately 1t at 855 nm were inferred with 690 W of peak guided 

power. Peak cascaded phase shifts of approximately rc/2 were inferred at 1.585 J.1m with 

760 W of peak power in the guide. 

Direct interferometric measurements of the magnitude and sign of the cascaded 

nonlinear phase shift of the fundamental were performed in temperature-tuned lithium 

niobate (LiNb03) channel waveguides at 1.32 J.1m. The cascaded phase shift was shown 

to change sign upon passing through the phasematching condition, as required by theory. 

Peak cascaded phase shifts of +0.53rc and -0.13rc were measured for 86 W peak power 

in these waveguides. A non-uniform temperature profile along the waveguide led to a 
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non-uniform wavevector-mismatch along the guide, resulting in an enhanced positive 

phase shift and an increased temperature bandwidth for the phase shift. 

The phase shifts achieved in this research are large enough to be suitable for some 

all-optical signal processing functions. 
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CHAPTER I 

INTRODUCTION 

1 . 1 Background & Statement of Problem 

The invention of the laser in 1960 ushered in two new and very exciting fields: 

optical telecommunications and nonlinear optics. The potential impact of the laser on 

telecommunications was immediately apparent due to the huge bandwidth offered by the 

THz carrier frequency of the optical signal. This opened a frequency window which was 

several orders-of-magnitude larger than that offered by existing microwave 

communications systems. The first demonstration of a semiconductor diode laser in 1962 

brought the dream of optical telecommunications closer to reality, as the diode laser 

represents a compact, reliable and inexpensive front-end for such a system. The problem 

of efficient and inexpensive delivery of optical communications signals was essentially 

solved in the 1970's with the development of the low-loss silica optical fiber. These 

fibers can have amazingly low losses of 0.2 dB/km or less at the 1.55 J.Lm 

telecommunications wavelength, and dispersion-shifting to 1.55 J.Lm allows optical pulses 

to propagate long distances without the deleterious effects of group velocity dispersion. 

Such silica fibers are the pavement of the "Information Superhighway", which is 

currently in vogue thanks to much media hype by political "experts". 

The remaining pieces of an optical telecommunications network are integrated 

switching, routing and modulation devices. Typically such functions are performed 

electronically by converting the optical signal into an electronic signal, manipUlating the 
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signal as desired, and then reconverting to an optical signal for further transmission. 

Such processing is inherently slow and inefficient. Current state-of-the-art high-speed 

switching and modulation is performed electro-optically in lithium niobate waveguide 

devices, such as electro-optic modulators and Mach-Zehnder interferometers. These 

devices are attractive in that the optical signals remain optical, but signal control is still 

done through electronic means. The speed of an electro-optic device is ultimately limited 

by electrode capacitance to the GHz regime. In order to fully exploit the potential of high 

bandwidth laser-based telecommunications, all-optical means of signal manipulation are 

required. 

Soon after the invention of the laser came the fortuitous discovery by Franken 

et at of nonlinear optical phenomena [Franken 1961]. Franken observed that when an 

intense ruby laser beam was focused into a quartz crystal ultraviolet light was created, 

which was the second-harmonic of the incident laser frequency. This was an astounding 

result, as such phenomena had been observed with strong electrical signals but never 

before with optical radiation. In day-to-day optical phenomena the fields involved are 

weak, and the response of a medium is linearly proportional to the incident electric field. 

Hence the term "linear optics". Common examples of linear optics are refraction of light 

through lenses, specular and diffuse reflection from surfaces, and coloration through 

selective absorption. The advent of the laser allowed the creation of extremely intense 

electric fields which rival the magnitude of intra-atomic fields. When such an intense 

optical field impinges on a medium, the response is no longer linear, but is in fact 

proportional to the second, third, and even higher powers of the electric field. Thus, the 

laser has opened the door to the study of "nonlinear optics". The second-harmonic 

generation observed by Franken is an example of a medium responding to the square of 

the incident electric field. Nonlinear effects such as intensity-dependent refraction, third-
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harmonic generation, and two-photon absorption arise from the third power of the 

incident field. All of these interesting effects require the high intensities that can only be 

obtained with laser sources, and are thus relatively new and novel. Much research is 

currently underway to fully understand and exploit these phenomena, as evidenced by 

this dissertation. 

One of the most interesting developments of the past two decades has been the 

merger of the seemingly disparate fields of optical telecommunications and nonlinear 

optics. Almost immediately after the fiber loss problem was solved in the early 1970' s, 

nonlinear effects were observed in optical fibers due to the small confinement area and 

long interaction length afforded by fibers. Nonlinearities such as stimulated Brillouin and 

Raman scattering, self- and cross-phase modulation, and surprisingly even second

harmonic generation have been studied extensively in fibers [Agrawal 1989]. These 

effects are often problematic for high power pulse propagation in fibers, but useful 

consequences have arisen. For instance, a balance of positive frequency chirp from self

phase modulation and negative chirp from group velocity dispersion, as found in fibers at 

1.55 Ilm, leads to soliton formation and propagation. Solitons have the amazing property 

of being able to propagate for extremely long distances without pulse distortion, and are 

thus ideal for fiber optic telecommunications systems. Recent experiments have 

demonstrated several Gbitlsec signal propagation over 10,000 kIn with bit error rates of 

10-10 or better [Mollenauer 1990], and experiments have even been performed which 

indicate that transmission over 1,000,000 km is feasible [Nakazawa 1991]. Obviously, 

this is more than sufficient for any optical communications link on this planet! 

Thus, the signal generation and transmission problems for ultra-high speed 

telecommunications have largely been solved. The remaining piece of the puzzle, as 

mentioned previously, is to find integrated all-optical methods of signal switching, 
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routing and modulation. Once again, nonlinear optics and telecommunications merge, as 

waveguide nonlinear optics has been under investigation for such purposes for well over 

a decade [Stegeman 1988]. The basic premise of the nonlinear all-optical switching 

device is that all data manipulation is done optically, thus removing the requirement to 

convert optical signals to electronic signals and vice versa. This reduces system 

complexity and cost, while potentially increasing system speed to fundamental THz 

limits. In addition, such devices can be configured to perform basic Boolean logic 

operations and thus could be the building blocks of high-speed all-optical data 

processors. While a general purpose table-top all-optical computer is not likely within the 

foreseeable future, there is great need for dedicated high-speed signal processing devices. 

This need is concomitant with the rapid growth of the fiber telecommunications network, 

as the massive amounts of information which will be carried on these fibers will need to 

be processed at the receiving end. 

Traditionally, all-optical switching schemes have relied on the nonlinear refractive 

index (Kerr nonlinearity) of a waveguide, which, as will be discussed in detail later, is a 

third-order effect. The nonlinear directional coupler (NLDC), first proposed by Jensen in 

1982 and subsequently demonstrated in a number of materials and configurations [Jensen 

1982, Li Kam Wa 1985, Friberg 1988, Villeneuve 1992], is a classic example of an all

optical switch based on the nonlinear refractive index. In brief, the NLDC consists of 

two waveguides in close proximity such that an optical signal launched into one guide 

couples evanescently to the other guide, so that at some length down the device (the half 

beat-length), all of the input energy is coupled over to the adjacent waveguide. So far, 

this simply describes the operation of a linear directional coupler, and the coupling 

conditions are determined by device parameters such as guide separation and refractive 

index. If the waveguides and/or the surrounding medium possess an intensity-dependent 
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refractive index, efficient coupling is frustrated for high intensity signals, and these 

signals remain in the guide within which they were launched. Thus, the device behaves 

as an all-optical routing switch which is controlled by signal intensity, with low intensity 

signals routed in one direction and high intensity signals in the other. Similarly, 

nonlinear Mach-Zehnder interferometer modulators have been demonstrated, in which the 

nonlinear refractive index leads to a phase shift in one arm relative to the other which 

drives the device on or off with intensity [Al-hemyari 1992]. 

There are several problems with devices such as these which rely on the Kerr 

nonlinearity. First and foremost, the nonlinear Kerr effect arises from the third-order 

term of the Taylor expansion which forms the general nonlinear polarization, and as such 

is typically much smaller than first- and second-order effects. For most optical materials 

at frequencies far from any resonances, the Kerr coefficient, n2 (such that the nonlinear 

contribution to the refractive index is 112 times I, the intensity), is on the order of 10-15 to 

10-13 cm21W. This indicates that high intensities of several GW/cm2 andlor long device 

lengths of several centimeters to meters are required to achieve nonlinear phase shifts of 7t 

or more, which are required for successful optical switching [Stegeman 1990]. The value 

of n2 can be increased by using optical frequencies which are near material resonances, 

and many devices based on the resonantly-enhanced nonlinear refractive index have been 

investigated [Li Kam Wa 1985, Finlayson 1989]. The universal problem with this 

approach is that operation near resonance leads to excessive linear and nonlinear 

absorption, which severely curtails device operation and effectively prohibits devices 

from being made without unacceptable insertion loss. Thus, most material systems and 

device configurations attempted to-date have failed to deliver useful all-optical switching 

devices. The one exception is the promising work done in AIGaAs-based devices 

operated at wavelengths below half the bandgap to avoid linear and nonlinear absorption 
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[Villeneuve 1992]. Although very impressive switching performance was achieved in 

these devices, high intensities of several GW/cm2 were required. This is unfortunate, as 

such intensities are not available in diode laser driven telecommunications systems and are 

not likely to be used in optical signal processors. 

Since the path of third-order nonlinear optics has thus far not led to the "holy 

grail" of a practical integrated all-optical switch, another path was investigated. It has 

been known since the early years of nonlinear optics that the second-order process of 

second-harmonic generation could lead to nonlinear phase shifts of the fundamental under 

appropriate conditions [Ostrovkii 1967, Thomas & Taran 1972, Klyshko 1974], but the 

utility of this effect for integrated all-optical switching was not fully appreciated until very 

recently [Assanto 1993]. A nonlinear phase shift on the fundamental can arise during the 

second-harmonic generation process when photons are upconverted to the second

harmonic and subsequently downconverted back to the fundamental in a cascaded 

fashion. Physically, this phase shift arises when the second-harmonic generation process 

is not phasematched, which means that the fundamental and second-harmonic waves 

travel at different phase velocities. Thus, the second-harmonic phasefront will lead or lag 

the unconverted fundamental phasefront. When the process is reversed and the second

harmonic downconverts to the fundamental, the total fundamental field will be a 

superposition of the unshifted wavefront and the shifted wavefront. In this manner a net 

nonlinear phase shift is impacted on the fundamental. This is illustrated diagrammatically 

in Figure 1-1. 
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Figure 1-1 Diagram showing the physical origin of cascaded nonlinear phase 
shifts. Lengths of arrows represent phase velocities. In this case, 
the 2(0 wavefront lags behind the (0 wavefront, giving a negative 
phase shift. 
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This is the so-called "cascaded second-order nonlinearity", which forms the basis 

of this dissertation. The important introductory points are that this effect can lead to very 

large nonlinear phase shifts at relatively low powers, over short lengths, and potentially 

with no loss. This is possible because the cascaded nonlinearity arises from the second

order term of the polarization expansion, which is typically (for noncentrosymmetric 

media, as discussed later) larger than the third-order term. Also, second-harmonic 

generation is a virtual transition process, and is thus inherently lossless except for the 

linear and nonlinear absorption of the fields involved. In fact it is theoretically possible 

via cascading, as will be shown later, to achieve effective n2's which are several orders

of-magnitude larger than the natural third-order n2 of materials, and this can be done with 

little or no loss. Thus, cascading offers hope for the realization of low intensity operation 

of short, low loss, practical all-optical switching devices. 

This renewed interest in phase shifts from second-harmonic generation led to the 

recent observation of cascaded nonlinear refraction in bulk potassium titanyl phosphate 

(KTP) by DeSalvo et al [DeSalvo 1992]. In order for this effect to be useful for 

integrated optic devices, it had to be demonstrated in a viable waveguide format, which 

was done for the first time during the course of this research [S undheimer 1993, 1994a]. 

Thus, the groundwork has been laid for the future development of integrated photonic 

devices based on cascaded second-order nonlinearities. 

1 .2 Scope of Research 

As discussed, the purpose of this research was to investigate cascaded second

order nonlinearities in waveguides, the result being the demonstration and measurement 

of cascaded phase shifts in waveguides. This was done in two different material systems: 

potassium titanyl phosphate (KTiOP04 or KTP) and lithium niobate (LiNb03). Two 
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different phasematching schemes were used: quasi-phasematching for the KTP 

waveguides and type-I birefringent phasematching for the lithium niobate guides, and two 

different experimental techniques were used to investigate the cascaded nonlinearity: 

measurement of spectral broadening due to cascading-induced phase modulation in KTP, 

and direct interferometric measurements of cascaded phase shifts in lithium niobate. 

Cascading can also manifest itself not only as a nonlinear phase shift but also in 

third-harmonic generation, another nonlinear process which is typically attributed to the 

third-order susceptibility [Torruellas 1991]. In this situation the term "cascading" refers 

to effects in centrosymmetric materials in which the microscopic molecular second-order 

hyperpolarizability is nonzero, but the macroscopic average is zero, leading to no bulk 

second-order susceptibility. However, second-order effects on a local microscopic level 

can occur which can cascade to give observable macroscopic contributions to the third

order polarization [Meredith 1982, Flytzanis 1976]. This microscopic cascading effect is 

beyond the scope of this dissertation. Rather, this research is devoted to the measurement 

of nonlocal cascaded phase shifts and phase modulation arising from the second

harmonic generation process in materials with macroscopic second-order susceptibilities. 

The theory of second-harmonic generation and the resultant cascaded second

order nonlinearity will be discussed in detail in Chapter 2. The traditional no-depletion 

treatment of continuous-wave second-harmonic generation is shown to lead to the 

effective n2 regime for the cascaded nonlinearity, in which the cascaded nonlinearity 

mimics the third-order nonlinear refractive index. General solutions including depletion 

are shown to exhibit cascaded nonlinearities with behavior which departs significantly 

from third-order nonlinearities, and the characteristics of these cascaded phase shifts will 

be discussed. Since the laser sources used in this experimental work were short-pulse 

CW modelocked lasers, the theory of second-harmonic generation had to be expanded to 
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the short-pulse regime in which effects such as intensity profiles, group velocity 

mismatch and group velocity dispersion are considered. This theory is presented and the 

resultant cascaded self-phase modulation (SPM) is discussed. 

Chapter 3 of this dissertation is a review of waveguides and second-harmonic 

generation, with special emphasis on waveguide phasematching techniques such as quasi

phasematching and birefringent phasematching. Basic terminology and well-known 

results of waveguide theory are presented. 

Chapter 4 discusses the experimental results of cascaded phase modulation 

measurements obtained in KTP quasi-phasematched waveguides. This was done in a 

waveguide with 4 Jlm periodicity near 850 nm with a self-modelocked Ti:sapphire laser, 

and in a waveguide of 25 Jlm periodicity in the telecommunications window near 1.5 Jlm 

using an additive-pulse modelocked NaCI:OH color-center laser. Phase modulation was 

measured both as a function of intensity and detuning from phasematch. Experimental 

results are compared favorably with theoretical predictions based on the short-pulse SHG 

theory of Chapter 2. Measured cascaded phase shifts are approximately 1t for the 4 Jlm 

guide and approximately 1tf2 for the 25 Jlm guide. 

Chapter 5 presents direct interferometric measurements of cascaded phase shifts in 

temperature-tuned lithium niobate waveguides at 1.32 Jlm. A novel pulse modulation 

interferometer [Rochford 1992] was used to perform the experiments, and a brief review 

of this technique is presented. Cascaded phase shifts were measured as a function of 

intensity and detuning, and are compared with theoretical predictions from detailed BPM 

analyses of these waveguides. In addition to measuring a cascaded phase shift of 

approximately 1t/2, the sign of the cascaded phase shift was shown to change as the 

temperature was tuned through phasematching. This is the characteristic signature of the 

cascaded second-order nonlinearity. Somewhat surprisingly, the nonuniformity of the 
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temperature profile along the waveguide was found to lead to a fortuitous increase in 

temperature bandwidth, and this effect and its implications are discussed. 

This dissertation is concluded in Chapter 6 with a summary of the results obtained 

in this research. This work lays the foundation for a number of exciting possibilities 

based on cascaded second-order nonlinearities, and some of these ideas are presented as 

directions for future research. The Appendix contains the theoretical background for the 

numerical beam propagation method used to model the short-pulse SHG equations and 

explain the cascaded SPM data. The Matlab code implementing the BPM is presented, 

results of test runs are given, and some interesting examples are provided. 



27 

CHAPTER II 

THEORY OF CASCADED SECOND-ORDER NONLINEARITIES 

The theory of cascaded second-order nonlinearities comes directly out of the 

theory of second-order nonlinear processes, of which second-harmonic generation 

(SHG) is the most well known example. Cascaded nonlinear phase shifts are an intimate 

but often overlooked aspect of SHG. It should be noted that second-order cascading is 

not unique to SHG but does in fact occur for all second-order processes such as sum- and 

difference-frequency generation, parametric processes, etc. Since SHG is the process 

which forms the basis of this experimental study of cascading, the theory of SHG will be 

examined in detail. 

After an initial brief overview of nonlinear optics, with an emphasis on Kerr 

nonlinearities, the theory of continuous-wave (CW) SHG will be presented in the usual 

no-depletion approximation and subsequently in more generality. Results from this 

theory lead to well-known aspects of SHG as well as cascaded phase shifts. The no

depletion approximation yields cascaded phase shifts which are very similar to those 

arising from n2, while the general theory produces phase shifts with features unique to 

cascading. These results will be examined in detail, as simple CW theory provides 

valuable insight into the cascading process. 

The use of short (psec and fsec) pulses in experiments necessitated the use of a 

theory which describes SHG from pulses, including the effects of the distribution of 

intensities across the pulse, group velocity mismatch, and group velocity dispersion. The 
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basic equations governing short-pulse SHG are presented and theoretical predictions from 

them are examined. These equations are of utmost importance to the understanding of the 

experimental phase modulation results, and detailed numerical analysis was performed 

using a beam propagation method (BPM) developed to model short-pulse SHG. This 

BPM is presented in the Appendix. 

2.1 Review of Nonlinear Optics 

The propagation of light is governed by Maxwell's equations, which can be cast 

in the form of a wave equation for the electric field vector in a source-free dielectric: 

2-- 2--
n2

E
-(- ) __ 1 a E(r,t) _ a P(r,t) 

v r, t 2 2 - 110 2 
c at at 

(2.1) 

where the vector P is the polarization of the medium. This polarization is created when 

an electric field impinges on a medium, and it then acts as a properly phased source term 

for reradiation of the field. This process repeats itself in a self-consistent manner, and 

thus the field propagates through the medium. 

In order to solve this equation, a relationship between P and E must be written. 

In general, this relationship must come from a quantum mechanical treatment of the 

dipoles in the medium, but for optical frequencies far from material resonances and for 

media with instantaneous response times (Le., much faster than the pulse duration), a 

phenomenological relationship is usually written which is a Taylor series in powers of the 

electric field [Hopf 1986]: 

(2.2) 

where the X's are the susceptibility tensors, and the dot operators represent dyad products 
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of the tensors and field vectors. Obviously, there are hundreds of possible terms if the 

above equation is written in component form. Fortunately, material symmetry often 

significantly reduces the number of independent elements, and many are zero. It should 

also be noted that, in general, the susceptibilities are complex. Insertion of terms of 

interest from this polarization into (2.1) and use of standard approximations such as the 

slowly-varying envelope approximation and writing the fields as quasi-monochromatic 

traveling waves makes the equation tractable. The typical result is a set of linear 

differential coupled-mode equations which describe the interactions between the fields of 

interest. Most, if not all, interesting effects in nonlinear optics are described very well by 

this classical approach, and it will be used later to derive the coupled SHG equations. 

The first term in (2.2) represents linear optics in which the source polarization is 

linearly proportional to the electric field, and from this term the linear refractive index and 

absorption coefficient are obtained. The linear refractive index is related to X(1) by 

(2.3) 

The second term in the expansion describes second-order nonlinear optics, such as SHG, 

and will be discussed in detail in the next section. The third-order term leads to the 

aforementioned nonlinear refractive index n2, as well as two-photon absorption, third

harmonic generation, and a host of other effects. Higher-order terms in the series lead to 

similar nonlinear effects, but these are rarely of significance in practice due to the 

extremely high fields needed to access these terms. 

Since phase shifts from cascaded second-order nonlinearities are proposed as a 

replacement for those obtained from the third-order nonlinear refractive index, it is 

instructive to develop the equations governing n2 as background. The term in the 

polarization which gives rise to the nonlinear refractive index is: 
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(2.4) 

where the i,j,k,l indices refer to the polarization directions of the field components, and 

summation over repeated indices is implicitly assumed, leading to mUltiplicative 

degeneracy factors 1.1. The fields are assumed throughout this treatment to be quasi-

monochromatic traveling plane waves of the form 

E(r,t) =.!. Eo(r,t)ei(k.r-rot) + C.c. 
2 

(2.5) 

where k is the propagation vector 21tnIA, and Eo(r, t) represents the slowly-varying 

envelope of the electric field. This means that the field amplitude changes slowly relative 

to the fast optical carrier. Thus, for all three fields at the same frequency ro and polarized 

in the same direction, say the x-axis of a crystal, the magnitude of the polarization term of 

interest becomes [Butcher 1990] 

(2.6) 

and the total polarization then becomes 

(2.7) 

Since the intensity is proportional to the magnitude squared of the electric field, it is 

immediately apparent that the X(3) term is an intensity dependent contribution to the linear 

susceptibility. Thus, by analogy with the linear refractive index, an intensity dependent 

refractive index can be obtained. The total refractive index is: 
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(2.8) 

where lis the intensity in W/cm2, and a Taylor series approximation has been used to 

evaluate the square root. This is justified since the nonlinear contribution to the total 

refractive index is typically much less than 10-3. Also, X(3) has been assumed to be real. 

For complex X(3) the real part is taken in (2.8). The imaginary part of X(3) leads to a two-

photon absorption coefficient in an analogous manner. The value of n2 for silica is only 

3xlO-16 cm2IW, and it is only an order-of-magnitude larger for KTP [DeSalvo 1993]. In 

fact, for most dielectric materials 112 is on this order, i.e., extremely small. 

As mentioned in Chapter 1, traditional all-optical switches have relied on this 

intensity-dependent refractive index for operation, typically through a nonlinear phase 

shift imparted on the field. For instance, for the half beat-length NLDC previously 

discussed, a nonlinear phase shift of 21t needs to be accumulated as the wave propagates 

down the device to frustrate coupling, and other switches which rely on Kerr 

nonlinearities need comparable phase shifts [Stegeman 1990]. The nonlinear phase shift 

acquired during propagation over length L is 

(2.9) 



32 

Thus, a 1 cm long NLDC made with a typical material with n2 = 10-15 cm2/W and 

operated at 1 Jlm would require an intensity of 45 GW/cm2 at best to switch! This 

intensity is well beyond the damage threshold of many optical materials, and the above 

estimate of switching intensity neglects effects such as saturation of the nonlinear phase 

shift and linear and nonlinear absorption. The best integrated NLDC results to date have 

been achieved with half-bandgap AIGaAs semiconductor devices, where n2 is perhaps 

100 times larger. This leads to a switching intensity near 500 MW/cm2, which is still too 

high for a device to be used in an optical telecommunications network. Device 

performance was limited in this case by three-photon absorption and group-velocity 

dispersion [Villeneuve 1993, Yang 1992]. 

