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ABSTRACT 

The successful implementation of nonlinear devices, for example for all-optical 

switching, depends critically on the availability of appropriate nonlinear optical materials. 

Most of the currently used methods to measure optical nonlinearities of materials are 

either indirect or inadequate for separating the fast electronic effects from slow thermo

optic processes. The motivation of this Ph.D. research was to develop a direct and 

accurate measurement method to evaluate the nonlinear optical properties of various, 

recently available waveguide materials for all-optical switching applications. 

A pulse modulated Mach-Zehnder scanning interferometer was built and revised 

to obtain a resolution of n/lOO for nonlinear phase measurements. The evolution of this 

instrument included the development of single pulse extraction from a mode-locked pulse 

train, intensity modulation of single pulses, numerical Hilbert transformation of fringe 

data set, mode profile calculation inside waveguides with a numerical Fourier method, 

and a careful study of pulse breakup effect associated with instantaneous nonlinear phase 

shift. 

Electronic and thermal nonlinear refractive indices of various newly developed 

materials, especially DANS channel waveguides, DAN single crystal fibers, LiNb03 

channel waveguide were examined with this method at the 1.32 Ilm wavelength. For the 

DAN single crystal cored fibers, the physical origin of the exceptionally large nonlinear 

phase changes in single crystal fibers was identified to be the cascading of two second 

order nonlinear processes. In the LiNb03 waveguide, cascaded nonlinear phase changes 

near the second harmonic phase matching temperature were demonstrated for the first 

time. 
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Based on the results above, single crystal organic fibers appear very promising for 

ultrafast all optical switching applications. This demonstrates that the interferometric 

measurement method based on a scanning pulse modulated Mach-Zehnder Interferometer 

has proven to be one of the best methods for identifying nonlinear materials for all-optical 

switching applications at the 1.32 11m communications wavelength. 
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CHAPTER 1. 

INTRODUCTION 

1.1 Background 

Rationale for Larger Penetration of Optics into Signal Processing 

As shown in Figure 1.1, modulation, multiplexing, regeneration and 

demultiplexing are four major elements in a fiber-optical communication system. In 

today's communication systems, infonnation is transmitted optically but is converted to 

electrical signals to be handled electronically at each of these signal processing elements. 

Since the bandwidth of optical fibers far exceeds the bandwidth of electronics, these 

electronic signal processors arc the bottlenecks for today's "information highways". The 

majority of commercial fiber communication systems use amplitude modulation (AM), 

achieved by varying the input current to a light emitting diode (LED) or a laser. The 

analog signal is sampled periodically at an appropriate rate and the samples are digitized 

either to be "I" or "0". Infoffilation is represented by the presence or absence of a pulse 

transmitted within a time interval. Multiplexers and demultiplexers combine multiple 

channels into a composite signal for transmission and then extract them individually at 

the receiving end. Two standard multiplexing methods are in use: wavelength-division 

multiplexing (WDM) and time-division multiplexing (TDM). Repeaters or regenerators 

are needed every 40 to 100 km to restore pulse shape and amplitude because of group 

velocity dispersion und attenuation through fiber transmission lines. A detector converts 

an optical signal to an electrical signal and restores the original signal electrically. 



Modulator 

Signal l' -{> 1-::::: ;:-",:] 

Fiber 

O 
Demultiplexer 

Repeater 

ooo~.~ 

Fiber 

o Repeater 

~.ooo~ 

Detector 

1::)::HHUI-t> Signal 1 

o 
o 
o 

(Hi :'-,-:I-t> Signal N 

Fig. 1.1 Schematic diagram for fiber-optic communication system. 
Optical signals are currently used for transmission only. 
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The corresponding optical signal then is re-emitted for further transmission. Although 

electronic repeaters in 1.55 11m fiber lines soon can be replaced by all optical Erbium-

doped fiber amplifiers (EDFA), other electronic elements in fiber-optic communication 

system remain as potential bottlenecks. The current rapid growth in high-data-rate fihcr-

optic communication system is creating a need for high-speed photonics elements for 

multiplexing, timing and sampling, high-speed routing, etc. The elimination of optical / 

electrical/optical conversions wiII reduce unnecessary system complexity, power loss 

and additional time delay. 
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In addition, the maximum repetition rate obtainable with electronic devices is 

estimated to be slower than several gigahertz due to the physical properties of electronic 

interactions in device materials [D.A.B. Miller 1990, Smith 1982]. It is projected that 

there will be no further increase in clock speed for computer technology after the physical 

limits in electronics are reached. An alternative choice could be optical computing. This 

possibility also relies on the development of fast photonic gates, switches and memory 

elements. Unlike electrons, photons do not interact directly with each other. They only 

interact with charged particles. This distinctive property of photons may lead to massive 

optical parallel processing if proper all-optical switches and logic gates are provided. 

Electro-optic trends 

The first attempt to replace electronics with optics was achieved with electro-optic 

switches which control optical signals (instead of electrical signals) with electronics. 

I-Iere, a switch means a routing device that establishes and releases connections between 

transmission lines or signal processing elements. An electronic signal controls the phase 

or the amplitude of the propagating light via the electro-optic effect, namely, the Pockels 

effect which can be described by 

( 1.1) 

where a is a constant. The refractive ind ex n is a linear function of the externally applied 

modulation electric field EMD. By applying a transverse electric voltage to an electro

optic material of length L, the phase of the output light ,1<I> = n(E MD) . ko . L is 

controlled, where ko = 2rc / A . 



Out A 

JIn }if' 

-1>@,---
". 

--f> 
OutJa 

Polarizer 

Horizontally 
In Polarized 

000 000 

t 
I 

VMD n M 

,_ • ..1, J ...... t , 

I 
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QutA Ll II ~ L Polarized l~ l l l> 

~ t 
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Vertically 
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~t 

Fig. 1.2 Schematic diagram for a Pockels shutter device using the electro
optic effect in a waveguide. Input light pulses are polarized along the 
horizontal axis. The modulation voltage VDC is applied to overlap the 2nd, 
4th and 5th optical pulses from the left in order to extract them from the 
output A. 
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Many ingenious schemes have been developed to convert this phase change into a 

switching operation [Alferness 1982, Hutcheson 1987, Silberberg 1989, Su 1986, Tamir 

1988]. Pockels shutters, Mach-Zehnder interferometers and electro-optic directional 

couplers are such devices. 

The principal idea of a Pockels shutter can be explained from Fig. 1.2. When a 

certain voltage is applied to the electrodes, the waveguide acts like a half-wave plate 

which will rotate the polarization of light by 90°. If there is no modulation voltage 

applied, it will operate as a full-wave plate, which will not affect the polarization of light. 

A polarizing beam splitter is placed after the waveguide to separate the two differently 

polarized light beams. Hence the destination of the signal can be controlled by turning 

the modulation voltage (VMD) on and off. This device can be used as a time-domain 

demultiplexer or an ultra-fast modulator. 

In the Mach-Zehnder interferometer illustrated in Fig. 1.3, an electro-optic phase 

modulator is placed in one arm of an interferometer. If there is no modulation voltage 

applied, then the two beams will interfere constructively at the output of the Y-junction 

for a symmetric waveguide. The light will be guided and it will be transmitted through 

this device. 

Light 
III 

Modulated 
light out 

Fig. 1.3 Integrated Mach-Zehnder interferometer as an electro-optic 
modulator. 
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If the voltage needed for a 1t phase shift between the two arms of the interferometer is 

applied, the light from the two channels will interfere destructively at the output Y 

junction. This destructive interference causes the light to be radiated into the substrate of 

the waveguide. The output will be zero in this case. 

A directional coupler is a linear device which is used to transfer light from one 

waveguide to another. If two waveguides are sufficiently close so that the field overlap of 

the two waveguides can no longer be neglected, the optical powers carried by the two 

waveguides are exchanged periodically with propagation distance. As illustrated in 

Figure 1.4, the power can be transferred completely if the two waveguides are identical. 