2.2 Second-Harmonic Generation 

The process of second-harmonic generation is driven by the second-order term in 

the polarization expansion: 

(2.10) 

It can be seen by symmetry arguments that this term is present only in materials that do 

not contain a center of inversion symmetry, known as noncentrosymmetric materials. In 

other words, in centrosymmetric, isotropic materials such as glass, X(2) is identically 

zero. The proof of this is as follows: for centrosymmetric materials, reversal of the 

electric field direction should also reverse the polarization direction without affecting its 

magnitude. Thus, we write 

(2.11) 
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The only way this equation is satisfied is for X(2) = o. 

Physically, SHG arises when a strong electric field displaces bound electrons in a 

nonlinear way. In a noncentrosymmetric material the resultant polarization created in one 

direction is different than that created in the opposite direction, as shown in Figure 2-1. 

A Fourier analysis of such a polarization indicates that it is composed of three terms: a 

predominant component at the same frequency as the exciting field, a DC component 

which represents optical rectification, and a component at the second-harmonic of the 

incident field. It is this component which radiates the second-harmonic field. The optical 

rectification term is of no interest to this study and will be neglected. The interested 

reader is referred to the literature [Bass 1962]. 

P 
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Figure 2-1 Diagram of nonlinear polarization in noncentrosymmetric media. 
a) Linear and nonlinear responses to applied electric field. 
b) Distorted nonlinear polarization leading to SHG and optical 
rectification [after Yariv 1989]. 
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In the literature of SHG, the susceptibility X(2) is usually replaced by the 

d coefficient, which is half of X(2). The order of multiplication of the fields in (2.10) has 

no physical significance, i.e., dijk = dikj, so Voigt notation is used to contract the indices 

of d, resulting in a 3x6 tensor dij, which is tabulated below: 

Table 2-1 Voigt notation index contraction for d 

Index Pair ij Contracted Index j 

xx 1 

yy 2 

zz 3 

yz or zy 4 

xz or zx 5 

xy or yx 6 

Thus, the total second-order polarization can be written as the product of dij and Jt2: 

[Px] [dll dl2 d13 d14 diS d16] E2 
x 

Py = eo d21 d22 d23 d24 d25 d26 E2 

Pz d31 d32 d33 d34 d35 d36 
Y 

E2 
z (2.12) 

2EZE y 

2Ez E x 

2 ExEy 
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Crystal symmetry can further reduce the number of independent elements and 

causes many to be identically zero. For instance, crystals in the mm2 point-group, such 

as KTP, have only 5 tensor components: d15, d24, d31, d32, and d33, all of which are 

independent. Lithium niobate belongs to the 3m point-group and has 8 elements, only 

four of which are independent. Details on the form of the d-tensor for various crystal 

symmetry groups can be found in any standard nonlinear optics text [Hopf 1986]. In 

practice, electric field polarizations are rarely along crystal axes, so angular projections 

are taken which reduce dij to 1m effective value called dejf Once again, details are left to 

the literature. 

Another important symmetry consideration is know as Kleinman symmetry, 

which states that for frequencies far from resonances such that the material is lossless, the 

frequencies of the interacting fields can be interchanged, i.e., dispersion of X(2) is 

neglected. Through conservation of energy arguments, this can be shown to lead to 

complete interchange of indices in the X(2) or d tensors. In addition to further reducing 

the number of independent elements in d, this also allows the same susceptibility to be 

used for both frequency upconversion and downconversion. Mathematically this can be 

expressed as X(2)(-2oo; 00, 00) = X(2)(-00; 200, -(0). Similarly, the same X(2) is used for 

general three-wave mixings (frequency nondegenerate), thus simplifying the coupled

mode equations obtained by allowing the use of a single coupling coefficient. 

2.2.1 CW Coupled-Mode Equations 

In order to investigate SHG in detail, a set of coupled-mode equations can be 

derived by assuming that only two modes are present in the medium, i.e., the 

fundamental field at 00 and the SH field at 200. These equations describe the growth and 

depletion of the fundamental and SH as they interact during propagation. The derivation 
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begins by inserting the appropriate nonlinear polarizations from (2.12) into (2.1) for each 

frequency: 

(2.13) 

where the tensorial nature has been suppressed and dij has been replaced by its effective 

value. In this equation, El and E2 are the slowly-varying amplitude envelopes of the 

plane-wave fields at the fundamental and SH frequency, such that 

E ( ) 1 E ( ) i(kruz-rot) ro z,t =- 1 Z e +c.c. 
2 

E2ro(z,t) =.!. ~ (z)ei(k2W z-2rot) + c.c. 
2 

(2.14) 

Insertion of (2.13) and (2.14) into (2.1) and use of the slowly-varying envelope 

approximation (SVEA) 

d
2
E «kldEI 

dz2 dz 
(2.15) 

leads to the following coupled-mode equations which govern the change in amplitude and 

phase of the fundamental and SH 

dEl . m d fi'-E* iMz - = l- eft ..... /., Ie 
dz nroc 

(2.16) 

d~ . m dEE -iMz --=l-- eft I Ie 
dz n2roc 
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where Kleinman symmetry has been used to allow for the same deffin each equation, and 

the wavevector mismatch, M, is defined by 

(2.17) 

The first equation of (2.15) describes the depletion (or growth) of the fundamental 

field as a function of propagation distance z, while the second equation describes growth 

(or depletion) of the SH field. Linear loss has been neglected, but it can be added to each 

equation phenomenologically or through inclusion of the conductivity in Maxwell's 

equations. The reader is cautioned that these equations appear in the literature with all 

possible permutations of i, -i, M, and -M depending on the definitions used for M and 

the kernel of the electric field phasor. Care has been taken in this treatment to keep all 

equations consistent with the definitions of (2.14) and (2.17). The convention used here 

is appealing since it leads to positive cascaded nonlinear phase shifts for M < 0 (and vice 

versa), which is consistent with the physical picture of the phase velocity of the SH wave 

being greater than that of the fundamental for M < 0 (see Figure 1-1). Defining the field 

with -i in the kernel results in the opposite behavior. This is because the linear phase 

roll-up in this case is negative with propagation, and a phase lead due to the greater SH 

velocity corresponds to a negative nonlinear phase shift. Both approaches are, of course, 

physically equivalent. 

The phase mismatch term in (2.16) is very important. Physically, it means that 

the phase velocity of the fundamental wave and the SH wave must be equal in order for 

the SH wave to stay in step with the fundamental and grow in amplitude as it propagates. 

Another way to think about this is that the dipoles which radiate the SH field must be in 

phase such that constructive interference occurs and creates a strong forward-traveling 

SH wave. In standard SHG experiments, maximum SHG efficiency is the goal and so 
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phasematching (11k = 0) is desired. Interesting effects arise when non-phasematched 

SHG is considered, as shown later, and these effects are the essence of cascading. 

Before examining these effects, the standard theory of SHG will be completed. 

No-Depletion Approximation 

The simplest solution of (2.16) is obtained when the no-depletion approximation 

is used. This is done by assuming that conversion is small, and the fundamental field 

does not deplete during the process. This is often adequate in normal SHG experiments. 

Thus, dElldz = 0 and El(Z=O) = El(Z=L) = Et. and the equation for the SH field can be 

integrated directly. Using the initial condition of zero second-harmonic, which is also 

standard in practice, the integration yields for the SH field after length L 

(2.18) 

Multiplying both sides by their complex conjugates and making use of the relationship 

between intensity and field 

(2.19) 

results in the well-known equation for SHG 

(2.20) 

Thus, in the no-depletion approximation the SHG intensity is found to be 

proportional to the square of the nonlinear coefficient, the square of the sample length, 

and the square of the input intensity. These are the standard dependences of SHG, and 
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although they come from the no-depletion approximation, they are true for conversion 

efficiencies approaching 30%. At higher conversions they break down significantly. 

Note the sinc2 phasematching term which indicates that efficient SHG is only 

obtained when I!!.kL <= o. The phasematching term also indicates that there is a finite 

bandwidth over which efficient SHG occurs. This will be discussed in detail in Chapter 

3, where waveguide phasematching techniques are presented. For a given sample length 

L, detuning M results in the generation of SH which is out of phase with SH generated 

earlier, thus leading to destructive interference. This accounts for the minima which 

appear in the sinc2 phasematching curve. 

A useful concept is that of the "coherence length" Lc = 1t/M, which is the length 

over which the fundamental and SH waves slip 1800 out of phase. Thus, it is a measure 

of the useful effective length over which SH is generated. A plot of normalized SH 

intensity versus distance for a given !l.kL is shown in Figure 2-2, which shows that the 

SH grows while the fields remain properly phased, but after a coherence length the 

dephasing causes the SH to downconvert back to the fundamental. After propagation 
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Figure 2-2 Second-harmonic intensity as function of distance for fixed &L. 
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over two coherence lengths, the fundamental is fully restored but with a net phase shift, 

the cascaded second-order phase shift. The definition Lc = rcll1k is only valid in the no-

depletion regime. For large depletion the cascaded phase shift further dephases the 

waves, leading to an intensity-dependent coherence length. 

Effective n2 from Cascading 

In most SHG experiments the goal is efficient generation of the second-harmonic, 

and the no-depletion theory presented above has proven to be extremely valuable. But 

what happens to the fundamental during this process? Obviously, there is some depletion 

to account for the energy in the SH, but we have assumed this to be negligible in this 

approximation. However, the phase of the fundamental has not been considered. It turns 

out that even though the magnitude of the fundamental remains undepleted, the phase 

acquires a nonlinear phase shift which is, of course, the subject of this research. 

To explicitly see the nonlinear phase shift, the solution for the SH field (2.18) at 

some position z is inserted back into the coupled-mode equation (2.16) for the 

fundamental field. This results in the following equation 

dE ( ) {j)2 d 2 1 -iAkz 
I z . eff - e IE 12 E ( ) = -l 2 I I Z 

dz nron2roc 11k 
(2.21) 

The reader may loudly protest at this point that we have already assumed dEtldz = 0 to 

obtain (2.18), and that now we have derived an equation that shows dEtldz *- O. This is 

a valid concern, but in the no-depletion approximation we can assume that the magnitude 

of E t remains unchanged while small phase changes are allowed. Thus, this 

approximation breaks down if there is significant depletion and/or large phase shifts. 

Inspection of (2.21) reveals that it is in the form ofax(3)-induced self-phase 
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modulation equation [Agrawal 1989], and comparison with (2.7) shows that there is 

indeed an effective X(3) polarization with an IEI2E dependence. To find the associated 

effective nonlinear refractive index, we compare (2.21) with a self-phase modulation 

equation 

which has solutions of the form 

dEl (z) _ . effk I E ( ) 
- lllj, 0 I I Z 

dz 

Thus, at distance z = L down the sample the nonlinear phase shift is 

(2.22) 

(2.23) 

(2.24) 

and making use of (2.19) and ko = rolc = 21t/'A, yields an approximate expression for the 

effective nonlinear refractive index: 

(2.25) 

The imaginary part of the kernel in (2.23) leads to an effective two-photon absorption 

which represents conversion of power from the fundamental to the second-harmonic. 

This is neglected in the spirit of the no-depletion approximation. 

Several features of the effective nonlinear refractive index are immediately 

apparent. First of all, for a given L!kL it is proportional to the length of the sample, unlike 

the intrinsic n2. If the sample length is also fixed (the usual case in practice), then for 
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large .1kL the cascaded phase shift behaves very similarly to the Kerr-law phase shift, 

with a linear intensity dependence. Also, the value of the effective n2 oscillates between 

zero at .1kL = 0, ±21t, ±41t, ... and a maximum value at .1kL = ±n, ±31t, .... This tells 

us that the cascaded phase shift is zero on phasematching, as expected from the 

equivalence of the phase velocities, and is maximum at L = mLe, where m is an odd 

integer. Thus, the phase shift is accumulated when the SH wave downconverts to the 

fundamental. This will become more apparent in the next section where the coupled

mode equations are solved numerically without approximations. The effective n2 is also 

proportional to deff2ln3, which is a standard figure-of-merit for SHG. Thus, not 

surprisingly, good materials for SHG are good candidates for use in cascading 

experiments. 

General Solutions to Coupled-Mode Equations 

In order to gain a full understanding of the cascaded second-order nonlinearity it is 

necessary to solve the coupled-mode equations (2.16) exactly. This was done in detail in 

the seminal work of Armstrong et ai, and the resulting general equations for the 

fundamental and SH fields are in the form of Jacobi elliptic functions [Armstrong 1962]. 

The result for zero initial SH field is [Eckardt 1984] 

!ls=!1k/r (2.26) 
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which reduces for the phasematched case to the well-known results 

(2.27) 

These equations show us that the SH intensity does not grow quadratically with 

input intensity and length except in the no-depletion regime. The conversion, of course, 

saturates as the fundamental is depleted. 

The equations in Armstrong can be solved analytically for general phase 

mismatches and initial conditions using extensive mathematical manipulations, but it is 

more revealing physically to solve the coupled-mode equations numerically. To simplify 

the analysis, (2.16) is rewritten using field amplitudes A which are normalized such that 

1A12 is the intensity of each field [Stegeman 1993]. This allows a single coupling constant 

K to be used in each equation. The resulting working equations for CW plane waves are: 

dA) . A A* illkz 
-=IX: 2 Ie 
dz 

(2.28) 

dA2 . A A -illkz -- = IX: ) Ie 
dz 

where the coupling constant K is defined by 

(2.29) 

These equations were solved numerically using both a simple Euler differencing 

scheme and a more sophisticated fourth-order Runge-Kutta routine in the Matlab 
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programming environment. Both methods give identical results if enough points are 

taken in the Euler method, which is very inefficient. The Runge-Kutta method was used 

in practice. The result of such calculations is a set of complex field amplitudes for both 

the fundamental and SH as a function of normalized distance z/L down the sample. Of 

primary interest is the phase of the fundamental, which is found by taking the arctangent 

of the imaginary part over the real part of the amplitude, paying close attention to the 

principle value to prevent artificial phase jumps. 

Figure 2-3a shows the fundamental nonlinear phase as a function of normalized 

distance for various detunings !lkL from phasematching. Figure 2-3b shows the 

corresponding fundamental intensity normalized to the input intensity. Several striking 

features are immediately apparent. The nonlinear phase is seen to evolve via a series of 

steps, with the most abrupt occurring at small phase mismatches where the steps are in 

1[/2 increments. The step size and period become progressively smaller as the system is 

detuned further from phasematching, consistent with lower conversion to the SH. 

Comparison between Figures 2-3a and 2-3b shows that these steps occur exactly where 

the SH becomes dephased with the fundamental and downconverts, consistent with the 

physical picture presented earlier. In practice, such steps are probably unrealistic because 

of the high CW intensities that are required to observe deep oscillations in the second

harmonic. 

Another important and very promising feature shown in Figure 2-3 is that 

judicious choice of sample length can lead to large nonlinear phase changes without 

depletion of the fundamental. For instance at z/L "" 0.9 for!lkL = 0.01, all of the light 

has been downconverted to the fundamental (twice), resulting in a 1[ phase shift with no 

depletion. Even for large detunings (Le., the no-depletion regime) large phase shifts can 

accumulate if the sample is long enough, as seen for !lkL = 100, where the nonlinear 
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phase approaches 1tI2, and the fundamental is never significantly depleted. 

Also evident in Figure 2-3 is the behavior of the nonlinear phase as a function of 

detuning for a given length. It can be seen that the phase starts at zero, climbs rapidly as 

ML --7 10, and then decreases with further detuning. Thus, there is an optimal detuning 

which gives maximum phase shift for a given length. The optimum detuning is also a 

function of intensity, nonlinearity, and length, quickly decreasing as each increases. 

Since we are interested in intensity-dependent phase shifts, it is instructive to plot 

the nonlinear phase as a function of increasing intensity for given detunings. This is done 

in Figure 2-4a. Once again, the phase increases in a step-wise fashion, with each step 

corresponding to a downconversion process, as seen in Figure 2-4b. Notice the 

curvature of the phase plots with increasing intensity. The only region where the 

nonlinear phase is linear in input intensity, as required for a Kerr-like n2, is for large 

detunings or low intensities. This is consistent with the approximations used to derive 

the cascaded effective n2 earlier. Since n2 is related to the slope of nonlinear phase versus 

intensity or distance, we see that it is essentially a series of peaks corresponding to each 

step. Also, the effective n2 appears to saturate at high intensities as the intensity 

increment between downconversion processes increases. This is because the cascaded 

phase shift acts to further detune the system from phasematching, as discussed later. 

Thus, it appears that an effective n2 description of this process is only valid under 

very special conditions, namely very large detunings, short lengths or low intensities. In 

each case, the resulting conversion efficiency is small and no-depletion theory holds. It is 

more appropriate to discuss the total nonlinear phase change acquired at the end of the 

sample. As mentioned earlier, all-optical devices require a given nonlinear phase shift for 

operation, thus the total nonlinear phase is the relevant number. 
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The dispersive behavior of the nonlinear phase implied in Figure 2-3 is shown in 

detail in Figure 2-5, where the nonlinear phase is plotted as a function of detuning IlkL 

for various values of the parameter KIA 1 (O)IL. 
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Figure 2-5 Dispersion of the cascaded nonlinear phase shift with phase 
mismatch. 

This figure exhibits the characteristic signature of a cascaded nonlinear phase 

shift: the sign of the phase shift changes as the system is tuned through phasematching. 

This is consistent with the physical model presented earlier. This type of behavior is very 

interesting, and is potentially very useful in situations where control of the sign of the 

phase shift is required. For instance, a push-pull Mach-Zehnder switch can be imagined 
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where equal but opposite phase mismatches occur in each arm [Ironside 1993, Assanto 

1993]. Also, the negative self-phase modulation corresponding to a negative cascaded 

phase shift could be used to balance positive group velocity dispersion or diffraction to 

make temporal and spatial solitons at any wavelength. Thus, the ability to control the 

sign of the nonlinear phase shift is very useful. 

Note also that the cascaded phase shift is zero on phasematching. It turns out that 

this is only true in the case studied here of zero initial second-harmonic. With nonzero 

initial second-harmonic it is possible to achieve phase shifts at dkL = O. Inclusion of a 

second-harmonic "seed" at the input results in a rich variety of additional effects, such as 

control of the output amplitude of the fundamental through control of the phase of the 

seed, etc. [Assanto 1994a]. Seeded cascading experiments were not investigated in this 

research, but they certainly warrant study. Phase shifts on phasematching are also 

possible if operating wavelengths are chosen such that deff is resonantly enhanced 

[Stegeman 1993], but this defeats the goal of obtaining large phase shifts without loss. 

Figure 2-5 also shows the decrease in optimum dkL as a function of input intensity 

andlor nonlinearity. For conditions which lead to phase shifts on the order of 1t to 21t, 

the optimum detuning is found numerically to be approximately ML::::: 3. 

Another important feature is evident in Figure 2-5. Since detuning is related to 

wavelength through the dispersion of the refractive index, the highly dispersive behavior 

of the cascaded phase shift implies that the process has an associated bandwidth, which is 

of course related to the bandwidth of the SHG process. This bandwidth is inversely 

proportional to sample length, so although longer samples give larger phase shifts, the 

bandwidth is a significant limitation. In practice using a shorter sample will not help due 

to this trade-off. The only way to increase bandwidth while still accumulating large phase 

shifts is to operate in a wavelength region with lower index dispersion, i.e., farther into 
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the infrared, thus increasing the bandwidth for a given length. 

It turns out that the bandwidth also reduces with increasing intensity and/or 

nonlinearity, as is shown in Figure 2-6. This graph shows the normalized SH 

phasematching curves for various amounts of peak conversion efficiency. As can be 

seen, the central peak of the curve becomes significantly narrowed, and the minima close 

in on the center. The sidelobes also become much more prominent. The sinc2(~kL/2) 

curve predicted by no-depletion theory is only valid for low conversion efficiencies. 

Interestingly, the narrowing of the phasematch curve is always unavoidable, as it is the 

cascaded phase shift which causes the narrowing! This is because the nonlinear phase 

shift always increases the size of the phase mismatch regardless of sign, thus collapsing 

the phasematch curves. This can be deduced by considering the definition of ~k in 

equation (2.17) with a cascaded index change of appropriate sign (+/- ~n - -/+ M) 

added to nOJo This means that the coherence length is intensity-dependent, as implied in 

Figure 2-4b. The dephasing of the SHG process with intensity leads to a reduced 

coherence length, thus increasing the intensity increment between conversion maxima. 

These effects are all direct results of the cascaded nonlinear phase shift. 

In conclusion, it has been shown that there can be a substantial nonlinear phase 

change imparted on the fundamental during phase mismatched second-harmonic 

generation. The concept of an effective n2 has been shown to be valid only in the no

depletion approximation due to the unusual nature of the cascaded phase shift. More 

important from a device standpoint is the total nonlinear phase change. It has been shown 

that phase changes of 1t or more are possible with little or no depletion of the 

fundamental, provided the device length is terminated at the appropriate point. This is a 

potential drawback, as the appropriate length depends on input intensity. Another 

potential drawback is that this process requires noncentrosymmetric materials, as opposed 
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to Kerr nonlinearities which exist (although often small) in all materials. However, many 

good candidate materials such as KTP and lithium niobate have been developed for SHG 

applications. Recent progress in poled organic polymers has led to deJis over 100 pmN 

[Otomo 1994], which makes these materials promising candidates for cascading devices. 

It must also be stressed that the above analysis was done for CW plane waves 

with zero bandwidth. Real systems use short (psec or fsec) pulses, both to achieve the 

high peak powers necessary for efficient SHG, but also because pulses form the bits in a 

data stream. Thus, in practice additional problems arise, such as the bandwidth 

limitations referred to earlier, and the intensity distribution across the pulse leading to 

pulse break-up. These effects will be studied in the next section. The general features 

observed with CW SHG are also valid with short pulses, thus making the CW analysis 

worthwhile. 
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2.2.2 Short-Pulse SHG 

Short-pulse second-harmonic generation has been studied in detail for many years 

[Ahkmanov 1968, Glenn 1969, Orlov 1970], but these studies have consistently 

concentrated on the second-harmonic pulse and its spectrum. The fundamental and its 

spectrum have generally been neglected, as efficient SHG has been the goal. 

Additionally, the theories presented in most treatments of pulsed SHG have neglected 

pump depletion, phase mismatch, group velocity mismatch, etc., and are inadequate. 

Completely general coupled-mode equations for pulsed SHG are required. 

The coupled-mode equations governing short-pulse SHG can be properly derived 

using frequency-domain techniques [Eckardt 1984, Schiek 1993] or by using perturbative 

techniques in the time-domain [Ahkmanov 1975, Manassah 1986, 1987]. Care must be 

taken when deriving them under the SVEA with a Taylor series expansion in frequency of 

the wavevector k. The correct result is often obtained by making incorrect assumptions. 

The results of these derivations are very similar to the CW equations (2.16) with the 

addition of first and second time derivative terms representing group velocity mismatch 

and group velocity dispersion. To second-order the coupled equations in the time domain 

are: 

(2.30) 

where the E's are the slowly-varying spatio-temporal envelopes of the pulse electric field 

amplitudes, the primed k's are the first frequency derivatives of the wavevector 

(representing group velocity), and the double-primed wavevectors are the second 
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frequency derivatives (representing group velocity dispersion), where all derivatives are 

evaluated at 00 and 200, as appropriate. The wavevector mismatch Ilk is the mismatch at 

the center frequency of each pulse spectrum These equations are essentially identical to 

the nonlinear Schrodinger equation describing pulse propagation in Kerr media except for 

the different nonlinear term [Agrawal 1989]. 

There are no known analytic solutions to these equations in general, so they must 

be solved numerically for the complex field envelopes. A number of variable changes are 

made to facilitate this. Just as for the CW case, the field amplitudes are replaced with 

complex amplitudes A normalized such that 1A12 is the intensity, yielding a single coupling 

constant K with the same definition as the CW case (2.29). Following Eckardt, a retarded 

time coordinate T is chosen which averages the group velocities of the fundamental and 

second-harmonic pulse, and the following change of variables is performed on the 

differentials: 

(2.31) 

z' = z 

These new variables are then normalized to the intensity FWHM pulsewidth To 

and the temporal walk-off length to give the dimensionless time and space coordinates 't 

and~: 

'r = TjTo and ; = z'j Lw (2.32) 
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The walk-off length is defined as the length over which two pulses will move apart 

temporally by one intensity FWHM pulsewidth: 

L = To 
W k' k' 2 - 1 (2.33) 

Thus, the walk-off length represents group velocity mismatch. This choice of retarded 

coordinates means that the observation time travels with the fundamental and second-

harmonic pulses as they propagate, with temporal walk-off causing the pulses to walk 

apart symmetrically. This is convenient for numerical simulation of the system of 

coupled-mode equations. The resulting coupled-mode equations for the normalized pulse 

amplitudes are: 

(2.34) 

These equations are very important as the basis for the numerical simulations of 

the cascaded phase modulation experiments. Pulsewidth and group velocity mismatch are 

included very simply through Lw, and the group velocity dispersion through the GVD 

coefficients. It turns out that the GVD term is extremely important not because of the 

resultant temporal spreading of the pulses, which is small over the distances propagated, 

but because in the frequency-domain it represents the spread of frequencies which make 

up the pulse. Thus, the GVD term allows for a spread of phase mismatches around the 

center-frequency mismatch Ak. This is especially important when operating very near 

phasematching and/or with very short pulses, where the spectral width of the pulses can 
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be comparable to the detuning. 

Solutions of equations (2.34) after propagation over distance ~ are complex 

amplitudes A 1 (~,'t) and A2(~,'t) such that IA 1 ,2(~;'t)12 are the pulse intensity profiles in 

time and tan-l [Imag(A)lReal(A)] are the phases of the pulses in time. This method is 

used to find the nonlinear phase shift which a pulse acquires during propagation. As 

mentioned, these equations must be solved numerically, and a symmetric, split-step FFf 

beam propagation method (BPM) code was written to do this. Details of the BPM can be 

found in the Appendix. 

A typical result of the BPM is shown in Figure 2-7 for propagation of 2 psec 

pulses in KTP at 850 nm for a detuning t1kL = n. Notice the temporal break-up of the 

pulse, which is due to different intensities across the pulse undergoing SHG at different 

rates (see Figure 2-4). This effect is unavoidable if depletion is significant. The 

asymmetry is due to temporal walk-off, which can be avoided if the propagation length is 

smaller than the walk-off length. The phase profile of the fundamental pulse is also 

shown, which exhibits plateaus reminiscent of the CW results. These plateaus occur at 

intensities in the pulse that have undergone complete upconversion followed by complete 

downconversion. 

Since frequency is the time derivative of phase, a phase shift across the temporal 

profile of a short pulse will result in new frequencies appearing in the pulse spectrum. 

When the phase shifts are created by the pulses themselves it is called self-phase 

modulation (SPM), and n2-induced SPM has been studied extensively in fibers [Stolen 

1978, Agrawal 1989]. If the peak phase modulation is larger than about n14, significant 

broadening of the spectrum occurs. Larger phase shifts result in spectral modulation in 

the form of sidebands. Spectral measurements of SPM can be an effective method of 

inferring the magnitude of the nonlinear phase shift provided the phase modulation is 
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large and the pulse spectrum is resolvable. Advantages to this method of phase shift 

measurement are that it is simple, non-interferometric, and not susceptible to slow thermal 

phase shifts. Disadvantages are that the sign of the phase shift is not measurable, and 

large phase shifts are required. 

As seen in Figure 2-7 cascaded phase shifts occur on the fundamental pulse 

during second-harmonic generation. This cascaded self-phase modulation results in 

spectral broadening and modulation which is similar to n2-induced SPM. This effect has 

been known for some time [Thomas 1972], but only recently has there been renewed 

interest in cascaded SPM as a means of replacing n2-induced SPM. [Bakker 1990, 

Sundheimer 1993]. Cascaded SPM appears on the spectra of the complex amplitudes 

governed by (2.34), and is seen numerically by taking the FFT of the amplitudes obtained 

from the BPM. Figure 2-8 shows the spectrum of the fundamental pulse in Figure 2-7 

compared with the input fundamental spectrum. Cascaded SPM is clearly evident 

through the broadening and modulation relative to the input spectrum. 

It has been shown through CW theory that cascaded phase shifts are imparted on 

the fundamental during phase-mismatched SHG. Several features unique to cascaded 

nonlinearities have been discussed, and these features are true in general for CW or 

pulsed interactions. Short-pulse SHG theory has been used to show that cascaded phase 

shifts over the duration of a pulse lead to substantial SPM, which manifests itself as 

distortion of the fundamental pulse spectrum. This theoretical background forms the 

basis for interpretation of the experimental results of this research. 
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CHAPTER III 

WAVEGUIDE SECOND-HARMONIC GENERATION 

The ability of waveguides to maintain high intensities over relatively long lengths 

has made them ideal structures for the study of nonlinear optics. Waveguide SHG has a 

long history, as the first nonlinear optical effect seen in a waveguide was in fact SHG 

[Anderson 1971, Tien 1970]. Recent advances since the mid-1980's have allowed 

efficient SHG to be performed even with low power CW pump sources in materials such 

as lithium niobate and KTP [Regener 1988, Lim 1989, van der Poel 1990]. This 

technology has been driven by the need for compact diode-pumped blue light sources for 

data storage and retrieval, laser scanning and printing applications, and color display 

devices. 

Since waveguide SHG forms the basis of this study of cascaded nonlinearities, 

this Chapter will briefly review the fundamentals of waveguides. Also, as mentioned in 

Chapter 2, phasematching is a very important consideration for SHG. Basic methods of 

achieving phasematching which are applicable to both bulk materials and waveguides will 

be reviewed. 

3.1 Review of Waveguides 

There is a vast body of literature which details the theoretical analysis of 

electromagnetic fields in dielectric waveguide structures, and the reader is referred to this 

literature for rigorous derivations [Kapany 1972, Marcuse 1974, Kogelnik 1985, 
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Lee 1986]. Basic concepts and results relevant to this research will be presented here. 

A waveguide is a structure which confines light in one or two dimensions while 

allowing propagation in the third. The two most common types of waveguides are the 

planar or slab waveguide and the channel waveguide, which are pictured in Figure 3-1. 

The optical fiber is a special case of a channel waveguide with circular symmetry. The 

fundamental requirement for confinement is that the index of refraction of the guiding 

region must be larger than that of the surrounding regions. Guiding can be thought of 

geometrically as total internal reflection at the guide-substrate interface, or equivalently as 

the electromagnetic normal modes of the structure which satisfy Maxwell's equations and 

the pertinent boundary conditions. 

As eigenmodes of the system, the waveguide modes maintain their transverse 

profile as they propagate, have a definite and unique propagation vector, and are 

orthogonal with each other. For slab waveguides in isotropic media or oriented along 

crystal axes with a high degree of symmetry, the modes are linearly polarized transverse 

electric (TEn) and transverse magnetic (TMn), meaning that there is no longitudinal 

component of the electric or magnetic field, respectively. For TE modes, the electric field 

is polarized in the x-direction, parallel to the plane of the slab. For TM modes, the 

magnetic field is polarized in the x-direction, which places the electric field in the y-z 

plane. Thus, for TM modes the electric field has both y and z components, but usually 

Ey »Ez. The mode index "n" specifies the number of zero crossings of the electric field 

profile perpendicular to the plane of the slab. Figure 3-2 shows the geometry of the slab 

waveguide modes and typical electric field profiles for the lowest order modes. The 

modal fields of slab waveguides can be found exactly through use of Maxwell's 

equations and boundary conditions. Slab waveguides are only marginally useful in 

nonlinear optics because the fields are free to diffract in the plane of the guide. 
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Figure 3-1 Planar and channel waveguide geometries. 
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TEo 

Figure 3-2 Slab waveguide TE & TM vectors and typical electric field profiles. 

Two-dimensional waveguides such as channels also have eigenmodes, but the 

polarizations are mixed among the three field components. Although not purely linear 

polarized, these modes are labeled TEmll and TMlIltl in analogy with the planar case. Here 

TE means that the electric field is predominantly transverse to the propagation direction, 

and likewise for the magnetic field in TM. Thus, for TEmll modes Ex» Ey, Ez and 

similarly for TMmll modes Ey » Ez , Ex. 

The electric field of a two-dimensional guided mode can be written as [Stegeman 

1988] 

where j(mll)(x,y) is the transverse field profile of the mode, ClIlIl is a normalization 
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constant such that lamn(z)12 is the slowly-varying guided power, and f3mn is the mode 

propagation constant defined by 

f3 - k Neff mn - 0 mn (3.2) 

where Nmneff is the effective refractive index of the mode. The mode effective index is 

constrained to a value between the index of the substrate and core for a guided mode. 

Modes with propagation constants outside this range are substrate or radiation modes, 

and they are not confined spatially to the guide region. The values of f3mn are found from 

dispersion relations which give the allowed modes for a given guide geometry and 

wavelength. For instance, in the slab waveguide the allowed values of the effective index 

can be plotted as a function of normalized film thickness (V -number) for each mode, with 

results as shown in Figure 3-3. 

n f ---------------------~------~~---

n 
s 

v = k h~ n2 _ n2 
o S f 

Figure 3-3 Typical dispersion curve for slab waveguide of thickness h. 
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For waveguide SHG, the transverse field profiles affect the efficiency of the 

conversion process through an overlap integral, which essentially acts to reduce the value 

of de/f This overlap integral is given by 

K = j j :ijk J/pq)*(x,y) f}mn)(x, y) fl mn)(x,y)dxdy 

-00-00 eff 

(3.3) 

wherej;(Pq) is the generated second-harmonic field in the pq mode, andfj,k(mn) are the 

input fundamental fields in the mn mode. This integral means that the fundamental and 

second-harmonic fields must substantially share the same physical space in order for 

efficient SHG to occur. Usually conversion to the same mode (so that pq = mn) 

maximizes this integral, as interference effects tend to reduce K otherwise. Unlike in the 

slab geometry, there are no analytic solutions for the modal fields in channel waveguides, 

and numerical techniques must be used to obtain approximate field profiles and 

propagation constants. 

The important points to take away from this discussion are that waveguides allow 

large intensities to be maintained over long distances, waveguide modes have unique 

propagation constants and effective indices of refraction, and modal profiles effect SHG 

efficiency through the overlap integral. Also of importance is the lack of analytic 

solutions for the modal fields in channel waveguides. 

3.2 Waveguide Phasematching Techniques 

As discussed in Chapter 2, efficient SHG requires that the phasematching 

condition be satisfied. Also seen in Chapter 2 is the importance of the phase mismatch 

parameter on the cascaded nonlinearity. These considerations also apply in waveguide 

SHG, with the exception of Cerenkov SHG [Tien 1970] and counter-propagating SHG 
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[Normandin 1979], in which the generated second-harmonic is not guided and 

phasematching is satisfied automatically. The two most common methods, and the 

methods employed in this research, of achieving phasematching in waveguides are 

birefringent phasematching and quasi-phasematching. 

3.2.1 Birefringent Phasematching 

The vast majority of optical materials in the visible and near infrared exhibit 

normal dispersion of the refractive index, which means that the index increases with 

frequency or reduces with wavelength. Thus it is impossible for the phasematching 

condition of n(2ro) = nero) to be met without playing "tricks". By far the most common 

"trick" in both bulk SHG and waveguides is to make use of the birefringence of an 

anisotropic material to overcome normal dispersion. For instance, the fundamental in a 

negative uniaxial crystal could be an o-ray with index no(oo) which equals the index 

ne(2ro) of aSH e-ray. This is called a Type I interaction, where the fundamental is one 

eigenvector (either an o-ray or an e-ray) leading to a SH which is the other eigenvector. 

In a Type II interaction, the fundamental is a combination of two eigenvectors, an o-ray 

and an e-ray. Uniaxial crystals such as LiNb03 have one optic axis, and negative 

uniaxials have no > ne. Biaxial crystals such as KTP have two optic axes, which means 

that the principle axis system is fixed in relation to the crystal axes such that nz > ny > nx. 

The Type I example mentioned above is shown in Figure 3-4, where it can be 

seen that a given crystal orientation gives the SH index marked with an 'X', thus 

matching fundamental and SH indices [Hopf 1986]. Angle tuning of the crystal results in 

the 'X' moving up and down between no(200) and ne(2ro) which tunes the fundamental 

frequency that is phasematched. This angle tuning is widely used in practice to find the 

phasematching condition. One important aspect of birefringent phasematching is that off-
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diagonal elements of the d-tensor are used since the fields are orthogonally polarized. 

These elements are typically smaller than the diagonal elements. Also, since the fields 

generally are not polarized along crystal axes, projections of the dij must be taken onto the 

polarization directions, giving the deffmentioned in Chapter 2. 

Figure 3-4 Type I phasematching in a negative uniaxial crystal. Index at the 
second-harmonic depends on angle, which must be tuned to match 
the index of the fundamental. 
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In waveguides the situation is very similar, except that now the phasematching 

condition is d/3 = /3(2ro) - 2/3(ro) = 0, which means the modal effective indices of the 

fundamental and SH must be matched. The dispersion curves for a planar waveguide 

with a negative uniaxial material used for the guiding layer show us how this is possible 

in Figure 3-5 [Stegeman 1992]. Here the effective indices of the TEo(ro) mode and the 

TMo(2ro) are equal at the circled intersection point. So for this particular V-number (Le., 

wavelength) the TEo(ro) -7 TMo(2ro) interaction is phasematched. Similar dispersion 

curves exist for channel waveguides, and the same technique is applicable. 

Cutting a crystal to a certain phasematch angle for SHG at a given wavelength and 

then using angle tuning to optimize the phasematching works well for bulk and planar 

waveguide SHG. Angle tuning is, however, not an option with channel waveguides. As 

can be imagined, very tight tolerances on waveguide design and fabrication are required 

to achieve phasematching in a channel at a desired wavelength. The fact that the modal 

effective indices can only be approximated numerically makes this task even more 

difficult, if not impossible. A common way around this is to use temperature tuning of 

the indices to achieve tuning of the phase mismatch. Changes in temperature result not 

only in changes of the material indices, but also in the effective indices of the modes, thus 

tuning the phasematching wavelength. Temperature tuning creates a new set of 

technological problems, namely that a crystal oven or cold finger is required, and 

temperature stability usually must be maintained to within a fraction of a degree Celsius. 

This technique was used in this research to tune the phasematch condition of the lithium 

niobate channel waveguides. 
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Figure 3-5 Dispersion curve for a birefringent slab waveguide showing 
phasematching for the TEo(ro) to TMo(2oo) interaction. 
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3.2.2 Quasi-phasematching 

Another interesting technique to achieve phase matching was initially proposed by 

Armstrong et al in 1962 [Armstrong 1962] but has only recently come into widespread 

use. This is the process called quasi-phasematching (QPM), where the sign of the deftis 

flipped every coherence length. The oscillations in the SH intensity with distance in non

phasematched SHG (Figure 2-2) are caused when the difference between the fundamental 

and SH phases approaches 1t radians, so a 1t phase shift of deft counteracts this. This 

process is illustrated in Figure 3-6, which shows that in QPM the total SHG grows as 

opposed to the non-phasematched case where it oscillates with period 2Lc. 

This spatial domain picture has an analogy in the Fourier domain, where the 

momentum vector associated with a grating acts to compensate for the wavevector 

mismatch, thus achieving momentum conservation which is equivalent to phasematching. 

This is shown in the inset of Figure 3-6. Thus, the phasematching condition is written as 

M = k2m - 2km - K = 0 

K= 27rm 
A 

(3.4) 

where A is the period of the grating, and K is the wavevector of the mth Fourier 

component of the grating. Once again, for waveguides replace k's with {3's. This 

implies that a sinusoidal grating would be ideal and would achieve perfect phasematching, 

while gratings with other shapes are not as effective due to the spread of spatial frequency 

components. The integer m is called the QPM order, and first-order QPM is the most 

efficient interaction. Higher orders correspond in the spatial picture to flipping deftevery 

mth coherence length. The wavevector picture says nothing about flipping deft' as even a 

linear index grating has Fourier components which satisfy (3.4). It turns out that this 
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Figure 3-6 Comparison of non-phasematched SHG and quasi-phasematched 
SHG in channel waveguides. Inset shows wavevector conservation 
with a contribution from the QPM grating. 
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effect is much weaker than that due to a nonlinear grating [van der Poel 1990]. Also, a 

detailed Fourier analysis of QPM reveals that the value of de!! is reduced by a factor 

(2htm)sin(1tmD), where D is the duty cycle of the grating [Fejer 1992]. 

The theory of waveguide QPM has been developed extensively using perturbative 

coupled-mode analysis by Suhara and Nishihara [Suhara 1990], which includes the 

effects of linear gratings and chirped period gratings. As mentioned, their analysis shows 

that the contribution to SHG from linear phasematching is negligible compared to that 

from modulating de!1- Also, chirped gratings lead to enhanced phasematching 

bandwidths at the expense of SHG efficiency. 

The simple equations which we will need for determining QPM wavelength and 

bandwidth can be found by following Bierlein and van der Poel [Bierlein 1990, van der 

Poel 1990]. In these treatments pump depletion has been neglected, but this is of no 

consequence except for the phasematching bandwidth, which is power dependent at very 

high depletions. For a QPM waveguide which is composed of segments with different 

lengths II and 12 such that II + h = A, the amplitude of the SH field at the end of the first 

period, using Eqn. (2.18) and being careful with phases, is given by 

(3.5) 

where Ilklll is the phase mismatch in the first segment and likewise for the second 

segment. The constant C contains the linear indices and the overlap integral for the mode 

profiles. Summing this field for a very large number of periods N and computing the 

geometric series results in the following grating function which is the phasematching 

curve for QPM reminiscent of that for standard phasematching in Eqn. (2.20): 



G = J.. sin(Nq /2) 
N sin(q/2) 
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(3.6) 

The quasi-phasematching condition is then q = 2rcnz, with QPM order nz = 0, ±1, ±2, etc. 

The second-harmonic power normalized to Po, the second-harmonic power of a perfectly 

phasematched non-segmented waveguide, is given by 

(3.7) 

where I is a function which represents the SHG of each period. On phasematch I is 

(3.8) 

where lIe and 12e are the coherence lengths of each segment. The + sign is used when 

alternating segments have inverted domains, while the - sign is used for a pure refractive 

index grating. It is apparent from (3.8) that maximum SHG occurs when the segment 

lengths equal their respective coherence lengths, and also when domains are inverted. 

The no-depletion QPM FWHM bandwidth is [Fejer 1992] 

(3.9) 

with the derivatives evaluated at Aro and A2ro from the Sellmeier equation. This equation 

is identical to that for birefringent SHG except for the index mismatch term, which is zero 

in conventional birefringent phasematching. An equivalent way to obtain the bandwidth 

is to numerically evaluate (3.6) and (3.7) for a range of wavelengths while using the 



74 

Sellmeier equation to obtain the M's. 

The condition In = 0 is a special case called 'balanced phasematching', and it does 

not rely on modulation of de!! for efficiency [Bierlein 1990]. Rather, the birefringent 

phase mismatches in each segment are exactly balanced so that the total mismatch at the 

end of one period is zero. Balanced phasematching does require that the segment lengths 

be much smaller than the coherence length for efficient conversion. Balanced 

phasematching is only accomplished at wavelengths and in configurations where bulk 

phasematching is possible, i.e., type II SHG beyond 1 Jlm in KTP. 

In practice, QPM is done in a number of different material systems using a 

number of different techniques for creating the X(2) grating. In most X(2) crystals de!! 

originates from ferroelectric domains whose direction determines the sign of de/f Thus, 

the periodic flipping of de!! required for QPM is often referred to as domain inversion. 

Domain inversion in crystals is typically accomplished via periodic poling with an 

external electric field, through ion exchange processes, or by proton implantation. The 

shape of the grating depends on the material and processing. For instance, KTP ion 

exchange leads to rectangular domains, LiNb03 with Ti-indifussion leads to triangular 

domains, and LiTa03 with proton implantation leads to semicircular domains [Ahlfeldt 

1991]. In organic polymers, large X(2)'s are formed by poling with high voltage while 

the material is at a temperature near T g, and periodic poling electrodes or photobleaching 

can create the grating [Khanarian 1990, Otomo 1994]. 

Another consideration in practice is the effect of imperfections in the grating 

structure such as missing segments, variations in segment length or width, variations in 

segment phase mismatch, etc. These effects have been studied extensively in the 

literature, and the result of imperfections is generally reduced efficiency and bandwidth 

[Fejer 1992, Helmfrid 1991, Rustagi 1982]. The upshot is that tight tolerances are 
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generally required in the fabrication process. 

Quasi-phasematching has many advantages over birefringent phasematching. 

Most importantly, the choice of grating period A allows practically any interaction to be 

phase matched at any wavelength in any X(2) material. Thus, interactions which would be 

impossible in bulk can be obtained. Also, since birefringence does not force the 

fundamental and second-harmonic polarizations to be orthogonal, the large diagonal 

elements of the d-tensor can be used. This can greatly improve SHG efficiency which is 

proportional to fl. Another advantage is that crystals can be cut along natural axes rather 

than at some precise angle which satisfies the birefringent phasematching condition. 
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As mentioned in Chapter 2, the cascaded nonlinearity results in spectral 

broadening and modulation of the fundamental. Numerical BPM simulations indicated 

that this phase modulation should be easily measurable for nonlinear phase shifts 

exceeding approximately 1[/4. Such phase modulation has been observed in bulk ADP 

[Reintjes 1977] and has been inferred from temporal modulation in bulk CDA 

[Belashenkov 1989]. Until this research, this phenomenon has been treated as an 

undesirable effect which limits SHG efficiency. The observation by DeSalvo et al of 

cascaded phase distortion in Z-scan measurements of X(3) in bulk KTP resulted in a flurry 

of renewed interest [DeSalvo 1992]. This recent interest has focused on using the effect 

for integrated all-optical switching and logic devices [Assanto 1993, 1994a, 1994b, 

Hutchings 1993, Ironside 1993, Russell 1993]. In order to be useful in integrated optic 

devices, the effect first had to be demonstrated and measured in waveguide format, which 

was the purpose of this research. 

This chapter will present initial phase modulation experiments in quasi

phasematched KTP waveguides near 850 nm and in the telecommunications window near 

1.55 J.lm. This represents the first demonstration of cascaded nonlinearities in viable 

waveguide formats [Sundheimer 1993, 1994a]. The waveguide samples will be 

described, and linear and SHG characterization will be discussed. Phase modulated 
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spectra are then presented and compared with results from BPM simulations, which gives 

an estimate of the magnitude of the cascaded nonlinear phase shift acquired by the 

fundamental pulses. 

4. 1 Description of Laser Systems 

At this point it is appropriate to give details about the lasers used in the 

experiments, as their properties will be referred to often. The laser used for the 850 nm 

experiments is a Coherent Mira 900P Kerr-lens-modelocked Ti:sapphire laser pumped 

with 8 Wall-lines from a Coherent 310 argon ion laser. The Ti:sapphire produces 

tunable radiation from approximately 800 to 900 nm with the mirror set used for these 

experiments. The laser self-modelocks through the Kerr-lens-modelocking scheme, 

where self-phase modulation in the Ti:sapphire crystal produces a self-focused cavity 

mode [Brabec 1992]. Proper placement of a slit at the self-focused waist and 

optimization of the pump-cavity mode overlap in the crystal creates a situation where the 

cavity loss is higher for CW operation than it is for short-pulse operation. A high peak 

power noise transient created by perturbing the cavity can then initiate modelocking. 