The coupling length Lo is defined as the minimum distance for a complete exchange of 

energy between the two waveguides. 

POI:) (\ ""~ ~ fl t;o PB 'd 0 'il 

)\ /~.\~ ,PA;> 

o Lo 
Propagation distance L 

Po Waveguide A P A 

--c:>~~~~~~~~ ~ 
Waveguide B 

rl---L-~ 

Fig. 1.4 Linear directional coupler with two identical waveguides. 

If the two waveguides are not identical, the amount of power exchanged in the directional 

coupler is a function of phase mismatch 11k· L = ~ . 2rc / A between the two 

waveguides. This dependence of the coupled power on the phase mismatch is the key to 

maldng electrically activated directional couplers. Figure 1.5 shows a directional coupler 

with a length of Lo. If a modulation voltage V MD is applied to the device such that the 
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phase mismatch between the two waveguides becomes .J3 . 1C , all the power from the 

waveguide A will be transmitted to output A. All the power will be transmitted to output 

B if there is no voltage applied because the device consists of two identical waveguides 

which are one coupling length long. 

Such electro-optic devices are currently available, but with a few technological 

problems. Some are even commercially available and can operate with a 40 GHz 

repetition rate and less than 10 V of modulation voltage [Korotky 1987]. These devices 

are projected for real system applications, in the near future. 

VMD 

Fig. 1.5 Integrated electro-optical directional coupler with a length of one 
coupling length. Modulation can be achieved by applying a voltage across 
the electrodes which yields -J3.1C phase difference between the two 
waveguides. 
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However, these electronically driven devices are expected to encounter similar 

fundamental speed limits as current electronic devices, since it takes time to establish an 

electric field on a waveguide material with capacitive electrodes. Time domain 

multiplexing and demultiplexing will ultimately require picosecond switching elements 

for communication systems. All-optical switching devices offer the potential to surpass 

electro-optic speed limits. 

All-Optical Switching Applications 

In an all-optical switch, light controls light with the help of a nonlinear optical 

material using the optical Kerr effect which can be described by 

nU) = no + 112 • I (1.2) 

The refractive index n is a linear function of optical intensity. By changing the optical 

intensity in a material of length L, the phase of the out-coming light is 

~<I> = 1l(I) . ko . L, where ko = 2n / /.. . The only difference in the all-optical Kerr effect 

when compared to the electro-optic effect is the dependence of the refractive index on 

optical power instead of external electrical field. Exactly the same philosophy as used in 

electro-optic devices can be pursued for all-optical devices [Stegeman 1988, 1989/: Kerr 

shutter, Mach-Zehnder interferometer, directional coupler, etc. All of them utilize the 

intensity dependent nonlinear phase shift for switching operations. Two kinds of devices 

are being considered. For the first class, the signal is routed according to intensity 

information embedded in it (self-switching), as described in Figure 1.6. A nonlinear 

directional coupler based on this approach has been proposed fJ enson 1982/ and 

demonstrated [Li Kam Wa 1985, Silberberg 1987, Aitchison 1991, Villeneuve 1992/ in 
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the last few years. The second approach is described in Figure 1.7. Here, an optical 

signal is controlled by another optical signal [Smith 1984, Halas 1987, Morioka 1987], 

but with the control optical signal playing the role of the applied field in electro-optic 

systems. Ultrafast switching or time-domain optical demultiplexing are good applications 

for these devices. 

---C> 

Pin 1 0004 1411 4 Q ~ '> 000 

> t 

PA i 00°4 Q '>Q~'> 000 

> t 

PB 1 000 1 1 1 000 

> t 

Fig. 1.6 Operating mechanism for an all-optical routing switch. A half 
beat length nonlinear directional coupler is used. Low intensity pulses are 
transmitted to output A. High intensity pulses are transmitted to output B, 
because of the nonlinear self-phase modulation they induce. 