Modelocked behavior is sustained by soliton-like dynamics which balance SPM in the 

Ti:sapphire crystal with GVD in the laser cavity. 

The Mira 900P is a picosecond laser, and the required GVD is provided by a 

Gires-Tournois interferometer (GTI) [French 1986], which also acts as the high reflector 

of the cavity. Cavity GVD is controlled by adjusting the spacing of the GTI, which then 

adjusts the pulsewidth through the soliton dynamics. Due to the soliton-like nature of this 

laser, the output pulses are very close to perfect chirp-free sech2 pulses, with time

bandwidth products of 0.315 to 0.320 routinely measured (0.315 is a transform-limited 

sech2 pulse). Typical measured pulsewidths are 3 to 4 psec FWHM autocorrelation 
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width. The appropriate deconvolution factor for sech2 pulses is 0.648 [Diels 1985]. A 

background-free autocorrelator was built for pulsewidth measurements based on 100 non

collinear SHG in a 1 mm thick Inrad E-cut LiI03 crystal, and it used a retroreflector 

mounted on a mechanical shaker driven at 76 Hz to obtain real-time autocorrelation traces 

on an oscilloscope. Pulse spectral bandwidths at 850 nm are 0.3 to 0.4 nm, depending 

on the pulsewidth. The repetition rate of the laser is nominally 76 MHz, and average 

output power is 800 mW to 1 W, with peak powers approaching 7 kW. The laser is 

continuously tunable over the range of the mirror set used by a feedback loop that 

controls the GTI spacing. The laser can also run in a quasi-CW mode by widening the 

slit and/or disabling the GTI. This is useful for low peak power measurements. 

The 1.5 J..lm experiments were performed using a synch-pumped modelocked 

Burleigh NaCI:OH color-center laser (CCL) which was pumped by 4 W at 1.06 J..lm and 

100 mW at 532 nm from a Coherent Antares Nd:YLF laser. The CCL produces tunable 

picosecond pulses from approximately 1.47 to 1.67 J..lm. Typical autocorrelation 

pulsewidths are 6 to 8 psec FWHM, and a Gaussian pulse shape is assumed, with a 

deconvolution factor of 0.707. The repetition rate is 76 MHz, and typical average powers 

are 300 to 400 mW, with peak powers approaching 1 kW. 

The cascaded self-phase modulation experiments were performed with the CCL 

additively-pulse modelocked (APM), where an external nonlinear cavity in the form of an 

optical fiber is coupled with the color-center cavity [lppen 1989]. Feedback from the 

nonlinear cavity modelocks the laser with shorter pulses and higher peak powers. 

Typical pulsewidths from this laser are 500 to 700 fsec for a sech2 pulse shape (pulses 

from the APM laser are sech2 rather than Gaussian), but they are usually not transform

limited. For instance, the bandwidth of a 690 fsec pulse was measured to be 6 nm, while 

the transform-limited bandwidth would be 3.6 nm. When APM'ed, the tunability of the 
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CCL is seriously compromised, as the external cavity length must be adjusted precisely 

for each wavelength. In APM configuration, the laser is tunable from approximately 1.5 

to 1.6 flm, but not in a continuous fashion and not at all discrete wavelengths. Maximum 

average output power from the APM CCL is approximately 200 mW at 76 MHz, with 

peak powers approaching 5 kW. 

4.2 Waveguide Fabrication & Characterization 

The KTP quasi-phasematched waveguides used in these experiments were 

generously supplied by John Bierlein at the Du Pont Experimental Station. KTP is a 

ferroelectric crystal in the mm2 point-group, and the interested reader is referred to 

Bierlein and Vanherzeele [Bierlein 1989] for detailed information on the crystal structure, 

growth, etc. 

KTP is grown by two different methods: a low-temperature hydrothermal method 

and a higher temperature flux method. There are only slight differences between crystals 

grown by these methods, and the linear and nonlinear optical properties are essentially the 

same. Flux-grown material tends to exhibit a lower damage threshold and is more 

susceptible to temporary intensity-dependent changes in the complex propagation 

constant, which are of unknown origin [Morris 1993]. Crystals grown by both methods 

were used in this study, and no differences were noted between the two. No optical 

damage was seen in these waveguides at the powers used in these experiments. 

However, the sample used for the 850 nm experiments showed a slight temporary shift in 

the phasematching wavelength at high powers (300 m W average, 690 W peak), which 

will be discussed later, and which may be related to the effects reported by Morris. At 

higher powers, the throughput of the waveguide dropped by up to 50%, but this 

recovered overnight. 
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Optical waveguides can be formed in KTP substrates by the ion-exchange 

process, in which substrates are placed in a molten nitrate salt bath at elevated 

temperatures for several minutes to hours [Bierlein 1987, Roelofs 1991]. Ions in the salt 

bath are exchanged with ions in the crystal, thus changing the local refractive index and 

forming waveguide regions. For the waveguides used in this research, Rb+ ions in the 

melt are exchanged with K+ ions in the substrate, which raises the refractive index. 

There is no apparent change in the nonlinear properties when ion exchange is performed. 

Titanium masks were used to form the waveguide structures and were subsequently 

stripped away with HF or H202 solutions after exchange. It has been discovered that the 

addition of a few mole percent of Ba2+ ions to the exchange melt results in ferroelectric 

domain inversion, thus allowing quasi-phasematching and efficient SHG [van der Poel 

1990, Laurell 1992]. It is not clear what physical mechanism is responsible for the 

domain inversion when Ba2+ is added. One theory [Thomas 1991] attributes domain 

inversion to the migration of ions into hole or vacancy sites in the crystal, with resulting 

lattice distortions and strains that somehow cause domain inversion. Another theory 

[Bierlein, private communication] credits the extremely large internal electric fields near 

the divalent Ba2+ ion and fields due to the gradient in ion concentration with poling of the 

domain over a depth of a few microns, thus orienting the domain. In any case, it appears 

that barium (or another suitable divalent ion) is a necessary constituent of the exchange 

melt to achieve domain inversion. 

Another important property of KTP is that the K+ ions are very free to move 

along the polar (c- or z- ) axis, thus making ion exchange very efficient in this direction. 

Guide depths over 100 /lm have been achieved, but domain inversion apparently only 

occurs down to 4 /lm or so. Also, there is negligible lateral ionic diffusion, so the side 

walls of the guides are very straight and well defined. The index of refraction profile in 
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the depth direction is best fit by an exponential decay following the ion concentration 

when Ba2+ is present [Bierlein, private communication]. Due to the ionic conductivity 

along the polar axis, the domain segments have very straight rectangular walls, which is 

superior to triangular or semicircular shapes for QPM. 

Two KTP waveguide samples were used in these SPM experiments, designated 

LC-42 (hydrothermal) for the 850 nm sample and LC-37 (flux) for the 1.5 Jlm sample. 

Both samples were cut and polished (prior to ion exchange) from the -z surface of a 

boule (-z means that the intrinsic polarization points down into the sample along the z

axis), and a titanium mask was then sputtered to define segmented y-propagating 

waveguides. The exchange melt consisted of 95 M% RbN03 and 5 M% Ba(N03h, and 

exchange was performed at 325°C for 45 minutes. After exchange, the Ti-mask was 

stripped away, and Figure 4-1 shows a schematic of the resultant waveguides. These 

segmented waveguides consist of islands of ion exchanged material (called 'on' regions) 

surrounded by bulk KTP (called 'off' regions). Sample LC-42 was designed to quasi

phasematch wavelengths near 850 nm, and it consists of a series of waveguides from 4 to 

9 Jlm wide with 3 to 6 Jlm segmentation periods (Du Pont mask designation 'PLB4-9'). 

In all cases, the duty cycle is asymmetric with 1.7 to 4.7 Jlm 'on' regions followed by 

1.3 Jlm 'off' regions. The particular waveguide on LC-42 used in the SPM experiments 

(called guide #15) is 5 Jlm wide, has a period of 4 Jlm (2.7 on/1.3 off), has an estimated 

effective depth of 4 Jlm, and is 2.8 mm long. Sample LC-37 was designed to quasi

phase match near 1.55 Jlm, and it contains waveguide widths of 1 to 10 Jlm, periods of 25 

and 100 Jlm with varying duty cycles, and continuous waveguides (Du Pont mask 

designation 'Defocus A'). Two waveguides on LC-37 were used for these SPM 

experiments. Both are 5 Jlm wide and have 25 Jlm periods, have estimated effective 

depths of 10 Jlm, and are 3.5 mm long. Duty cycles are 12.5 on / 12.5 off (called guide 
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#35) and 15 on 110 off (called guide #31). Although asymmetric segmentation reduces d 

by a factor sin(7tD), where D is the duty cycle, the increased mode confinement due to 

longer on regions increases SHG efficiency, so slightly asymmetric segmentation is 

optimal. 
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Figure 4-1 Top view of the segmented KTP waveguide structure showing 
"islands" of exchanged and domain inverted material in a "sea" of 
unexchanged material. 
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It is somewhat surprising that these discontinuous waveguides confine light at all, 

as one would expect scattering from the boundaries and diffraction in the bulk regions to 

seriously degrade throughput. It could even be argued that such a structure does not even 

have true waveguide modes. In fact, very low loss propagation (estimated to be less than 

0.5 dB/cm by Du Pont) results even for large periodicities and/or asymmetric 

segmentation with long bulk regions. Typical throughputs measured in the lab with these 

samples are 30 to 40% measured from before the input objective to after the output 

objective, which is very high for a channel waveguide. A rigorous numerical analysis by 

Li & Burke explains this by showing that low loss waveguide modes do exist which have 

an effective index given by the weighted average of the effective indices that the modes 

would possess in each region, where the weighting function is the duty cycle of the 

grating [Li 1992]. 

4.2.1 Linear Properties of Waveguides 

The linear loss coefficients of bulk hydrothermal KTP were provided by Du Pont 

at 850 and 425 nm: 

a(425) = 0.1 to 0.13 cm- I 

a(850) ~ 0.01 cm- I 

which correspond to losses of less than 0.5 dB/cm. The loss coefficient at 1.5 J.lm is 

even lower. Actual waveguide losses were too low to be accurately measured, as no 

streak of scattered light was visible from the top of the waveguides. Therefore, the above 

bulk loss coefficients were used in the numerical analysis, with the understanding that 

this may seriously underestimate the actual waveguide losses. 

Fundamental throughputs were measured for each waveguide by either operating 

the lasers quasi-CW by inhibiting modelocking, or with low power modelocked pulses. 
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Light was coupled into waveguides mounted on a precision 5-axis positioner, and guide 

position was optimized for maximum throughput. A standard 20X microscope objective 

was used to couple into each waveguide, and a 40X output objective was typically used. 

The output was imaged onto a TV camera vidicon to view the mode and to ensure that the 

TMoo mode was launched. All waveguides supported at least two fundamental TM 

modes and several second-harmonic modes, but it was easy to preferentially launch the 

TMOO mode. The mode of the generated second-harmonic was determined by the 

phasematching condition. The transmission of the microscope objectives are 

approximately 75% near 425 nm, 85% near 850 nm and 80% near 1.5 J.lm. 

Typical fundamental throughput for guide #15 at 850 nm is 35%, which when 

corrected for Fresnel reflection losses off the guide faces and objective transmission 

losses results in a coupling efficiency-loss product of 58%. A LiI03 crystal was used to 

double the output of the Ti:sapphire to 425 nm in order to measure throughput for the 

second-harmonic. Unfortunately, second-harmonic throughput data for guide #15 is not 

available. This is because the second-harmonic throughput measurement was attempted 

after completion of the SPM experiments described in this chapter, when it was 

discovered that guide #15 contained several submicron cracks between segments along 

the length of the guide. Apparently, these cracks can occur when the Ti mask is too 

thick, causing stress fractures [Bierlein, private communication] These cracks were 

sufficient to decrease second-harmonic throughput to levels below a few percent by 

scattering, but IR throughput was unaffected (measured 30-40% after SPM experiments). 

Other guides on sample LC-42 also contain these cracks, but only between a few isolated 

segments. Therefore, it is surmised that a few cracks were probably present before the 

experiments, but the high intensities used may have exacerbated the problem and created 

more cracks. It is unlikely that such a low second-harmonic throughput was present 
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during most of the SPM experiments. The second-harmonic throughput of adjacent guide 

#16 (4 /lm wide, 4 /lm period, only 4 cracks) was measured to be approximately 38%, 

which verified that these guides are low loss even for the second-harmonic. When 

corrected for external losses, this results in a coupling efficiency-loss product of 68%. 

This is higher than at 850 nm due to the improved coupling efficiency at the shorter 

wavelength. These numbers are quite high for channel waveguides, and they help to 

confirm the low-loss assumption, even for the second-harmonic at 425 nm. 

The symmetric and asymmetric 25 /lm period waveguides (guides #35 and #31) 

on sample LC-37 had throughputs at 1.58 /lm of 37 and 33% respectively, giving 

coupling efficiency-loss products of 69 and 61 %. The throughput of the second

harmonic at 790 nm for guide #35 was 19% for the TMOI mode, which is the second

harmonic mode generated in the SPM measurements done in these waveguides. It is 

interesting that these guides work so well considering the long regions between 

segments, especially for the second harmonic. 

Loss studies were done at Du Pont on similar waveguides using a Leitz 20X 

output objective with a very long working distance of 10 mm. By translating the output 

objective forward so that it was focused on the input face of the guide, the uncoupled 

light could be collected and measured (the guided light at this objective position is so far 

out of focus on the detector that it has a negligible signal). They found that the sum of the 

uncoupled power, the Fresnel reflected power, and the guided power was equal to the 

input power within experimental error, thus indicating that propagation losses were 

immeasurably small. Their measured coupling efficiencies were 50-75%, which agrees 

with the coupling efficiency-loss measurements quoted above. 
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The linear indices of refraction along the crystal axes of KTP can be found from 

the following Sellmeier equation with coefficients tabulated in Table 4-1 [Bierlein 1989]: 

(4.1) 

Table 4-1 Sellmeier equation coefficients for KTP for A.. in /!m 

Index A B C D 

nx 2.1146 0.89118 0.20861 0.01320 

ny 2.1518 0.87862 0.21801 0.01327 

nz 2.3136 1.00012 0.23831 0.01679 
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A plot of the principle axis indices obtained from (4.1) is shown in Figure 4-2 below. 
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Figure 4-2 Dispersion of the refractive indices of KTP from the Sellmeier 
equation. 
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The Sellmeier equation is used to calculate the expected quasi-phasematching 

wavelengths and bandwidths by numerically evaluating the Ilk's for the G2-function of 

Eqs. (3.6 & 3.7) over a range of wavelengths, and it is also used to calculate the 

dispersion parameters used in the numerical simulations. Phasematching wavelengths 

occur when G2 is unity for a given QPM order m. To accurately evaluate (3.6 & 3.7), 

mode effective indices should be used rather than bulk indices, but reasonable qu~itative 

agreement between predictions based on the Sellmeier equation and experimentally 

observed QPM wavelengths and bandwidths made this unnecessary. It is necessary, 

however, to include the index increase due to ion exchange, and the following estimated 

waveguide effective index changes were provided by Du Pont: 

Table 4-2 Estimated effective index changes due to ion exchange 

A(ro) (om) A(2ro) (om) ~o(ro) ~o(2ro) 

850 425 0.0049 0.0113 

1550 775 0.004 0.005 

Numerical evaluation of the G2-function using these numbers and the Sell meier equation 

is shown in Figure 4-3a for a 5 mm long waveguide, giving a predicted m = 1 QPM 

wavelength of 848 nm for guide #15. This agrees very well with the measured QPM 

wavelength of 852.2 nm, which will be discussed in the next section. For guides #35 

and #31 the estimated QPM wavelengths are approximately 1.54 Jlm, as seen in Figure 

4-3b, while measured QPM wavelengths are near 1.65 Jlm. Thus, the use of bulk indices 

instead of mode indices to approximate Ilk breaks down at longer wavelengths. 
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Figure 4-3a G2 function from the Sell meier equation and Table 4-2 for a 4 ~m 
period (2.7 ~m11.3 ~m) and a 5 mm length. 
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Figure 4-3b G2 function for 25 ~m periods and a 5 mm length. 
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4.2.2 SHG Properties of Waveguides 

KTP has the following values of dij measured at 880 nm relative to dII of quartz 

(0.308 proN) [Vanherzeele 1992]: 

Table 4-3 Magnitude of dij for KTP at 880 nm 

Tensor Element Magnitude (pJDN) 

dIS 2.04 

d24 3.92 

d3I 2.76 

d32 4.74 

d33 18.5 

Notice that the diagonal element d33 is by far the largest. More recent measurements 

indicate that the values may not be this large [Boulanger 1994], but the tabulated value of 

d33 was used in this work. The d33 coefficient is not accessible through conventional 

angle or temperature phasematching, but quasi-phasematching allows its use by proper 

choice of crystal orientation and domain inversion period. Since SHG efficiency is 

proportional to d2, this can provide a substantial increase in SHG efficiency. Since the 

waveguides in this study are formed on the -z surface of the crystal, use of TM modes 

(Le., vertical input polarization) utilizes d33. 

4 11m Period Guide Characterization 

In order to locate the phasematching wavelengths of guide #15, the Ti:sapphire 

laser was tuned through the 840 to 860 nm range in 0.1 to 0.3 nm steps. The laser was 
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operated quasi-CW so that the laser bandwidth would be much smaller than the 

phasematching bandwidths. The laser wavelength was taken as the peak wavelength 

measured with an Instrument Systems Spectro 320 calibrated spectrometer, and the laser 

bandwidth was less than 0.07 nm, limited by the resolution of the instrument. The 

output from the laser was coupled into the waveguide using a 20X microscope objective, 

and the output coupler was a 40X objective. The output was focused into a TV camera to 

verify optimized coupling and to observe the near field mode patterns in the guide. Schott 

BG-39 filters were used to block the fundamental output and allow the mode of the 

second-harmonic to be observed. The waveguide stage and input coupler were adjusted 

to optimize the fundamental TMoo mode. A portion of the output was split off and passed 

through BG-39 filters to block the fundamental and allow measurement of the second

harmonic signal. A silicon photodetector and lock-in amplifier were used to measure the 

second-harmonic signal. An acousto-optic modulator was used to keep the fundamental 

input power constant at 30 m W for each wavelength in the scan. The resulting scan is 

shown in Figure 4-4, which clearly shows the prominent TMoo(ro) ~ TMoo(2ro) 

phasematch at 852.2 nm, and the less-efficient TMoo(ro) ~ TMOl(2ro) phasematch at 

844.1 nm. Phasematching to TMo2(2ro) and TM03(2ro) modes was observed at shorter 

wavelengths. No SHG was observed at any wavelength for TE input polarization. The 

generated second-harmonic mode patterns were very clean, with distinct lobes in the 

waveguide depth direction. 

The agreement between the measured phasematch wavelength and that calculated 

by evaluating the G2-function using bulk Sell meier indices is very good. As mentioned 

earlier, this technique predicts the phasematching wavelength to be 848 nm. Also, the 

bandwidth-length product predicted by (3.6 & 3.7) is 0.8 nm-mm (see Figure 4-3a), 

which gives a predicted bandwidth of 0.29 nm for this 2.8 mm long sample. The 



92 

measured bandwidth from the data of Figure 4-4 is 0.34 nm, in excellent agreement with 

the prediction. The Sellmeier equation also permits evaluation of equation (3.9) at 850 

nm. Appropriate numbers are nro = 1.840356, n2ro = 1.941483, dnro/d'A = -6.695xlO-2 

I-1m- 1 and dn2ro/d'A = -0.814481 I-1m- l , giving a bandwidth-length product of 0.82 nm-

mm. The close agreement between predicted and measured bandwidths indicates that 

waveguide homogeneity is very good, and that phasematching is maintained over the 

entire length of the guide. 
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Figure 4-4 30 mW CW wavelength scan of guide #15 showing prominent 
phasematch locations. 
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Since the cascaded SPM experiments were performed with the laser modelocked 

instead of CW, it is necessary to repeat the above procedure at average modelocked 

powers comparable to those used in the experiments to see if there are any changes in the 

curves. Figures 4-5 show wavelength scans for 2.3 psec pulses at 30 mW and 300 mW 

average input powers. Assuming a throughput of 35% and correcting for Fresnel loss at 

the endface and output objective, this corresponds to approximately 69 Wand 690 W 

peak guided power, respectively. The most striking change at high peak powers is the 

growth of the sidelobes and background relative to the QPM peaks and the merging of the 

peaks and sidelobes at 300 m W The growth of the sidelobes is expected from CW 

theory (see Figure 2-6). Also, the efficiency of the TMOO(ro) to TMol (2m) resonance 

grows and becomes comparable to the TMoo(ro) to TMoo(2m) resonance, and at 300 mW 

the sidelobes become comparable to the primary peaks. Additionally, the bandwidths of 

the peaks widen, which is unexpected from CW SHG theory. The widening of the peaks 

for 30 mW is primarily due to the convolution of the pulse bandwidth and the 

comparable QPM bandwidth. At higher powers it may be related to the intensity

dependent changes in refractive index reported by Morris et al [Morris 1993], which 

could cause the waveguide to become less homogeneously phasematched along its length. 

Of more importance to the cascading experiments is the intensity-dependent shift of the 

QPM peaks to longer wavelengths. This is a temporary effect that seems to be related to 

time of exposure, as even larger shifts have been observed (up to 3 nm) during other 

experiments in the same guide. It could be due to the effects reported by Morris, or more 

likely it is a thermal shift due to absorption of the second-harmonic. This is problematic 

for cascading, as it changes the phase mismatch condition with time and power. 
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As seen in equation (2.20), in the no-depletion limit the SHG efficiency scales 

linearly with input peak power and quadratically with sample length. Therefore, raw 

conversion efficiencies are rarely quoted. Instead, efficiencies normalized to the 

fundamental power and square of the device length are quoted, as this is a measure of the 

possible SHG from a device and is useful for comparing different devices. However, 

since this is only true in the no-depletion limit where second-harmonic powers are low, it 

can be difficult to measure with repeatability, especially with modelocked lasers. Some 

typical results are now reported for the SHG efficiency of these waveguides 

The output fundamental and second-harmonic powers were measured with a 

calibrated Coherent Fieldmaster silicon power meter, with Schott BG-39 filters to block 

the fundamental. Using 500 /lW of average input power with an autocorrelation 

pulsewidth of 4 psec, a fundamental throughput of 32% was measured. Measured 

second-harmonic power was 4.8 /lW after correction for the BG-39 transmission (0.88 at 

425 nm). These powers need to be corrected for the Fresnel loss at the exit face of the 

waveguide to obtain guided powers (assumes the guide is lossless, i.e., fundamental 

power at the end of the guide is equal to launched power). Thus, the guided fundamental 

power is (500)(.32)/(0.912) = 175 /lW, and the guided second-harmonic power is 

5.35 /lW, giving a raw conversion efficiency of 3%, well within the no-depletion 

approximation. The peak guided fundamental power is found to be 0.89 W. Dividing the 

conversion efficiency 11 by the peak guided fundamental power and the waveguide length 

(0.28 cm) squared gives a normalized SHG efficiency 11' = 11IPg(ro)L2 = 43 %/W-cm2. 

There is much variability in the measured efficiency, as similar measurements on these 

guides yielded only 20 to 30 %/W-cm2. However, in cascading experiments high peak 

powers and strong conversion are generally required, and this number is meaningless as 

the efficiency saturates. Of more importance in cascading experiments is the total 
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conversion or depletion of the fundamental. Fundamental depletion exceeding 60% was 

observed for 300 mW of average input fundamental power at a pulsewidth of 3.4 psec 

autocorrelated, or approximately 690 W peak. This average depletion corresponds to 

over 90% conversion at the peak of the pulse [Eckardt 1984]. Such high conversions 

were generally required in order to observe cascaded SPM. 

25 J1m Period Guide Characterization 

The phasematching wavelengths for guides #31 and #35 on LC-37 were 

determined in similar fashion using the picosecond CCL, although a detailed wavelength 

scan similar to Figure 4-4 over several hundred nanometers was not performed. The 

TMoo( (0) to TMoo(2oo) phasematch for guide #35 was found at 1.656 Jlm, and the 

TMoo(OO) to TMol(2oo) phasematch occurs at 1.585 Jlm. For guide # 31, the TMoo(OO) to 

TMoo(2oo) phasematch occurs beyond 1.66 Jlm and was not accessible because the CCL 

would not stay modelocked beyond this wavelength. The TMoo( (0) to TMo 1 (200) 

phasematch was found at 1.587 Jlm. No SHG was observed at any wavelength for TE 

modes. These measured QPM wavelengths do not agree very well with those estimated 

by the Sellmeier equation using bulk indices (Figure 4-3b). This is not surprising since at 

longer wavelengths the dispersion of the index flattens out, and small errors in index 

correspond to large errors in wavelength. The trends, however, agree relatively well. 

For instance, the asymmetric guide was predicted to have a slightly longer QPM 

wavelength than the symmetric guide (see Figure 4-3b), and it does. Bandwidths also 

agree relatively well. 

Figure 4-6 shows a wavelength scan of the TMoo(OO) to TMOO(2co) phasematch for 

guide #35 for 5 mW average input power at a pulsewidth of 5.4 psec deconvolved (12 W 

peak input power). The spectrum of these pulses is less than 0.8 nm, so the 
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phasematching bandwidth is not measurably broadened by the pulse spectra. The 

bandwidth is 6.1 nm, so the measured bandwidth-length product is 21.4 nm-mm. The 

evaluation of G2 using the Sellmeier equation gives a predicted product of 16.5 nm-mm 

(Figure 4-3b), but the phasematch prediction is over 100 nm lower than that measured, so 

it is not surprising that the predicted bandwidth is slightly smaller. A better prediction is 

obtained by using Eqn. (3.9) at 1.65 f..1m. Appropriate numbers are nro = 1.81365, 

n2ro = 1.8421, dnro/d'A = -2.27xlO-2 f..1m-1 and dn2ro1d'A = -7.288xlO-2 f..1m-1, and the 

resulting bandwidth-length product is 23.6 nm-mm, which agrees very well with the 

measured bandwidth. Once again, this indicates good waveguide homogeneity. 

Bandwidths for the TMoo(ro) -70 TMol (2m) phasematch were not measured, but they are 

assumed to be in similar agreement. 
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Figure 4-6 TMoo(ro) to TMoo(2ro) phasematching curve for Guide #35,5 mW 
average (12 W peak) input power. 
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Conversion efficiency measurements were also performed on these guides. In 

this case, a calibrated United Detector Technology power meter was used, with a 

germanium head for fundamental measurements and a silicon head for second-harmonic 

measurements. Schott RG-9 filters were used to pass the second-harmonic and block the 

fundamental, and Schott RG-l 000 filters were used to pass the fundamental and block the 

second-harmonic. For TMOO(01) to TMoo(201) conversion in guide #35, efficiencies 

ranging from 30 to 50 %/W-cm2 were measured for 5 mW average input power at 6 psec 

deconvolved. For TMoo(01) to TMol(201) conversion, the efficiency was 6 %/W-cm2, 

which is much smaller than that for conversion to TMoo(201), as expected from overlap 

integral arguments. For guide #31 the efficiency of TMoo( 01) to TMO 1 (201) conversion 

was 18 %/W-cm2. This is higher than for guide #35 because this guide is slightly 

asymmetric with a longer 'on' region, which results in tighter mode confinement and 

higher guided intensities for a given input power. It is unfortunate that the TMoo(01) to 

TMoo(201) phasematch was not accessible for this and other asymmetric guides, as the 

improved efficiency can be expected to create larger cascaded phase shifts. 

4.3 Cascaded SPM Experimental Procedure 

In Chapter 2 it was shown that a cascaded nonlinear phase shift occurring over the 

duration of a short pulse leads to cascaded self-phase modulation of the fundamental 

pulse. If the phase shifts are large, then significant spectral broadening and modulation 

can occur. Thus, the simplest experiment for demonstrating cascaded phase shifts is to 

demonstrate cascaded SPM. The experimental procedure for observing cascaded SPM 

was very simple. Light was coupled into the waveguides, and input and output 

fundamental pulse spectra were compared both as a function of input power and 

wavelength (detuning from phasematch). The CW theory of Chapter 2 indicates that the 
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cascading effect increases with power and is largest in the vicinity of a phasematch 

resonance. These predictions are verified in these experiments. 

The basic experimental set-up is shown in Figure 4-7. The Ti:sapphire laser was 

used for the experiments near 850 nm, and an acousto-optic modulator was used to adjust 

the input power. The APM CCL was used for the 1.5 Ilm experiments, and in this case 

the input power was varied with a half-waveplate/polarizer combination and reflective 

neutral density filters. In both cases the spectrum analyzer is an Instrument Systems 

Spectro 320 scanning spectrometer with a calibrated Si detector for measurements below 

1 Ilm and a calibrated InGaAs detector for IR measurements. The spectrometer uses a 

slowly-scanned grating to obtain spectra every few seconds, with acquisition time 

depending on scan speed, wavelength range, etc. The optical input to the spectrometer is 

a fiber cable, typically 3 m long, into which the fundamental1ight is focused. For the 850 

nm experiments the fiber was a 501110 Ilm multimode fiber, while for the 1.5 Ilm 

experiments it was a 51110 Ilm single-mode fiber. Several tests were done to ensure that 

SPM in these fibers did not contribute any measurable spectral broadening, and the lack 

of broadening for high power pulses far from phasematching and for TE input pulses 

verifies this. This is also proof that none of the optical elements in the set-up distorted the 

spectra. Appropriate Schott color glass filters were used to block the unwanted second

harmonic from entering the spectrometer, but this was determined to be unnecessary. 

The built-in attenuators of the spectrometer were not used, as they were found to cause 

channeling of the spectra due to Fabry-Perot etalon effects. External neutral density 

filters were used as needed to attenuate the signals into the fibers and spectrometer. The 

spectrometer has an adjustable slit which was kept in the most narrow position for 

optimal resolution. Resolutions are estimated by the manufacturer to be less than 0.07 

nm near 850 nm and less than 0.28 nm near 1.5 Ilm for this slit size. 
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It is important to optimize the coupling conditions for the fundamental into the 

spectrum analyzer in order to achieve best resolution. This was done by tuning the laser 

to a wavelength off phasematching and coupling the output from the waveguide into the 

fiber pigtail with a microscope objective (5X for the multimode fiber, 20X for the single

mode fiber). The output from the pigtail was observed with a power meter and coupling 

conditions into the fiber were adjusted to maximize the signal. This led to optimal 

resolution and the best contrast in the modulated spectra. In addition, optimizing the 

waveguide coupling for maximum SHG rather than maximum fundamental throughput 

resulted in the strongest modulation. This is reasonable since it is the SHG process 

which is responsible for the cascaded SPM. An additional problem was seen in the 

Ti:sapphire experiments which is probably related to the QPM wavelength shifts 

discussed earlier. Observation of the output second-harmonic immediately after 

unblocking the input to the guide showed increases, decreases, and sometimes 

oscillations in second-harmonic output with time. These changes stabilized after a few 

minutes, at which time slight tuning of the input wavelength (a few nm) was usually 

necessary to again maximize SHG. Spectra were only taken after several minutes of 

irradiation when the SHG appeared to have stabilized. 

4.4 Cascaded SPM Experimental Results 

4.4.1 4 ~m Period Waveguide 

The first experiment demonstrated the power dependence of cascaded SPM by 

tuning the Ti:sapphire laser to a wavelength very near the primary QPM wavelength of 

852.2 nm and measuring waveguide output spectra as a function of input power. When 

tuned to a center wavelength of 854.3 nm where SHG was strong (depletion measured 

was 56%), impressive spectral modulation and broadening were observed. A typical data 
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set is shown in Figure 4-8, which shows the normalized output fundamental spectra of 

2.6 psec pulses for average input powers of 50, 200, 250 and 300 mW, corresponding 

to peak guided powers of 115, 460, 575 and 690 W, respectively. 
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Figure 4-8 Cascaded SPM in KTP at 854.3 nm for a 2.6 psec pulse at various 
peak guided powers. 

This plot shows the typical characteristics observed for cascaded SPM in this 

sample. The lowest power spectrum is essentially identical to the input spectrum, as is 
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true for all measurements reported here. As the input power is increased, the spectrum 

initially narrows and small sidebands appear at the base of the spectrum. As the power is 

increased further, the spectrum broadens and the sidebands become substantial, 

eventually becoming comparable to the central peale The 690 W spectrum is most 

impressive, as it shows very distinct three-lobed modulation and a three-fold increase in 

spectral width relative to the low power spectrum. The broadening and sidebands 

represent the creation of new frequencies near the carrier as a result of the cascaded 

nonlinear phase shift (remember that v oc: dfPldt, so that !J.v oc: d!J.fP/dt). BPM 

calculations indicate that the asymmetry seen in the spectra is due to a combination of 

temporal walk-off, which distorts the pulses, and the finite spectral width of the pulse, 

which causes different frequencies in the spectrum to be at different phase-mismatches 

(this is equivalent to group-velocity dispersion). This effect is especially pronounced 

very near phasematching, where one side of the spectrum may have a positive ML and 

the other side may have a negative !J.kL. Spectral narrowing is also most likely to be 

observed very near phasematching. 

For clarity, another three-lobed spectrum, also at 300 mW average input power, is 

shown in Figure 4-9, where it is compared with the input spectrum. A self-phase 

modulated spectrum of this form in a Kerr-like nonlinear medium such as a silica fiber 

would correspond to a nonlinear phase shift of approximately 2.S7t [Stolen 1978], where 

the SPM is due to the nonlinear refractive index. Cascaded SPM is much more 

complicated because of the amplitude modulation that occurs in the SHG process. This 

amplitude modulation leads to spectral modulation in addition to that created by the 

cascaded nonlinear phase shift. The cascaded situation is further complicated by the 

intimate dependence on the phase-mismatch. Thus, simple relationships that allow 

nonlinear phase shifts to be calculated from spectral broadening, such as those found in 



104 

Agrawal [Agrawal 1989], have not been found for cascaded SPM. In order to assign a 

nonlinear phase shift to modulated spectra, it is necessary to calculate theoretical spectra 

and compare them to observed spectra. Once a match is found, the nonlinear phase shift 

can be calculated from the complex field amplitude corresponding to that spectrum. In the 

no-depletion regime, where the cascaded nonlinearity mimics a Kerr nonlinearity, the 

broadening relationships in Agrawal should hold approximately. 
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Figure 4-9 Input and output spectra for 2.4 psec pulses at 854.5 nm in KTP. 
Peak guided power is 740 w. 
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Numerical simulations using the BPM code presented in the Appendix were 

performed to assign a nonlinear phase shift to the observed spectra. Using d33 = 

18.5 pm/V in Eqn. (2.29) gives the nonlinear coupling constant lC = 1.459 MW-I12 at 

850 nm. This number must be reduced for QPM by a factor of 2sin(D1t)ht, where D = 

0.675 is the duty cycle of the grating. This results in the actual coupling constant used of 

lC = 0.792 MW-1I2. From derivatives of the Sellmeier equation evaluated at 850 and 

425 nm, the walk-off length for a 2 psec sech2 pulse is Lw = 0.15 cm, and the GVD 

constants are kI" = 2.17x 10-3 psec2/cm and k2" = 7. 79x 1 0-3 psec2/cm. The fields were 

propagated over the sample length of 0.28 cm, which is approximately 2Lw. The FFT of 

the resulting time-domain fundamental field gives the fundamental output spectrum. The 

arbitrary frequency scale of resulting spectrum was converted to wavelength by scaling 

the spectral width of the input pulse to that of a transform-limited pulse at 850 nm. 

Nominal input peak intensity was taken as 3 GW/cm2, but this number was varied to 

obtain good qualitative agreement in spectra. This is reasonable since the actual value is 

not known, and it is equivalent to adjusting lC, which is also unknown due to the lack of 

overlap integral information. Wavevector mismatch Ilk (or equivalently wavelength) was 

also adjusted to achieve spectra which agreed qualitatively with measured spectra. This is 

also justifiable since the actual detuning is not known. Some numerical spectra are 

shown later in Figure 4-11, where a set of spectra for different input wavelengths is 

presented. Calculation of the peak nonlinear phase shift from the complex fundamental 

field for multi-lobed spectra gives phase shifts of 1t to 21t. 

In order to verify that the observed SPM is not due to the intrinsic third-order 

nonlinear refractive index, the phase shift expected from n2 must be calculated. Since 

KTP is predominantly used in x}2> applications, its third-order properties have not been 

extensively measured. DeSalvo did measure n2 for KTP at 1.06 J.lm and 532 nm using 
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the z-scan technique, and a value of approximately 2.4xl0-1S cm2/W was found at both 

wavelengths for light polarized along the y-axis [DeSalvo 1993]. Assuming an effective 

area equal to the approximate geometric area of 20 J.Lm2 and a peak power of 690 W 

results in a guided intensity of 3.45 GW/cm2. Using DeSalvo's value for n2 at 850 nm 

and a length of 2.8 mm in equation (2.9) results in a phase shift due to n2 of 0.051t. This 

is much too small to cause the observed spectral broadening and modulation. Another 

possibility is that large peak powers could be generated at 425 nm, which could lead to 

cross-phase modulation on the fundamental. Since there is no measured dispersion in n2 

from 1.06 J.Lm to 532 nm, it is doubtful that the cross-phase modulation coefficient 

coupling 425 nm and 850 nm would be twenty times n2, which is the number needed to 

obtain a 1t phase shift. No SPM was ever observed for TE polarized input, and this is 

also strong evidence that the measured SPM is due to cascading. 

It is interesting to calculate a cascaded effective n2 corresponding to the 1t phase 

shift estimated here. This is not really valid, as these results were not obtained in the no

depletion regime where the concept of an effective n2 holds, but it is useful for comparing 

these results to x(3)-based systems such as AIGaAs. It does not imply that the phase shift 

follows a Kerr law. Using the same numbers as the previous paragraph results in n2eff = 
4.8xlO- 14 cm2/W for this system. This approaches the values reported for AIGaAs 

NLDC systems at half-bandgap [Aitchison 1991, Villeneuve 1992]. 

Even stronger evidence that this SPM is indeed caused by cascading is obtained 

by measuring the wavelength dependence of the SPM. The modulated spectra shown 

above were all taken at wavelengths a few nm beyond the low-power QPM location at 

852.2 nm. Cascading theory says that the SPM should be maximum on either side of 

phasematching and zero on phasematching (see Fig. 2-5). Short pulses, however, can 

exhibit cascaded SPM on phasematching due to the spread of frequencies in the pulse 
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spectrum. Interestingly, no SPM was ever observed in these experiments at wavelengths 

below 850 nm. This could be due to the presence of the TMoo( (0) to TMo 1 (200) 

phase match at 844.1 nm, which could compete by introducing a phase shift of opposite 

sign to that induced by detuning from the TMoO( ro) to TMoo(2oo) phasematch. A more 

likely explanation comes from recalling that at 300 mW modelocked input power, the 

phasematch location shifts to slightly longer wavelengths (see Fig. 4-5b). Thus, the large 

SPM presented above is actually very near phasematching, i.e., the actual detuning at 

high power is much smaller than 2 to 2.5 nm. 

Detailed wavelength scans were performed from 850 to 860 nm to investigate the 

wavelength dependence of cascaded SPM. As usual, an input average power of 300 mW 

was used, and pulsewidths were 3.4 to 3.5 psec autocorrelated (2.2 to 2.3 psec 

deconvolved). Figure 4-10a shows a wavelength scan at 300 mW input power and 

Figure 4-1Ob is the comparable scan at 30 mW input, which also represents the input 

spectra. Figure 4-10a shows exactly the dependence that one would expect from 

cascading theory. At low wavelengths (large detunings from phasematch) the high power 

spectra are essentially identical to the low power spectra. As the wavelength is tuned 

closer to phasematching, the spectra broaden and modulation begins to occur. Very near 

phasematching the broadening and modulation become substantial, and even narrowing 

can occur. Symmetric behavior then exists on the high-wavelength side of 

phasematching. The symmetry about 855 nm in Figure 4-10a suggests that this is the 

new location of the high power phasematch, and that the cascaded phase shift is 

approaching a maximum, going through zero at phasematching, and then going through a 

maximum (of opposite sign) on the other side of phasematching, just as predicted by 

theory. 
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Figure 4-11 shows the results of the BPM simulations using the parameters 

quoted earlier. For this numerical wavelength scan, the code presented in the Appendix 

was modified to include the Sellmeier equation for calculation of ~k. This allows the 

wavelength rather than the wavevector mismatch to be used as the detuning parameter. 

Notice that the largest spectral modulation occurs near 848 nm, the predicted QPM 

wavelength from the Sell meier equation, and spectral modulation is symmetric about the 

QPM wavelength. There is good qualitative agreement between Figures 4-10a and 4-11, 

especially considering the simplicity of the bulk, plane-wave model used. A more 

detailed theory which includes waveguide effects and the possibility of several competing 

phasematches would give better agreement. As mentioned previously, peak nonlinear 

phase shifts corresponding to the modulated spectra are on the order of 1t. 

Unfortunately, the symmetry of Figure 4-lOa was not always reproducible. 

Figure 4-12 shows a similar scan, also at 300 mW with 3.5 psec AC pulsewidths, taken 

on another day. In this case, gradual broadening is observed as the wavelength 

approaches phasematching, and sidebands appear as usual. However, the largest 

modulation is followed by spectral narrowing with small sidebands, with eventual return 

to unbroadened spectra. The symmetry of Figure 4-1 Oa is not seen, although the general 

behavior of broadening and modulation near phasematching is maintained. During this 

scan, the generated second-harmonic power was measured at each wavelength, and this 

data is plotted as the dark circles in Figure 4-11 for each center wavelength (not all spectra 

are shown for clarity). Notice that the main SHG peak at 854 nm has broadened 

significantly and merged with the sidelobe at 856 nm, essentially forming one wide 

phasematching peak (compare to Figure 4-5b). 
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This distortion of the phasematching resonances at high powers, which is a 

function of exposure time, undoubtedly complicates the wavelength dependence of the 

cascaded SPM. Another problem with this set of experiments is that the pulse 

bandwidths are 0.3 to 0.4 nm, and the (low power) phasematching bandwidth is 

0.34 nm. Ideally, the pulse bandwidth should be much shorter than the phasematching 

bandwidth so that the phasematching resonance can be probed at specific detunings rather 

than over a spread of detunings. A related problem in these experiments was the short 

walk-off length of 1.5 mm, which essentially acts as the effective interaction length of the 

fundamental and second-harmonic pulses in the sample. Propagation over two walk-off 

lengths also seriously distorts pulse shapes and spectra. Using a shorter sample would 

avoid the walk-off problem and provide proportionally wider bandwidth, but more 

intensity would then be required to achieve comparable phase shifts. Thus, shorter 

samples will not help. The solutions are to use longer pulses and/or to move to a 

wavelength range (or material) which is less dispersive. This was the original motivation 

for performing similar experiments near 1.5 ).tm in the waveguides with 25 ).tm periods. 

As discussed in Section 4-2-2, the bandwidth of the 25 ).tm waveguides is much larger 

for a given guide length. 

4.4.2 25).tm Period Waveguides 

Initial cascaded SPM experiments were tried in guide #35 (12.5/12.5) at the 

TMoo(ro) to TMoo(2ro) phasematch located at 1.656 J..lm, pictured in Figure 4-6. The 

phasematching bandwidth of this interaction is 6.1 nm, while the bandwidths of the 6 to 8 

psec modelocked pulses from the CCL are approximately 0.8 nm or less. This pulse 

spectrum is narrow enough to probe within the phasematching curve. Use of longer 

pulsewidths also significantly reduces the deleterious effects of walk-off, as the walk-off 
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length for 6 psec pulses in this wavelength region IS approximately 10 mm. 

Unfortunately, the power output of the CCL is low at this wavelength, and only 300 m W 

average was available at the sample. Because the pulses are 3-4 times longer than those 

of the Ti:sapphire, the peak power is proportionally reduced (both lasers are at 76 MHz), 

and no cascaded nonlinear effects were observed. The other 25 Jlm period waveguides 

on sample LC-37 either had significantly lower SHG efficiencies (asymmetric guides 

with longer 'off' regions) or the phasematch locations were beyond the tuning range of 

the CCL (asymmetric guides with longer 'on' regions). 

In order to observe cascaded SPM in these guides the CCL had to be operated in 

APM mode, where higher peak powers are available. The APM CCL is not widely 

tunable, and this forced the experiments to be performed at the TMOO(ro) to TMol(2ro) 

phasematch ·located near 1.58 /lm. Technologically, this is a more interesting 

wavelength, as it falls within the low loss communications window for optical fibers. 

However, the reduced efficiency of this interaction due to the lower overlap integral 

means that cascaded effects will be smaller for a given input power. SHG efficiency 

measurements (Section 4.2.2) show that the efficiency for guide #35 is 5 to 8 times lower 

than that of the TMoo(ro) to TMOO(2ro) interaction. Since low-depletion SHG efficiency is 

proportional to d eff2, where deff includes the overlap integral, this indicates that the 

overlap integral for the TMo 1 (2ro) phasematch is approximately one-half to one-third that 

of the TMoo(2ro) phasematch. 

Another unfortunate aspect of using the APM CCL is that the fsec pulses have 

significant bandwidths which are comparable to the phasematch bandwidth, thus negating 

the initial rationale for working at these wavelengths. The APM laser produces chirped 

pulses with excess bandwidth, making the problem even worse. The walk-off problem, 

however, is not as bad as it was with the Ti:sapphire experiments. Using the Sell meier 
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equation at 1.55 and 0.775 /lm gives group velocities of 0.54c and 0.5225c, respectively. 

For the 535 and 690 fsec pulses used in these experiments, this results in walk-off 

lengths of 2.6 and 3.3 mm, respectively. So in the worst case the 3.5 mm sample is less 

than 1.5Lw long, whereas the 2.8 mm sample used with the Ti:sapphire is almost two 

walk-off lengths long. The slightly improved walk-off characteristics and the 

technological importance of the wavelength used made these experiments worthwhile. 

Cascaded SPM experiments were performed using the same general set-up 

described earlier. The first SPM experiments were done in symmetric guide #35 with the 

APM CCL tuned to a center wavelength of 1.585 /lm where the TMol(2ro) power was 

largest. Total fundamental depletion was approximately 20%. Pulsewidths were 

535 fsec sech2 with bandwidths of 8 nm (1.6X transform limit), which is unfortunately 

larger than the QPM bandwidth of 6.1 nm. The input spectrum is shown in Figure 4-13, 

which is quite symmetric and clean. The sharpness of the peak is due to a remnant CW 

component resulting from incomplete modelocking of the APM. The resolution of the 

Spectro 320 at this wavelength is estimated to be better than 0.3 nm. For the SPM 

measurements the high power input was 98 mW average, and 52 mW was measured at 

the output. An AR coated microscope objective was used to couple into the guide, 

resulting in the high throughput. Correcting for the output objective and end-face Fresnel 

reflections results in an estimated peak guided power of 1.8 kW. Using the geometric 

area of 50 /lm2 to approximate the effective area results in a guided peak intensity of 3.5 

GW/cm2. Low power output was 2.3 mW, or 80 W peak. 

The output spectra for high power are shown in Figure 4-14a. The low power 

output spectrum is indistinguishable from the input spectrum and is not shown for clarity. 

Just as with the 850 nm experiments, slight narrowing of the central peak is seen, and 

small sidebands emerge representing the creation of new frequencies. The effect is much 
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smaller than in the 850 nm experiments because of the poor modal overlap. The 

asymmetry is due both to walk-off and to the very slight detuning from phasematching. 

The actual center frequency detuning is not known because of the wide bandwidth of the 

pulses, but it is safe to assume that one side of the pulse spectrum experiences a positive 

detuning while the other side is negative. The sharp peak in the SPM spectrum is an 

artifact from the CW component. SPM spectra were not observed if the laser was tuned 

beyond ±5 nm from phasematching. The only change in SPM spectra as the laser was 

tuned through this range was the reduction of the sidebands. 
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Figure 4-13 Input fundamental spectrum at 1.585 J-lm, guide #35. 
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= O.031t cm- . 
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The BPM code was used to model this experiment and provide theoretical spectra. 

In this case, d33 at 1.585 Ilm was estimated using the Sellmeier equation and the 

following formulation of Miller's rule: 

(4.2) 

where dOl is the known value at a given frequency or wavelength (18.5 pmN at 0.88 Ilm 

here), dOl' is the coefficient to be calculated at the desired wavelength, and the n's are the 

appropriate indices of refraction (nz in this case). This results in an estimated d33 = 14.9 

pmN, and using Eq.(2.29) gives K = 0.428 MW-1I2, which has been further reduced by 

211t to reflect the symmetric QPM. The modeling used a pulsewidth of 535 fsec, a 

detuning M = 0.031t cm- 1, a walk-off length of 0.26 cm, a propagation length of 1.5Lw, 

and GVD coefficients of 0.578xlO-3 and 2.52xlO-3 psec2/cm at the fundamental and 

second-harmonic, respectively. The input intensity used to obtain the best spectral fits 

was 1.5 GW/cm2, which is lower than the measured guided intensity because of the 

reduced efficiency of this interaction. 

The resulting theoretical fundamental spectrum is shown in Figure 4-14b, where 

the frequency axis of the calculation has been scaled to wavelength by scaling the 

numerical input spectrum to the measured input spectrum. This is not really correct, as 

the numerical simulations use unchirped sech2 pulses, which would have transform

limited bandwidths. But scaling the numerical spectra to the bandwidth of a transform-

limited 535 fsec pulses results in spectra which are too narrow. The numerical simulation 

agrees very well with the experimental data of Figure 4-14a, including sideband 

development and asymmetry. Both show a steep edge to the central peak and a distinct 
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sideband on the long wavelength side. On the short wavelength side of both the central 

peak has a slight shoulder and there is a small sideband. 

The peak cascaded fundamental phase shift corresponding to these spectra is 

approximately rc/2, as shown in Figure 4-15, where the result of the BPM calculation is 

presented. Here, the solid line is the fundamental phase, and the dotted line is the output 

fundamental pulse normalized to the input, both as a function of retarded normalized time. 

This figure exemplifies a major potential problem with the cascaded phase shift under 

conditions of group-velocity mismatch. Notice that the nonlinear phase shift occurs on 

the pulse in a region of local time where the pulse intensity is small. The majority of the 

pulse has acquired no nonlinear phase shift! This occurs when walk-off causes the 

fundamental and generated second-harmonic pulses to walk apart in time (in space along 

the waveguide) , thus no longer interacting with each other to produce a cascaded phase 

shift. Of course, the separated fundamental pulse continues to upconvert and 

downconvert on its own, providing a cascaded phase shift, but the net effect is smaller 

than if the fundamental and second-harmonic pulses stayed together. This is very similar 

to the cascaded nonlinear phase shifts observed under Cerenkov phasematching, where 

the second-harmonic is shed into the cladding of a fiber [Torruellas 1994]. This is 

potentially a serious drawback for the use of cascading in devices, as the nonlinear phase 

shift needs to coincide with energy in order for the energy to switch. 
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Figure 4-15 Temporal profiles of output fundamental pulse and nonlinear phase 
across pulse from BPM analysis. 
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Similar experiments were performed in asymmetric guide #31 (15110), in which 

the TMoo(ro) to TMol(2ro) phasematch wavelength is 1.587 nm. In this case, input 

fundamental average power was 130 mW and output was 30 mW, and the pulsewidth 

was 690 fsec. This gives a guided peak power of approximately 760 Wand intensity of 

1.5 GW/cm2 assuming an area of 50 J..Lm2. Low power scans were done at 3.4 mW 

input, or 20 W peak guided power. The input spectral width was 6 nm, as shown in 

Figure 4-16, so once again the pulse is not transform-limited (should be 3.8 nm). The 

low power output spectrum was unchanged from the input. The APM behaved better 

during this experiment and no CW peak is seen in the spectra. 

At high power a typical SPM spectrum obtained very near phasematching is 

shown in Figure 4-17a, where it is compared in Figure 4-17b to the result of the BPM 

calculation using the same parameters as before except for a detuning 11k = 0.021t cm- l 

and a walk-off length of 0.33 cm, which is appropriate for this pulsewidth. The 

calculated spectrum has been scaled to wavelength using the input spectrum, as before. 

The agreement between the theoretical and experimental spectrum is excellent. The peak 

cascaded phase shift in this case is also approximately 1t/2, and the temporal profile is 

almost exactly like Figure 4-15, showing the nonlinear phase in a region of low intensity. 

As before, the SPM spectra were only observed within a narrow wavelength 

range near phasematching. A very symmetric SPM spectrum was measured at exact 

phasematching, as shown in Figure 4-18a, and is compared in Figure 4-18b to the BPM 

calculation for 11k = 0, which is in excellent agreement. The peak nonlinear phase shift in 

this case is approximately 1t/4, lower than before because of the zero detuning. CW 

theory says that the cascaded phase shift goes to zero at phasematching. The nonzero 

result here is due to the spectral width of the pulses. 
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Figure 4-16 Input fundamental spectrum at 1.587 J..Lm, guide #31. 
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CHAPTER V 

DIRECT MEASUREMENT OF CASCADED PHASE SHIFTS 

IN LiNb03 CHANNEL WAVEGUIDES 
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In the previous Chapter cascaded self-phase modulation was reported which was 

a direct result of the cascaded nonlinear phase shift. By measuring the SPM spectra and 

comparing with theory, the magnitude of the cascaded phase shift was inferred indirectly. 

Such experiments are valuable in that they demonstrate that significant (and therefore 

potentially useful) phase shifts exist. However, no information about the sign of the 

phase shift is available from these SPM measurements, and the behavior of the SPM as 

the wavelength was tuned through phasematching was somewhat inconclusive due to the 

large bandwidth of the laser pulses and the intensity-dependent problems found in KTP. 

In this Chapter experiments are reported which provided a direct measurement of 

the cascaded phase shift using a hybrid Mach-Zehnder interferometer with a type-I 

phasematched LiNb03 channel waveguide in one arm. The sign of the phase shift was 

measured directly, and temperature tuning of the phase mismatch allowed verification of 

the sign change upon passing through the phasematching condition, which is the 

characteristic signature of the cascaded phase shift (see Figure 2-5). Precise sub-degree 

control of waveguide temperature allowed for detailed phase measurements across the 

phasematching curve. The use of long 90 psec pulses at 1.32 f..Lm in the low-dispersion 

region allows use of simple CW theory on a point-by-point basis across the pulse to 

obtain theoretical verification of the phase shifts. In other words, walk-off and 
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bandwidth effects were not problems in these experiments, and thus the results are much 

cleaner and more definitive than the KTP SPM results. 

These experiments were performed in close collaboration with Dug Kim of 

CREOL, University of Central Florida, and Roland Schiek, Technische UniversiHit 

Munchen, Germany. In addition to assistance with the experimental measurements, Dug 

Kim provided the pulse-modulation interferometer and Hilbert transform data analysis 

technique, and Roland Schiek performed theoretical calculations. The LiNb03 

waveguides and oven were generously provided by Prof. W. Sohler of UniversiHit 

Paderborn, Germany. 

5.1 Description of Waveguides and Crystal Oven 

Lithium niobate is a well-known negative uniaxial (no> ne) crystal in the 3m 

point-group. Birefringent angle-tuned and non-critical temperature-tuned phasematching 

are often used to obtain SHG in lithium niobate, and the temperature-dependent Sellmeier 

equation is given below with coefficients for the ordinary and extraordinary indices 

tabulated in Table 5-1 [Dmitriev 1991]. 

Table 5-1 

Index At 

no 4.9130 

ne 4.5567 

Sellmeier equation coefficients for LiNb03 for wavelength 
in flm and temperature in K 

A2 A3 A4 Bt B2 B3 

0.1173 0.212 0.0278 1.65xlO-8 2.7xlO-8 0 

(5.1) 

0.097 0.201 0.0224 2.7xlO-8 5.4xlO-8 2.605xlO-7 
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Once again, for waveguides mode effective indices should actually be used rather 

than bulk indices for phasematching calculations. For the waveguides studied here, the 

expected phasematching temperature for 1.32 ~m to 0.66 ~m type-I ooe SHG based on 

(5.1) is about 20 °C higher than the measured phasematch temperatures near 340 oc. 
However, as will be seen, the temperature bandwidth predicted from (5.1) is in good 

agreement with that obtained in the waveguides. 

As a member of the 3m point-group, LiNb03 has eight elements in the d-tensor, 

only three of which are independent due to symmetry. The magnitudes of the dij at 

1.06 ~m are given in Table 5-2 below [Dmitriev 1991]: 

Table 5-2 Magnitudes of d-tensor elements in LiNb03 at 1.06 ~m 

Tensor Element Magnitude (pm/V) 

diS, d24, d31, d32 5.77 

d16, d2t. d22 2.76 

d33 34.4 

The waveguides studied in this research are formed on a y-cut crystal with propagation 

along the x-axis. Type-I ooe phasematching is used with the input fundamental a TM 

polarized o-ray and the output second-harmonic a TE polarized e-ray. Thus, d32 is used, 

and a value of 5.6 pmN is assumed at 1.32 ~m. 

Waveguides in LiNb03 are typically formed by two methods: annealed proton 

exchange [Suchoski 1988] and titanium indiffusion [Schmidt 1974]. Ti-indiffusion has 
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also been shown to produce domain inversion under certain conditions, and this has been 

used to make LiNb03 QPM waveguides which utilize the large d33 coefficient [Lim 

1989]. Ti-indiffused waveguides were used in this research, but the indiffusion was 

used solely to define the waveguide. Waveguides were formed by depositing a series of 

43 nm thick stripes of titanium on the surface, with stripe widths varying from 4 to 

25 Jlm to form guides of different widths. Indiffusion was performed at 1060 °C for 

9 h, after which the remaining Ti was removed. The index enhancement due to 

indiffusion is very low, on the order of 0.001 to 0.004 [Fukuma 1978]. This leads to 

weakly-guided modes with large effective areas, estimated to be 20 to 125 Jlm2 

depending on stripe width. Waveguides with stripe widths between 7 and 15 Jlm were 

found to be single mode at the fundamental, and the mode of the second-harmonic was 

determined by the phasematching condition. Two different waveguides on the LiNb03 

sample were used in these experiments. One was made from a 10 Jlm wide Ti-stripe, and 

the other from a 15 Jlm wide stripe. These are referred to as the 10 Jlm and 15 Jlm 

guides, although the actual guide width is larger due to lateral diffusion. The sample is 

4.7 cm long, with a 4.50 angle cut on the output end to prevent Fabry-Perot resonances 

within the guide. This is advantageous due to the large index of refraction of LiNb03 at 

these temperatures and wavelengths (no:= ne:= 2.2). Waveguide losses are very low, and 

are estimated to be 0.17 dB/cm for the fundamental and 0.35 dB/cm for the second

harmonic [Schiek, unpublished]. 

Extensive modeling of the guides based on the temperature-dependent Sellmeier 

equation and the theories presented in Burns et al [Burns 1979] and Strake et al [Strake 

1988] was performed by Schiek to determine the Ti-ion concentration profile, the graded 

index profile, and the diffusion widt~s and depths. Diffusion lengths Dx (in the plane of 

the guides, not the crystal x-axis) and Dy (in the depth direction) for all guides were 
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determined to be 10 J..Lm and 5 J..Lm, respectively, and a reduced Ti-stripe thickness of 30 

nm was found to give the best agreement with experiment. Graded index profiles were 

then used in a finite difference program to calculate the modal effective indices and field 

profiles for the fundamental and second-harmonic. Agreement between measured mode 

profiles and calculated profiles was excellent, thus demonstrating the viability of the 

model. By performing this analysis at a number of temperatures near 340 oC, a 

relationship between mode effective indices and temperature was found which was then 

used in a coupled-mode analysis of SHG in the waveguides, to be discussed later. 

A crystal oven was used to heat the waveguide sample to temperatures in the 300-

400 oC range to achieve phasematching. This oven consisted of three independently 

controlled heating coils, one in the middle and one on each end of the oven. The current 

through the end coils was seven times larger than that of the center coil to partially 

compensate for heat loss out the ends of the oven. The oven length is only a few mm 

longer than the sample length to facilitate endfire coupling into the guides with 

microscope objectives. Thus, the waveguide temperature is not constant over its length, 

but only over the central 25 mm or so, with a drop of approximately 4 °c on each end. 

This leads to a distributed wavevector-mismatch along the guide, which will be discussed 

in more detail later. Temperature ramp speed also affects the profile, with slow reverse 

scans (reducing temperature) giving the fastest tapers, and fast forward scans giving the 

flattest profiles. Fused silica windows 1 mm thick and AR coated for the fundamental 

were attached to each end of the oven to help reduce heat loss, but this did not seem to 

significantly alter the temperature profile. It turns out that the waveguide width increases 

by a few percent at each end due to fabrication, and this adds an equivalent wavevector

mismatch along the guide which is of the same order as that due to the temperature profile 

[Seibert 1992]. 
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These two effects can be lumped into an effective temperature profile which was 

found empirically by adjusting the temperature profile used in the coupled-mode 

calculations so that predicted and measured phasematching temperature curves agree. The 

expression for the change in temperature as a function of distance Z down the guide is 

given by [Schiek, unpublished]: 

II 

IlT(z) = LIl1j(z) 
i=1 

'T'NI.(ZUi - ZJPi ~ < .I. ; lor Z - Ziti 
ZNi (5.2) 

1l1j (Z) = 0 for zUi < Z ~ zoi 

( J
Pi 

TNi z-zoi 

zNi 
for zoi < Z 

where Ziti = 23.5mm - ZFi, Zoi = 23.5mm + ZFi, and TNi, ZFi, ZNi, and Pi are adjustable 

parameters. The temperature profiles used to explain the data taken in the 10 and 15 J..lm 

waveguides are shown in Figure 5-1. 

The temperature in the oven center was measured with an embedded PT -100 

resistor and an Omega digital thermometer with analog output for interfacing. In order to 

accurately adjust the phasematching condition in the guides it is necessary to control oven 
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Figure 5-1 Oven temperature profiles used for (a) 10 J.Lm guide, parameters 
n=l, TNl=O.IK, zFl=lmm, zNl=1Omm, Pl=4.5, and (b) 15 J.Lm 
guide, parameters n=2, TNl=O.OIK, ZFl=O.8mm, ZNl=3.5mm, 
Pl=3, TN2=O.IK, zF2=16mm, zN2=5mm, P2=4. 
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temperature to within ±o.05 °C or better, especially with long guides such as these. This 

was done by interfacing the Omega thermometer and the oven current supply with an 

80286 computer. The connection to the computer was made via an EG&G 5209 lock-in 

amplifier with a GPffi interface and NO and DI A converters. The NO converter was 

used to read the temperatures from the Omega, and the DI A converter was used to provide 

the control voltage for the oven current source. To control temperature precisely, a digital 

proportional-integral-differential (PID) feedback algorithm was implemented [Carr 1986]. 

The basic PID equation is 

v = k{ e + ki J edt + kd ~; ] (5.3) 

where v is the output voltage, e is the error signal between the actual voltage 

(temperature) and the desired setpoint, kr is the proportional gain constant, ki is the 

integral gain, and kd is the derivative gain. The PID constants were adjusted to optimize 

performance, i.e., to maximize rise time and minimize overshoot, ringing, and steady

state error. The constants used were kr = 1.6, ki = 0.0182 sec-I, and kd = 7.5 sec. In 

order to prevent thermal shock damage to the waveguide, slow temperature ramps of 

typically 25 to 50 °C/h were used to scan temperatures. 

5.2 SHG Theoretical Modeling 

The coupled-mode equations in frequency domain [Schiek 1993a], which 

describe the changes in the fundamental and second-harmonic field Fourier components 

AF(ro, z) and ASH(2ro, z) with propagation distance z, were used by Schiek to model 

SHG in the waveguides. For long pulses CW analysis at each intensity on the pulse 

profile is sufficient, and the results are time-averaged across the pulse to represent the 
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average values measured by the detectors. The CW frequency-domain equations are 

(5.4) 

where the modal powers of the fundamental and second-harmonic are IAFI2po and 

IAsHl2po, respectively, the Ws are the mode propagation constants (= koNejf), K is the 

overlap integral between the fundamental and second-harmonic field profiles, 

X(2)12 = d32 = 5.6 pm/V, and the a's are the loss coefficients 0.17 dB/cm and 

0.35 dB/cm for the fundamental and second-harmonic, respectively. 

The mode propagation constants and overlap integrals in these equations come 

from the finite-difference analysis mentioned earlier, where a relationship between 

temperature and modal index was found. These equations were solved with an Adams

Moulton differential equation solver from the IMSL library as a function of temperature. 

Since the equations are solved in a step-wise fashion along the propagation direction z, it 

is a simple matter to include the non-uniform temperature profile along the guide. This 

acts as a non-uniform wavevector-mismatch distribution through the temperature 

dependence of the W s. 

5.3 SHG Characterization 

Prior to interferometric cascaded phase shift measurements, it was necessary to 

find the phasematching temperatures of the two waveguides used. The laser used in all 

experiments was a Quantronix 4126 Nd:YAG CW mode locked laser operating at 

1.32 flm. The pulsewidth of the modehcked pulses is 90 psec deconvolved, which was 
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measured with both a non collinear autocorrelator and a fast Ge photodiode and a 

Tektronix sampling oscilloscope. The response time of the photodiode is approximately 

20 psec. The pulse repetition rate of the laser is 76 MHz. The modelocked pulses are 

assumed to be Gaussian. Maximum average output power from the laser is 

approximately 2.5 W, and approximately 1.2 W (approximately 175 W peak) is available 

at the waveguide input. 

Light was end-fire coupled into the waveguides using a lOX microscope objective 

AR coated at 1.32 Jlm, and throughput was optimized using micrometer adjustments on 

the waveguide and input objective stages. A standard lOX output objective was typically 

used to collect the transmitted fundamental and generated second-harmonic. Input and 

output fundamental powers were measured with a calibrated pyroelectric detector, and the 

second-harmonic was measured with a Coherent Fieldmaster power meter with a 

calibrated Si detector head. The fundamental was blocked for second-harmonic 

measurements by a 3 mm thick Schott KG-5 glass filter, which has a measured 

transmission at 0.66 Jlm of 54.8%. For low power SHG characterization the laser was 

operated in CW mode, and input powers were kept below 10m W to prevent thermal or 

photorefractive damage to the guides. 

Phasematch temperatures were determined by ramping the oven temperature 

through a range from 330 °C to 360 °C at a typical speed of 36 °CIh. The near-field of 

the outcoupled second-harmonic mode was monitored with a TV camera to assign mode 

numbers to each pattern. A chopper and lock-in amplifier were used to monitor the 

second-harmonic power measured with a large-area Si photodiode. The resulting 

temperature scan for the 15 Jlm guide is shown in Figure 5-2, with the phasematch 

resonances identified. The interaction of interest in these experiments is the TMoo(ro) to 

TEoo(2ro) phasematch, which occurs near a measured temperature of 336.5 °C. The 
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measured temperature from scan to scan differs slightly depending on the ramp speed, as 

there can be a small time delay between the PT-I00 sensor reaching a given temperature 

and the waveguide reaching that temperature. Indeed, the actual waveguide temperature 

is not known. The scan for the 10 Jlm guide is very similar, except that the TMoo(ro) to 

TEoo(2ro) phasematch is located near 340.0 °C. As mentioned earlier, calculations based 

on the Sellmeier equation predict phasematching temperatures 20 °C higher, and all 

theoretical calculations presented here are shifted by this amount to agree with 

experiment. 
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Temperature scan showing phasematch temperatures for a 15 Jlm 
waveguide. 
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In Figures 5-3(a) and (b) the phasematching curves for each guide with 5 mW 

CW input power and negligible depletion are shown in the immediate vicinity of 

phasematching, as are the time-averaged theoretical calculations. The first thing to notice 

is the large asymmetry of the curves, which is a very significant departure from the 

approximate sinc2 behavior expected for perfect phasematching. This is due to the non

uniform temperature profiles discussed earlier. This behavior is easily explained by 

considering a profile such as that shown in Figure 5-1 at a central temperature T c below 

the phasematching temperature TpM. The entire waveguide length is phase-mismatched, 

and thus SHG is small. As the temperature is increased, the entire profile will rise, and 

eventually TC :::: TpM, where SHG becomes significant due to phasematching over the 

long central region. This is the main strong peak seen in the phasematching curves. As 

the temperature is further increased, the central region becomes phase-mismatched and 

SHG drops, but regions to each side of the center are now approximately phasematched. 

This leads to substantial SHG on the high temperature side and little SHG on the low 

temperature side of TpM. The oscillations in the SHG for Tc > TpM are due to 

interference between second-harmonic fields generated at different points within the 

guide. The excellent agreement between theory and experiment verifies this physical 

picture, as the theory only fits if the non-uniform temperature profile is included. The 

large size of the sidelobes relative to the main peak for the 15 J.Lm guide is an indication 

that SHG is more efficient in this guide than in the 10 J.Lm guide. The large asymmetry 

and sidelobes proved to be very important in the measurements of the cascaded phase 

shift, as will be seen. 
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It is also interesting (and necessary recalling the problems seen in KTP) to look at 

the phasematching curves with modelocked pulses of low and high power. In order to do 

this and still keep average powers in the m W range to avoid thermal and photorefractive 

damage, an electro-optic pulse slicer (Conoptics 360-3) synchronized to the modelocker 

driver was used to select one pulse from the modelocked pulse train at a repetition rate of 

2 kHz. The maximum contrast ratio between the selected pulse and the background 

leakage pulses is approximately 100: 1. By varying the voltage to the electro-optic 

modulator of the pulse slicer, the peak power of the selected pulse can be adjusted from 

that of the background to the maximum available, which for 1.2 W average power at 

76 MHz and 90 psec is approximately 175 W. Using the measured throughput of 35% 

and correcting for the Fresnel losses at the waveguide end (86%) and the lOX output 

objective (83%) gives an approximate maximum peak guided power of 86 W. The 

normalized phasematching curves for the 15 J.lm guide ( the 10 J.lm guide shows identical 

behavior) at 86 Wand 2.9 W peak guided power is shown in Figure 5-4a. Unlike in 

KTP, there are no shifts of the phasematching location even at high powers. What is 

observed is the narrowing of the main peak, the growth of the sidelobes, and the 

reduction of the temperature spacing between minima. These behaviors are all expected 

from CW theory (see Figure 2-6) and are verified in Figure 5-4b, which shows 

theoretical calculations (including the temperature profile, as usual) of time-averaged 

SHG for 40 Wand 2 W peak power. The lower peak powers in the calculation were 

needed to provide a good fit to the experimental data, and this is justifiable since the actual 

overlap integrals are not known, and the experimental power in the waveguides is only an 

estimate. These changes in the phase matching curve are a direct result of the cascaded 

phase shift causing self-detuning of phase-mismatched fields. 
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The low power CW conversion efficiency of each waveguide was measured on 

phasematching in the no-depletion regime. Guided powers were backed out from 

measured output powers in the usual fashion. Figures 5-5(a) and (b) show the guided 

second-harmonic power as a function of guided fundamental power for each waveguide, 

as well as the least-squares best fit to P(2ro) = KoP(ro)2 (Ko is a constant), the predicted 

relation from no-depletion theory. Plotting SHG efficiency versus guided fundamental 

power yields a straight line in each case, and the slope of the line is the efficiency of this 

device in %IW. The results of these calculations and the normalized efficiency in 

%1W-cm2 (the phasematched length of23.5 mm was used) are given in Table 5-3. 

Table 5-3 

Guide 

10 J.lm 

15 J.lm 

Phasematch temperatures and SHG efficiencies for 
LiNb03 channel waveguides 

TpM (OC) 11 (%IW) 11' (%IW-cm2) 

336.5 6.3 1.2 

340.0 13.9 2.5 

The larger efficiency of the 15 J.lm guide was evident earlier in the size of the 

sidelobes of the phasematching curve. Apparently, this guide has a larger overlap integral 

than the 10 J.lm guide. The efficiency of the 15 J.lm guide agrees well with a theoretical 

calculation based on the finite-difference overlap integral, while the overlap integral for 

the 10 J.lm guide must be reduced by 60% to agree with experiment, confirming the larger 

overlap integral for the 15 J.lm guide [Schiek, unpublished]. This adjustment was made 

to the theoretical overlap integral for all subsequent numerical calculations based on the 

coupled-mode equations. The small value of the normalized efficiency figure-of-merit 

compared to the KTP waveguides is probably due to the small d32 used here relative to 

the large d33 used in KTP as well as the large effective areas in the LiNb03 guides. 
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However, the long length of the LiNb03 waveguides allows for significant conversion at 

much lower powers than used in KTP. 
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5.4 Pulse-Modulated Interferometry 

In the previous Chapter simple phase-modulation experiments were performed in 

KTP waveguides, and the results were used to indirectly infer the magnitude of the 

cascaded nonlinear phase shift. Unfortunately, this method only gives approximate 

values for the phase shift, and the sign is not explicitly determined. A sensitive, direct 

interferometric measurement is required to accurately measure the magnitude and sign of 

the phase shift. Evidence for the cascaded nonlinear phase shift in LiNb03 waveguides 

has already been seen in the power-dependent changes of the phasematching curve, and 

interferometric measurements of the phase shift are presented in this section after a brief 

discussion of the experimental technique of pulse-modulated interferometry. 

5.4.1 Background and Experimental Procedure 

The pulse-modulated interferometry scheme used in this research was first 

implemented by Rochford et al [Rochford 1992] and subsequently modified by Kim et al 

[Kim 1993]. Interferometry with a nonlinear sample in one arm has been used for many 

years as an accurate and sensitive measurement technique of nonlinear phase shifts in 

both bulk and waveguide samples [Bliss 1974, Finlayson 1989]. A pump-probe 

configuration is usually used, with the strong pump imparting a nonlinear phase shift on 

the weak probe beam. In bulk measurements a small angle between pump and probe can 

be used to separate the two beams, but for waveguides this is not possible. Crossed 

polarizations are often used in waveguides, but scattering and depolarization can make 

separation difficult. Also, in order to achieve high precision measurements, complex 

active-stabilization feedback systems are usually needed to suppress external phase noise. 

In the pulse-modulated interferometry scheme, the modelocked pulse train is 

modulated to achieve high and low power pulses separated in time rather than by 
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polarization. Using time separations on the order of the pulse repetition period of 13 nsec 

eliminates the need for complex stabilization schemes, as most phase noise is in the Hz

kHz range rather than the MHz range. Very simply, the interferometer works by 

comparing the output "fringe pattern" (in this case a temporal sinusoidal signal rather than 

a spatial sinusoidal pattern) at both low and high powers. If there is an intensity

dependent phase shift in one arm relative to the other, this will appear as an intensity

dependent shift in the output fringe pattern. Measurement of this shift is a direct measure 

of the nonlinear phase shift. 

The best way to describe in detail the operation of the pulse-modulated 

interferometer is to examine the experimental set-up shown in Figure 5-6. The output 

modelocked pulse train from the Nd:YAG laser first transits a Conoptics pulse slicer, 

which consists of an electro-optic Pockel's cell modulator mounted between crossed 

Glan-Iaser polarizers. The modulator is adjusted to extinguish the modelocked pulses if 

no voltage is applied to the Peckel's cell, although attenuation is never perfect and these 

pulses form a low power background. The driver of the modulator is a high voltage 

power supply capable of delivering pulses of several hundred volts with durations of 

8 nsec FWHM. This HV pulse acts as a gate to the modulator, which then passes one 

modelocked pulse. Synchronization of the HV pulse to the modelocked pulse train is 

critical for achieving efficient pulse slicing. This is accomplished by a function generator 

used to select the desired pulse repetition rate (typically 2 kHz) which is synchronized via 

electronics to the 38 MHz RF modelocker driver signal to the laser. Adjustment of 

electronic delays in the circuitry allow the HV pulse to exactly straddle one modelocked 

pulse and pass it through the modulator, and the optical pulse power is proportional to 

sin2(1tV/2V 112), where V is the driver pulse voltage and V 112 is the half-wave voltage of 

the modulator. High:low contrast ratios can exceed 100: 1, although 30: 1 is typical. 
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The modulated laser pulses then enter the Mach-Zehnder interferometer, whose 

input and output comers are defined by nonpolarizing beamsplitter cubes BS 1 and BS2. 

Optical delay lines are used in each arm to ensure that the optical paths of the two arms are 

equal to within a pulsewidth (2.7 cm). The waveguide under test forms part of the optical 

path of the sample arm, and a matched pair of 10 wedges is placed in the reference arm, 

whose purpose will become clear. Translation of one wedge with a slow DC motorized 

stage causes a slow change in optical path of the reference arm without beam 

displacement. This eliminates the problems associated with PZT mirror pushers which 

are often used for this purpose [Rochford 1990]. The wedges were rotated about the 

optical axis to reduce the effective wedge angle and provide for a slower rate of change of 

the optical path length as the wedge is translated. Total optical path length changes 

provided by scanning the wedge are much smaller than the equivalent length of the 90 

psec pulses. 

The reference beam and sample beam recombine at BS2, where one output is 

monitored with a TV camera to verify alignment and fringe visibility, while the other 

output is focused onto an ultrafast small area InGaAs PIN photodiode biased with a 

microwave bias tee. If the beams in the two arms are well collimated and aligned, the 

output of the interferometer is essentially one beam whose intensity varies from minimum 

to maximum as the path length of either arm changes. The contrast of the variation 

depends on the relative intensities of the two beams, but this turns out to be of little or no 

consequence to these measurements provided some contrast is present. The electronic 

signal generated in the photo diode forms a time-varying sinusoidal fringe pattern as the 

wedge is scanned. Boxcar averagers with gate widths of 1 nsec and adjustable delays are 

used to acquire the photodiode signal at the time of the high pulse and the background 

pulse immediately preceding it, as shown in Figure 5-6. Selecting the preceding low 
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power pulse eliminates the measurement of any thermal phase shift which may be caused 

by the high power pulse. Any thermal phase shift due to the accumulated energy of all 

pulses has reached steady-state within a few seconds and does not affect the 

measurements. The wedge is slowly scanned and the output intensity is acquired for the 

high and low pulses, resulting in a temporal fringe pattern for both the high and low 

power pulses. The low and high pulses are separated by only 13 nsec, so the intensity 

variation due to scanning the wedge between pulses is negligible. Scan speeds are 

adjusted to give temporal fringe patterns of approximately 1 Hz, and the data acquisition 

rate is adjusted to give at least 100 intensity measurements per fringe cycle. The temporal 

fringes were acquired and stored with a Tektronix DSA-602 digital oscilloscope. A 

change in phase of the high power pulse relative to the low power pulse shows up as a 

temporal shift between the high and low fringe patterns, just as a phase shift in a 

conventional interferometer results in a spatial shift of the fringe pattern. A typical set of 

high and low power fringes is shown in Figure 5-7 for the 15 J.lm guide at 336.38 oc 
with a high power pulse of approximately 86 W in the guide and low power pulse of 

approximately 2.9 W. A phase shift of approximately OAn is quite evident. 
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Figure 5-7 High (-) and low (- -) fringe scans at 336.38 °C in the 15 J.lm guide. 
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It is possible to have a background shift between the high and low fringe patterns 

which is due to electronic delays and other differences between the high and low 

channels. In order to eliminate this, a second set of fringes should be taken, both using 

low power pulses. Any shift between these fringes is subtracted from the high-low phase 

shift to give the intensity-dependent phase shift. For the example shown in Figure 5-7, 

the background shift was approximately O.ln, leading to a total nonlinear phase shift of 

approximately O.3n. By removing the nonlinear sample any spurious phase shifts due to 

the set-up are found, and tests done without a sample indicate that any such shift is 

smaller than the detection limit of the interferometer, which is approximately 7tl100. 

Hilbert Transfann Data Analysis 

It is not sufficient to merely examine the fringe scans such as those shown in 

Figure 5-7 and assign a phase shift, especially for phase shifts less than nil O. An 

analytic method of computing the phase shifts of the scans is necessary, and a conversion 

of the real fringe data into a complex phasor signal by use of the Hilbert transform was 

used to accomplish this. Although not nearly as appreciated as its well-know cousin the 

Fourier transform, the Hilbert transform technique is an established method used in 

electrical engineering to describe, for instance, single-sideband modulation [Stark 1979]. 

A beautiful example of its use for analyzing periodic data is given by White and Cha, who 

used it to extract frequency modulation (phase modulation) from noisy solar oscillations 

[White 1973]. An excellent description of the Hilbert transform is given in Bracewell, 

and the reader is referred there for more detail [Bracewell 1978]. 

A summary of the use of Hilbert transforms to calculate phase from data such as 

that shown in Figure 5-7 is now given. As seen in 5-7, the fringe scans are 

predominantly sinusoidal but contain amplitude and phase noise which is due to many 
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sources, such as laser intensity variations, electrical noise, vibrations, etc. This data can 

be expressed as a real function of time f( t) of the form 

J(t) = A(t) cos [cI>(t)] (5.5) 

where A(t) represents the instantaneous amplitude including noise and cI>(t) is the 

instantaneous phase (= rot + «1>0 for a pure sinusoid). This can be expressed as a complex 

phasor, known as the 'analytic signal' z(t), which is given by 

z(t) = A(t)ei<l1(t) = J(t) + iFH(t) (5.6) 

where the real part is the real data signal under consideration and the imaginary, or 

quadrature, component is the Hilbert transform of the real part. The Hilbert transform of 

fit) is defined by the convolution integral 

F: (t) =..!.. PV oof J(t)dt' 
H 1C t- t' 

(5.7) 
-00 

where PV denotes the Cauchy principal value. The resemblance of (5.7) to the 

Kramers-Kronig relations is no coincidence, as the Kramers-Kronig integrals relate the 

real and imaginary parts of the analytic signal X(ro). Examination of (5.6) shows 

immediately that the instantaneous amplitude and phase are given by 

A(t) = ~ J 2
(t) + Fl-i(t) 

cI>(t) = tan-I[FH(t)] 
J(t) 

(5.8) 
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Thus, once the Hilbert transform of the fringe dataf(t) is known, it is a simple 

matter to find the instantaneous phase of every point in the fringe through the use of 

(5.S). For example, the Hilbert transform of the data presented in Figure 5-7 was taken 

(using a numerical integration technique), and the instantaneous phase cI>(t) was calculated 

for each fringe, to produce the result shown in Figure 5-S. The phase of each signal 

increases with time in a linear fashion as expected for a sinusoidal signal, with small 

variations which are the phase noise in the data. The difference between the two lines is 

the phase shift between the two fringe scans. This method lends itself well to statistical 

analysis, as the phase shift at each of the several hundred points is calculated, and the 

standard deviation is an indication of the error in the phase measurement. The error 

quoted with the phase shift in Figure 5-S is this standard deviation. 
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Figure 5-S Instantaneous phase of fringe scans in Figure 5-7 from Hilbert 
transform analysis. Nonlinear phase shift is (O.3±O.06)1t after 
background correction. 
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5.4.2 Experimental Results 

The pulse-modulated interferometer and Hilbert transform technique were used to 

measure the cascaded nonlinear phase shift in the LiNb03 waveguides at a number of 

temperatures near phasematching, as exemplified by the 0.3n phase shift shown in 

Figures 5-7 and 5-8. Thermal phase shift measurements were also performed by 

widening the HV pulse driving the pulse slicer to allow a burst of 10, 50 or 100 high 

power pulses into the waveguide, and fringes were taken for the first and last pulses of 

each burst. There were no measurable phase differences between the three fringe sets, 

indicating that there is no thermal phase shift. This was also done on phasematching to 

see if the higher absorption of the second-harmonic could cause thermal phase shifts, and 

once again no measurable shift was detected. Interestingly, scans far from 

phasematching at 305 °C showed nonlinear phase shifts of approximately 

0.016n±O.01n, which for 86 W peak guided power and an assumed effective area of 100 

Ilm2 gives n2 = (2.6±1.6)xlO- 15 cm2/W, which is reasonably close to the value of 

8.7xlO-16 cm2/W at 1.06 Ilm for a similar crystal orientation reported by DeSalvo 

[DeSalvo 1993]. 

The PID control of the crystal oven kept waveguide temperatures stabilized to 

within ±O.03 °C for these fixed temperature scans, but examination of the phasematching 

curves (Figures 5-3) shows that even such small temperature changes can correspond to 

large changes in the second-harmonic intensity (Le., large changes in phase-mismatch), 

especially on the edges of the phasematching peaks. Due to the fine structure of the 

phasematching curves it becomes a formidable task to acquire phase shift data at enough 

fixed temperatures to accurately map the temperature spectrum of the cascaded phase 

shift. A better method is to use the PID controller to ramp the temperature through the 

region of interest while continuously acquiring high and low fringe data in a computer. 
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The phase shift at every temperature in the range is then provided by the Hilbert transform 

of the long fringe scan. This works very well provided that data acquisition is fast 

enough to supply many points per cycle, and the temperature is ramped slowly enough to 

give several cycles on the edges of the phasematching peaks. One problem with this 

technique is that the high power fringe scan is severely modulated due to the depletion of 

the fundamental, as shown in Figure 5-9a for the 10 Ilm guide, where average 

fundamental depletion exceeds 70%. Such additive modulation must be removed from 

the data prior to Hilbert transforming (multiplicative amplitude modulation does not affect 

the transform). This was done by low-pass filtering the FFT of the fringe scan, then 

applying the inverse FFT to give a smooth function representing the depletion curve. 

This depletion curve was then subtracted from the fringe data, and the result was Hilbert 

transformed to provide the nonlinear phases. Another problem associated with scanning 

the temperature continuously is that the background phase shift can not be measured, 

because it is not possible to take a background fringe set simultaneously. However, 

background fringes can be taken before and after the temperature scan and then used to 

correct the data. 

Temperature fringe scans were done on both the 10 Ilm and 15 Ilm waveguides at 

peak guided powers of approximately 86 W. The resultant cascaded phase shift versus 

temperature (phase-mismatch) is shown in Figure 5-9b for the 10 Ilm guide, and also 

plotted is the time-averaged theoretical prediction based on the coupled-mode equations 

and the appropriate temperature profile. The peak power used in the calculation to obtain 

this fit to the data was 60 W, and as can be seen the agreement is excellent. The raw data 

has been shifted down by O.ln to correct for the background phase shift and has been 

smoothed slightly for clarity. This curve is reminiscent of the CW calculation of the 

cascaded phase shift as a function of detuning shown in Figure 2-5, showing both the 
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Figure 5-9 (a) Fringe scan showing fundamental throughput, and (b) 
corresponding nonlinear phase shift as a function of temperature for 
86 W peak power in the 10 J..Lm guide. 



152 

characteristic zero on phasematching and the change of sign as the system is tuned 

through phasematching. This proves that the measured phase shift is actually due to 

cascading and is not a X(3) effect. The maximum average phase shift observed in the 10 

11m guide is 0.2n, and correction for the Gaussian pulse shape yields a peak phase shift 

of 0.27n [Kim 1993]. A similar result at 86 W in the 15 11m guide is shown in Figure 5-

10a, and the corresponding depletion curve is shown in Figure 5-10b. Theoretical 

predictions are also shown for each at 60 W peak power. In this guide the stronger 

conversion results in over 80% average fundamental depletion (> 99% peak conversion!) 

on phasematching and correspondingly higher cascaded phase shifts. In this case the 

maximum average phase shift approaches O.4n, or 0.53n peak phase shift. The noise in 

the un smoothed data is an indication of the error bars on the phase measurements. 

The most striking feature of the phase temperature scans is the large asymmetry, 

just as in the phasematching curves. This can be explained very well by considering each 

sidelobe in the phasematching curve to be a separate SHG resonance with its own 

cascaded phase shift. At temperatures below phasematching, the phase shifts due to each 

resonance are positive and they all add constructively, yielding the broad, flat phase shift

temperature dependence seen below TpM. At temperatures above TpM some resonances 

are positively detuned and some are negatively detuned, and the phase shifts of each are 

of different magnitudes depending on the strength of the resonance. Thus, on the high 

temperature side interference occurs, and smaller phase shifts with rapid oscillations are 

seen. 

The asymmetry in the phasematching curves was initially thought to be 

problematic, and attempts were made to correct it (for instance the windows on the oven 

ends). The phase shift curves, however, point out a beneficial aspect to the non-uniform 

phase-mismatch profile: the large phase shifts that are seen on the low temperature side of 
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phasematching are in a temperature range of low fundamental depletion, as seen by 

comparing Figures 5-1O(a) and (b). Also, the phase shift curve is much flatter on the low 

side of phasematching, and significant phase shifts are measured even far from 

phasematching. This indicates that the phase shift has a much larger temperature 

bandwidth than that which would be obtained with a uniformly phasematched waveguide. 

This means that the dispersion of the phase shift can be tailored by proper design of a 

phase-mismatch distribution. This is especially promising for QPM, where chirped 

gratings can easily be made to achieve this effect [Suhara 1990]. Recent work reported 

by Fujimura et al indicates that certain grating designs can increase QPM bandwidth with 

only a linear reduction in SHG efficiency as opposed to the squared reduction resulting 

from shortening the sample to achieve larger bandwidth [Fujimura 1993]. This has 

promising implications for cascaded phase shifts. 

A Mach-Zehnder push-pull switch based on the cascaded phase shift is also easily 

imagined [Ironside 1993], which contains in one arm a waveguide with a phase-mismatch 

profile as discussed here, and in the other arm a waveguide with an opposite profile. 

This would allow 1t/2 phase shifts in one arm and -1t/2 phase shifts in the other, thus 

switching the device. Unfortunately, the temperature profile required would have higher 

temperatures at the ends of the oven than in the center, which would be difficult to 

achieve. Obviously, QPM is the method of choice for implementing phase-mismatch 

distributions. 
(, . ., 

The intensity dependence of the cascaded phase shift was also examined by 

adjusting the voltage of the HV pulse to the pulse slicer. Figure 5-11 shows temperature 

scans for 86 W, 43 Wand 12.6 W peak power in the 15 J..lm guide. Here the data has 

been smoothed considerably for clarity. This data shows an approximately linear 

dependence on power for temperatures below TpM, which is expected from simple no-
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depletion theory with large phase-mismatch. Thus, for T < TpM, where depletion is 

small, the system is in the effective n2 regime. Taking a peak cascaded phase shift of 

0.5n, a peak power of 86 W, an effective area of 100 J.lm2, a wavelength of 1.32 J..lm, 

and a length of 4.7 cm yields n2e!f= 8xlO-14 cm2/W, which is quite respectable. 

In conclusion, these interferometric measurements in LiNb03 waveguides are 

definitive proof of the existence of the cascaded nonlinear phase shift, and the behavior of 

the phase shift as a function of phase-mismatch is exactly as expected by theory. In these 

experiments peak cascaded phase shifts of nl2 were measured in regions of low 

fundamental depletion, which makes them potentially useful for all-optical switching 

devices. Additionally, increased bandwidth of the phase shift has been demonstrated 

which is a result of a phase-mismatch distribution along the waveguides. This implies 

that broadband devices based on cascaded phase shifts are possible. The demonstration 

of the sign change on opposite sides of phasematching is very important, as this 

represents the first time that the sign of an electronic nonlinear phase shift at a given 

wavelength could be adjusted by experimental parameters. This could have great 

implications for soliton generation at any wavelength. 
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CHAPTER VI 

CONCLUSION 

This dissertation has presented research which resulted in the first observations 

and measurements of nonlinear phase shifts in waveguides which are due to cascaded 

second-order nonlinearities rather than the third-order nonlinearity. This work has 

promising implications for the use of second-order nonlinearities as a replacement for n2 

in all-optical switching devices, and it has some very interesting potential for applications 

which are unique to cascaded nonlinearities. Whenever a new effect is studied for the 

first time, the initial research only scratches the surface, and this is certainly true in this 

case. A large amount of basic research remains to be done before the full potential and 

limitations of this novel effect are appreciated. In this Chapter the basic results of this 

research will be summarized, conclusions will be drawn from these results, and some 

directions for future research will be presented. 

6. 1 Summary of Results 

Cascaded phase shifts due to second-harmonic generation were measured in two 

different material systems utilizing two different phasematching techniques and by two 

different methods. In quasi-phasematched KTP waveguides spectral broadening and 

modulation experiments were used to infer the magnitude of the cascaded phase shift near 

855 nm and in the telecommunications window near 1.5 J..lm. In temperature-tuned 

birefringent phasematched LiNb03 waveguides direct interferometric measurements of 
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the phase shift were made at 1.32 f..lm. The basic results of this work are summarized in 

Table 6-1 below. 

Table 6-1 Summary of Results 

Material Length "- Interaction and Power Peak A<I> 

(cm) (f..lm) 11' (%/W-cm2) (W) (rad) 

KTP 0.28 0.855 TMoo(oo) --7 TMoo(2ro) 690 ~7t 

(d33) 
43 

0.35 1.585 TMoo( (0) --7 TMo 1 (200) 760 - 0.57t 
6-18 

LiNb03 4.7 1.32 TMoo(OO) --7 TEoo(2oo) 86 +0.537t, 

(d32) (2.35) 2.5 -0.137t 

This shows that nonlinear phase shifts of a magnitude sufficient for use in 

switching devices have been achieved, for example a push-pull Mach-Zehnder switch 

only requires a phase change of ±rc/2 in each arm. Larger phase shifts would allow 

consideration of two-port devices such as NLDC's. 

The largest phase shifts were measured in the KTP waveguides. However, these 

phase shifts were obtained only very near phasematching where depletion of the 

fundamental was unacceptably large (60-70%). Large phase shifts in LiNb03 were 

achieved at low powers in spite of the low efficiency figure-of-merit compared to KTP, 

and the depletion of the fundamental was small «30%) where phase shifts were largest. 

This demonstrates that cascading can provide significant phase shifts even in the no

depletion regime provided the waveguide is long enough. Improving the overlap 
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integrals and effective areas in the LiNb03 waveguides would increase the efficiency and 

make larger phase shifts possible in shorter guides. Quasi-phasematching in LiNb03 

would access d33 = 34 pm/V, which would significantly increase efficiency and lead to 

larger phase shifts. 

A simple figure-of-merit C for cascaded phase shift experiments can be calculated 

by dividing the nonlinear phase shift obtained (~<I» by the power required (P) and the 

depletion of the fundamental (conversion efficiency ll) observed with that phase shift: 

C= ~<I> 
l]P 

(6.1) 

Obviously, it is desirable to make this number as large as possible. This number for KTP 

and LiNb03 in these experiments is 0.007 and 0.06 radiW, respectively. Thus, for these 

experiments the LiNb03 waveguides had the best performance because of the low power 

and low depletion. However, from an integrated device standpoint, it is also important to 

minimize waveguide length. When C is further normalized to device length (using the 

2.35 cm effective length of the LiNb03 waveguide) the result for the KTP and LiNb03 

waveguides used here is 0.023 and 0.026 rad/W-cm, respectively, and both systems are 

comparable based on this criterion. Different applications have different requirements and 

constraints, and large depletion or long device length may be acceptable in certain cases. 

Thus, the best overall predictor of a material's potential performance in cascading is the 

standard SHG figure-of-merit d eff2ln3. From this point of view, single crystal organics 

and poled polymers with defi s over 100 pm/V are prime candidates for cascading 

experiments. 

Several conclusions can be drawn from this work. The demonstration of phase 

shifts of useful size is exciting for all-optical switching applications. Phase shifts and 
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required powers rival those of AlGaAs-based devices, which are the best results obtained 

to-date for x(3)-induced phase shifts. Cascading opens the door for the use of a number 

of well-characterized X(2) materials in switching applications. However, the price paid is 

the increased complexity of the interaction, i.e., phasematching requirements, potentially 

severe bandwidth limitations, dispersion, etc. The phase shifts observed in KTP in these 

experiments were probably not useful for switching due to the severe depletion and 

probable distortion of the fundamental pulse. Even without dispersive effects the SHG 

process leads to temporal pulse break-up due to the distribution of powers across the 

pulse. In order to circumvent this problem it is necessary to operate in the no-depletion or 

effective n2 regime. Here cascading will suffer the same limitations as n2 when used for 

switching, such as temporal break-up of pulses due to non-uniform phase profiles across 

the pulses. The rich parameter space involved theoretically allows very special situations 

where the fundamental pulse may remain relatively undistorted, depletion may be 

reasonably low (i.e., <50%), and a uniform phase profile is created across the pulse. 

However, it would be difficult if not impossible to implement these exact conditions in 

practice. For these reasons it is unlikely that cascading will replace n2 for self-switching 

of short pulses, although it could be quite effective for certain specialized applications. 

The real potential of cascading comes from some of its other possible applications, to be 

discussed in the next section. 

6.2 Future Work & Directions 

As is often the case, this research has generated more questions than answers. 

The basic findings of this work can be summarized in three statements: (1) cascaded 

phase shifts in waveguides exist and can be large, (2) the sign of the cascaded phase shift 

depends on the sign of the detuning from phasematching, and (3) bandwidth and 
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dispersion can be serious limitations to cascading for short pulses. The third point raises 

the most questions, and detailed theoretical calculations should be performed to try to 

define the parameter space within which 'acceptable' performance is obtained. The 

general conclusions drawn from this work are that the operating wavelength and its 

second-harmonic should be chosen to be in a range of low refractive index dispersion, 

thus widening the phasematching bandwidth. Pulse durations should be long enough so 

that the pulse bandwidth is much smaller than the phasematching bandwidth, and likewise 

the sample length should be much shorter than the pulse walk-off length. 

There are many refinements that need to be made to the theory used to describe 

cascaded SPM in these experiments. The short-pulse coupled-mode equations which 

were used describe accurately the interaction of two plane waves in a bulk medium. The 

theory should be expanded to include contributions from other resonances in the system, 

such as SHG into higher-order waveguide modes. For instance, in the KTP experiments 

the phasematch for the TMol(2ro) mode at 844 nm could have been affecting the SPM 

observed near the TMoo(ro) phasematch at 852 nm, especially at shorter wavelengths. 

Calculations should also be performed to investigate the effects of chirp on the input 

fundamental spectrum, as most laser sources (especially diode lasers) exhibit chirp. 

The output fundamental pulses should be analyzed temporally to measure the 

amount of distortion caused by the SHG process and walk-off, if present. The BPM 

simulations performed during this work indicate that severe distortion can occur, possibly 

making the pulses unsuitable for signal processing applications This could prove quite 

difficult, as autocorrelation techniques do not provide the actual pulse shape. 

Other cascaded interactions should also be studied, both theoretically and 

experimentally. The effect of the optical rectification field cascading back on the 

fundamental through the electro-optic effect [written as X(2)(-2ro;ro,ro):X(2)(O;ro,-ro) ~ 
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X(3)efi\-ro;ro,-ro,ro)] has been neglected in this study, and this should be looked at more 

closely [Gustafson 1970]. A few theoretical papers have considered this 'self-electro

optic effect', but experimental observations are not known to the author. This effect is 

interesting because it does not suffer from the phasematching restrictions that cascaded 

SHG does. Similarly, the cascaded cross-phase modulation between the generated 

second-harmonic and the fundamental [written as X(2)C-2ro;ro,ro):x(3)C-m;2m,-2ro,ro) ~ 

X(3)effC-ro;ro,-ro,ro)] should be considered, as resonant enhancement at the second

harmonic could make this effect comparable to that due to SHG. In fact, this may explain 

some of the symmetry ambiguity in the KTP experiments, as the cross-phase modulation 

effect would be symmetric through phasematching. A third interaction which was 

demonstrated in the course of this research is cascaded harmonic generation, which has 

the potential to create multi-color output from a waveguide with a single color source 

[Sundheimer 1994b]. This should be investigated fully, as proper design of QPM 

gratings offers the possibility of efficient diode-pumped RGB generation for displays and 

printers. 

The interactions studied here were all type-I SHG with zero second-harmonic as 

an initial condition. Very recent work indicates that similar phase shifts are obtained with 

type-II SHG, but the additional freedom of adjusting the relative strengths of the two 

fundamental fields leads to interesting effects such as phase shifts on phasematching, 

even for the CW case [Belostotsksy 1994]. This should be studied carefully, as it is 

possible that small changes in the amplitude or phase of one of the input fundamental 

fields could lead to dramatic effects. 

This is very similar to seeded cascading, where a small second-harmonic seed 

input is used in addition to the fundamental [Assanto 1993, 1994a]. Small variations of 

seed and/or fundamental amplitude and phase can lead to large changes in fundamental 



163 

throughput and phase. Recent experiments in bulk KTP have shown a 4: 1 amplitude 

modulation of a strong fundamental field at 1.06 J.lm by varying the phase of a weak (1 % 

of fundamental energy) second-harmonic seed [Sheik-Bahae 1994]. In seeded cascading 

small modulations of the seed are amplified into large modulations of the signal, thus 

acting as an optical transistor [Assanto 1994b, Russell 1993]. This is perhaps the most 

promising potential application of cascading Due to the almost infinite variety of 

interactions and initial conditions there remains much theoretical work to define proper 

operating conditions. More experimental work is needed (and is underway) to verify 

theory and demonstrate feasibility. 

The dispersive nature of the cascaded nonlinearity is of special interest to soliton 

studies. Since negative SPM is generated for positive phase detunings, this can be used 

to balance positive group-velocity dispersion leading to soliton formation. Unlike in 

conventional X(3) soliton generation where SPM is positive and GVD is only negative at 

certain wavelengths (i.e., in silica fibers beyond 1.3 J.Lm), cascaded SPM can be used to 

generate solitons at any wavelength provided a phasematch is possible. Similar 

arguments hold for spatial solitons where cascaded self-focusing balances diffraction. 

Much theoretical work has been done on cascaded solitons [Schiek 1993b, Hayata 1993, 

Kalocsai 1993], and experimental demonstration remains to be done. 

Another potential application for cascaded SPM is for passive modelocking of 

lasers. Second-harmonic generation has been known as a means of mode locking lasers 

for many years [Stankov 1988], but typical treatments have only considered the SHG to 

act as an intensity-dependent mirror which modelocks in a way similar to a saturable 

absorber. However, just as x(3)-induced SPM coupled with some sort of cavity aperture 

leads to Kerr-lens modelocking in many lasers, cascaded SPM could also be playing a 

very important role in such systems. In fact, in one experiment using a KTP crystal to 
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modelock a Nd:YAG laser, optimum modelocking and shortest pulses (11 psec) were 

obtained when the crystal was oriented for non-optimum SHG, i.e., off phasematching 

[Carruthers 1990]. It is quite possible that cascaded SPM was the dominant modelocking 

mechanism in this laser. Since cascaded SPM will also occur in other parametric 

interactions, this effect could possibly be used to modelock OPO's, leading to widely 

tunable modelocked sources. 

In conclusion, this research has opened the doors for a host of interesting and 

promising applications of cascaded nonlinearities, perhaps the least of which is photonic 

switching. Much theoretical and experimental work remains to be done to fully 

understand and exploit the rich variety of effects possible with cascading. 
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APPENDIX 

NUMERICAL BEAM PROPAGATION METHOD FOR SHORT-PULSE 

SECOND-HARMONIC GENERATION 

There are no known general analytic solutions to the coupled-mode equations 

(2.34) for pulsed SHG under the influence of linear dispersion. A numerical split-step 

fast Fourier transform beam propagation method (BPM) was employed to solve (2.34), 

giving the fundamental and second-harmonic temporal field profiles after propagation 

over a distance z = L in a second-order nonlinear medium. The theoretical foundations of 

the BPM method will be presented here, following the review found in Agrawal [Agrawal 

1989]. The computer code implementing the BPM in the Matlab programming 

environment is given, as are the results of some test cases which were performed to check 

the operation of the code. Some interesting results are also presented. 

The basic premise of FFT BPM methods is that the nonlinear propagation 

equation for the slowly-varying field amplitudes is in the form 

aA~' t) = [b(t) + N(t) ]A(z, t) (A.1) 

where bet) is a differential operator describing the dispersion of the pulses, and N(t) is 

an operator describing the nonlinear interaction. Inspection of (2.34) shows that the 

operators for each field (in normalized coordinates ~ and 't, which can be substituted for z 

and t in all the general equations that follow) are 
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(A2) 

Traditionally BPM's are used to solve for fields propagating in Kerr media, which 

are governed by the nonlinear Schrodinger equation (NLSE). For the NLSE both 

operators are independent of z and the field amplitude, and the exact solution to (AI) for 

the field after propagation over a distance h is 

A(z + h,t) = e[D(t)+N(t)]h A(z,t) (A.3) 

This solution, of course, is not correct for the case under consideration here, as N not 

only has an explicit z-dependence, but it also is dependent on the field amplitudes. 

However, for small incremental distances h, the changes in N due to the z- and A-

dependences can be ignored, and (A3) is approximately valid. 

The dispersion and nonlinearity act together and continuously as the fields 

propagate, so the exponential sum in (A.3) cannot rigorously be split into the product of 

two exponentials. For small enough steps h, however, the two operations can be 

considered independent, and the exponential is separated. This is the essence of the split

step BPM: the fields propagate over increment Jz undergoing dispersion without 
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nonlinearity, and then the propagation is computed without dispersion but with 

nonlinearity, which is lumped at the end of the increment. This can be shown to be 

accurate to second-order in h [Agrawal 1989]. The symmetric split-step BPM further 

increases accuracy to third-order in h simply by splitting the propagation into a half-step 

of dispersion, a full step of nonlinearity applied at the midpoint h12, followed by another 

half-step of dispersion, as shown diagrammatically in Figure A-l. Mathematically, this is 

written as 

A(O,t) 
---. 

N N 

0/2 D/2 0/2 0/2 0/2 

z=O 

N 

A(L,t) 
---+ 

z=L 

(A.4) 

Figure A-I Schematic diagram of the split-step beam propagation method. 
Fields are propagated one half step under dispersion, with a full step 
of nonlinearity lumped at the midpoint of each segment h. 
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The dispersive operation exp[hD(t)/2J in (A.4) is performed by making use of 

the Fourier transform from time-domain into frequency-domain, where the differential 

operator a/at becomes iro and af2at2 becomes -ro2. The propagation of the field in 

frequency-domain is then given by the simple differential equation 

(A.S) 

which has the solution for propagation over the half step of 

A(z + hI2,ro) = eD(m)hI2 A(z,ro) (A.6) 

The field in time-domain is then obtained by taking the inverse Fourier transform of 

(A.6). Thus, the propagation over the dispersive half-step is computed as follows 

(A.?) 

Where FT indicates the Fourier transform operation. Equation (A.?) is easily evaluated 

since D(ro) is now a multiplicative factor rather than a differential operator. This 

seemingly awkward method of computation is used because the efficiency of the FFT 

algorithm makes this technique faster than traditional finite-difference partial differential 

equation solvers. The split-step FFT routine is a very accurate method for calculating the 

dispersive propagation, as the solution is exact except for numerical elTor. 

Unfortunately, the nonlinearity cannot be exactly calculated using similar 

techniques due to the form of the nonlinear operator. Instead, the lumped nonlinearity for 

the increment h was included at hl2 by two different methods: a simple Euler differencing 

scheme to evaluate the CW coupled-mode equations over a distance h for every time point 
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on the pulses, and a fourth-order Runge-Kutta routine for each time point evaluated over 

the step distance h. The fundamental field was propagated over the step distance first, 

followed by the second-harmonic field. The Euler scheme was much faster but not as 

accurate as the Runge-Kutta method. Typical calculations used 512 or 1024 time points 

across the pulses and 100 to 10,000 distance steps along the propagation direction. 

Energy conservation for the Euler scheme was typically less than a few percent, while it 

was better than 10-5 for the Runge-Kutta method. The resulting field amplitudes, phases, 

and spectra of the two methods were almost identical. Thus, the faster Euler method was 

used primarily for calculations, while the Runge-Kutta method was used for accurate 

verification of specific results. It is important to adjust the step size depending on the 

input field amplitude, the phase-mismatch, and the nonlinear coefficient to ensure accurate 

results. Large amplitudes and/or nonlinear coefficients require many steps, as the rate of 

second-harmonic conversion with distance can be large. Similarly, many steps are 

required for large phase-mismatches due to the rapid oscillations in the fields with 

distance (see Figure 2-3b). 

The code listing used in the Matlab environment follows for the case in which 

Euler differencing is used to calculate the nonlinear interaction. The Runge-Kutta version 

is identical except that the Matlab Runge-Kutta function is called in a loop for the central 

121 time points of the pulse in place of the Euler difference statement. The BPM code is 

called a function 'shgbpm(x)', where 'x' is the phase-mismatch that is passed to the 

function. The pulsewidth FWHM (tau), walk-off length (lw), GVD coefficients (disp1 

and disp2), nonlinear coupling coefficients (kap 1 = kap2), and the peak intensity (io) of 

the input sech2 fundamental pulse are defined in the code. The initial second-harmonic 

field is defined as an array of zeros (a20). Also defined in the code are the number of 

temporal points across the pulse and the step size in the propagation direction. The split-
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step FFf routine is seen in the indented loop for the fundamental and second-harmonic 

fields. The fields are propagated a total distance given by the number of walk-off lengths 

(nlw). The function returns the initial fields, the fields at the end of each walk-off length 

and the fields at the end of the sample. From these fields the output pulse intensity 

profiles and phase profiles are calculated, and the FFf of the fields gives the spectra of 

the pulses. 

function y=shgbpm(x) 
dz=0.005; 
zl=l/dz; 

%Split-step Fourier BPM method soln. to coupled 
%SHG eqns. with walk-off 

dt=O.I; 
%lw=.15; 
Iw=.33; 
%nlw=2; 
nlw=l; 
%kapl=.792; 
%kap2=.792; 
kapl=.428; 

%walk-off length KTP for 2psec at 850 and 425nm 
%walk-off for .5psec at 1550 to 775 

%number of walk-off lengths to propagate 

%nonlinear coeffKTP (I/MWA1I2) 

%Millers rule to 1550, 2/pi for qpm 
kap2=.428; 
delk=pi*x; 
%tau=2; 

%center freq. phase mismatch 
%intensity FWHM 

tau=.69; 
%displ=2.17e-3; 
%disp2=7. 7ge-3; 
displ=.578e-3; 
disp2=2.52e-3 ; 
t=-255: 1 :256; 

%GVD coeff. at 850nm in KTP (psecA2/cm) 
%GVD at 425nm 
%1550 

om=(t-l)*2*pi/(512*dt); 
filter=[zeros(size( -511: 1 :-400)) ones(size(-399: 1 :399)) zeros(size(400: 1 :512))]; 
t=t*dt; 
tc=2 *log( 1 +sqrt(2)); 
io=1500; 
ao=sqrt(io); 
alo=ao*sech(tc*t); 
enO=sum(abs(alo).A2); 
alO=alo; 
a20=zeros(size(t)); 
a20=a20; 
z=O; 
to=clock; 



for iii= 1 :nlw 
for ii=1:z1 

z=z+dz; 
a11=alO; 
a22=a20; 

%Fundamental: 
fa=fft(a11); 
ffa=fftshift( fa); 
ffa=ffa. *exp( dzl2*(i *om.l2-i*disp 1 *lw*om.1\2/(2 *tauI\2))); 

fa=fftshift( ffa); 
a11=ifft(fa); 

a11=a11 +i*dz*kap 1 *lw*exp(i*delk*lw*z)*conj(a11). *a22; 

fa=fft(a11); 
ffa=fftshift( fa); 
ffa=ffa.*exp(dzl2*(i*om.l2-i*disp1 *lw*om.1\2/(2*tauI\2))); 

fa=fftshift( ffa); 
a11=ifft(fa); 

%Second-harmonic: 

end 

fb=fft(a22); 
ffb=fftshift(fb ); 
ffb=ffb.*exp(-dz/2*(i*om.l2+i*disp2*lw*om.1\2/(2*tauI\2))); 

fb=fftshift(ffb ); 
a22=ifft(fb ); 

a22=a22+i*dz*kap2*lw*exp( -i*delk*lw*z)*a1 O. *al 0; 

fb=fft(a22); 
ffb=fftshift(fb ); 
ffb=ffb. *exp( -dz/2*(i *om.l2+i *disp2 *lw*om.1\2/(2*tauI\2))); 

fb=fftshift(ffb ); 
a22=ifft(fb ); 

a lO=a 11 ; %*filter; 
a20=a22; %*filter; 

fun(iii,l :512)=all; %. *filter; 
shg(iii,1 :512)=a22; %. *filter; 
iii 
tt=c1ock; 
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%propagate 
half step 

%full step 
nonlinearity 

%propagate 
next half step 

%propagate 
half step 

%full step 
nonlinearity 

%propagate 
half step 



ttt=etime(tt,to) 
c1g 
%subplot(221 ),plot( t,abs( all) ,t,abs( a 1 0» 
%subplot(222),plot(t,angle(all),t,angle(alo» 
%subplot(223),plot(t,abs(a22» 
%subplot(224),plot(t,angle(a22» 
tp=-6:dt:6; 
f=abs(all(196:316».A2; 
s=abs(a22(196:316».A2; 
plot(tp,f,tp,s) 
text(.2,.75,num2str(ttt),'sc') 
text( .2,. 8,num2str(iii), 'sc ') 
text(.2,.7,num2str((sum(f)+sum(s»/enO),'sc') 
end 
fun=[alo;fun]; 
shg=[a2o;shg]; 

y=[fun;shg]; 
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This code was tested in a number of ways. The first test verified the propagation 

algorithm by removing the nonlinear interaction and propagating two identical input 

pulses for 10 walk-off lengths. The result is shown in Figure A-2, which clearly shows 

that the pulses have walked apart by 10 pulse widths, as desired. Subtraction of the 

propagated pulses from pulses that have been shifted numerically, i.e., sech2[1.76(t±5)], 

gives an intensity error better than 3xlO-3 for each pulse. This verifies that the 

propagation section of the code works properly. 

The nonlinear SHG section of the BPM was then tested by removing the FFT 

statements responsible for propagation, leaving only the Euler difference algorithm for the 

nonlinearity. A typical result is shown in Figure A-3 for 1C = 1.42 MW-1I2, 10 = 5 

GW/cm2 , dkL = O.017t, L = 1Lw, 1024 time points (dt = 0.05), and 1000 distance 

increments (dz = 0.001). The result shows that the SHG process temporally modulates 

the pulse, as expected from CW theory for each intensity in the pulse. An identical result 
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is obtained by taking the intensity of each time point in the pulse and using a Runge-Kutta 

routine to solve the CW coupled-mode equations. The peaks in the output fundamental 

pulse are intensities that have undergone complete cycles of upconversion followed by 

downconversion, with a rc/2 phase shift acquired with each complete cycle. This result 

confirms that the nonlinear section of the BPM works properly. 
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Figure A-2 Output from BPM without nonlinearity over a propagation length of 
10 walk-off lengths. 
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The first test of the BPM which included both propagation and nonlinearity was 

performed in the no-depletion regime by using a very small input intensity. In the no

depletion regime on phasematching, approximately rectangular second-harmonic pulses 

are obtained if the propagation distance is much longer than the walk-off length [Comly 

1968]. This is because the fundamental sheds a small amount of second-harmonic as it 

propagates, and the second-harmonic does not grow significantly. This behavior is 

observed for the sech2 pulses used in this BPM code, and Figure A-4 shows the 
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normalized output fundamental and approximately rectangular output second-harmonic 

for 6 walk-off lengths with K = 1.42 MW-1I2 and 10 = 1 MW/cm2. 
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Figure A-4 Test of BPM with propagation and nonlinearity in the no-depletion 
regime on phasematching showing rectangular second-harmonic 
pulse generation. 

In general, the fundamental and second-harmonic pulses resulting from the BPM 

were severely distorted when conversion was significant, as shown in the typical example 

of Figure 2-7. Some interesting results were obtained for some special cases. Figure 

A-5 shows the results of the BPM for a small phase-mismatch of '!t12, a propagation 

length of 2Lw's, K = 1.42 MW-I/2 (appropriate for bulk KTP near 850 nm), a pulsewidth 
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of 2 psec, and an input peak intensity of 500 MW/cm2. Under these conditions the 

fundamental pulse is significantly depleted (approximately 75%), but the pulse profile is 

not severely distorted. The most interesting result is the flat TCI2 nonlinear phase profile 

across the pulse. A flat phase profile is ideal for all-optical switching without pulse 

break-up. This type of phase profile is not possible via X(3) without resorting to the use 

of a long pump pulse to impart the phase shift on a short signal pulse, or using solitons 

which by definition have flat phase profiles. 

Figure A-6 shows results in the effective-n2 regime of the cascaded nonlinearity, 

using the same parameters as above except that the detuning is increased to 200TC. As 

shown, the fundamental pulse is very clean and not significantly distorted, depletion is 

low (approximately 20%), and the nonlinear phase profile tracks the intensity profile of 

the fundamental, as required for a Kerr-like nonlinearity. The peak cascaded phase shift 

in this case is approximately O.7TC. 
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BPM result showing a flat n/2 cascaded phase shift across the 
fundamental pulse. Parameters are ~kL = n/2, K = 1.42 MW-1I2, 
To = 2 psec, L = 2Lw, 10 = 500 MW/cm2. 
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