Speed is the major motivation for an all-optical switching approach. If a virtual 

transition of a material is used for n2, the Kerr effect can be almost instantaneous. Several 
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nonlinear interactions have made it possible to generate sub-picosecond optical pulses for 

the last several years. Nonlinear all-optical devices can be used to manipulate these pulses 

at compatible speeds. Since the interaction occurs through a deformation of the wave 

functions, no real electronic transitions are involved. This allows all optical switches to 

not be limited by carrier recombination times that frequently limit speeds in 

semiconductor materials. 

Unlike the electro-optic case, there are many unanswered questions and problems 

that need to be to be addressed before practical applications become a reality. The 

primary difficulty for successful implementation of an all-optical signal processing device 

is that Kerr type nonlinear effects are much weaker than electro-optic effects. This makes 

the required switching power too large. Another important practical limit is the large 

refractive index changes due to the thermo-optic effect associated with thermal transfer of 

the heat generated by absorption of high power light during the switching process. The 

refractive index is very sensitive to temperature changes of a material. High optical 

nonlinearity near a resonant spectral region of a material is frequently accompanied by 

strong absorption and a slow decay time for the nonlinear index change, limiting the 

operating speed. 

Even though several all-optical switching demonstrations have already been 

reported, research for all-optical switching applications is still primarily at the material 

search stage. Third harmonic generation, degenerate four-wave mixing and Z-scnn 

methods are standard measurement techniques used to evaluate the optical nonlinearities 

of bulk materials. 
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For waveguides, nonlinear prism and grating coupling, pump-probe transmission 

measurements and hybrid Mach-Zehnder interferometers are frequently used. In most of 

these techniques, it is difficult to separate thermal effects from the electronic Kerr effect. 

A direct, more sensitive and reliable measurement method for nonlinearities is needed to 

assess materials for all-optical signal processing applications. 

1.2 Layout of Dissertation 

To date, material nonlinearities have been studied to find a good material for all

optical switching applications. If a certain material shows a large nonlinearity, then 

waveguide devices such as a directional couplers or Mach-Zehnder interferometers have 

been fabricated for demonstrations of all-optical switching with optical pulses of 

appropriate intensity. If the pulse intensity is not high enough to give adequate nonlinear 

phase shift for switching, only a portion of the pulse will be switched. Conversely, by 

examining what fraction of a pulse is switched for a given pulse intensity, it is possible to 

evaluate the nonlinear material for all-optical switching applications. The motivation of 

this dissertation is to find and establish a direct and reliable measurement method to test 

materials for all-optical switching applications. To do this, a hybrid Mach-Zehnder 

interferometer was built. It can also be considered as an optical switching device, with a 

sample waveguide in one of the interferometer arms. With this experimental setup, 

several, recently available, highly nonlinear materials were tested. Most of the 

experimental work was done with a synchronously Q-Switched and Mode-Locked 

Nd: Y AG Laser operating at 1.32 !lm wavelength. 

This chapter has presented a brief overview of the current research situation for 

all-optical switching applications. 
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In Chapter II, the principles of nonlinear optics including the second and the third 

order process are discussed in general. The physical origin of second order and third 

order nonlinear optical activities are described classically in detail with an anharmonic 

oscillator model. Coupled mode equations are presented to describe each nonlinear 

interaction. 

Chapter III describes the setup of the hybrid interferometer. Starting from the 

laser source, it contains most of the considerations needed for evaluating nonlinearities of 

waveguide samples. The Fourier analysis method for a mode profile calculation, spatial 

and temporal averaging effects in nonlinear phase shift measurements are discussed. 

Experimental results for various nonlinear materials can be found from Chapter 

IV to Chapter VI. Nonlinear optical properties of DANS channel waveguides are 

presented in Chapter IV. 

Nonlinear interferometric measurements of DAN single crystal cored fibers are 

included in Chapter V. Self-phase modulation induced spectrum broadening and Z-scan 

measurement results are presented, too. 

Chapter VI describes measured nonlinear phase shifts in temperature tuned 

LiNb03 channel waveguides. Cascaded nonlinear phase changes as a function of phase 

matching condition are included. 

The principal results of this dissertation are discussed in Chapter VII. 

The highlight of this investigation is the identification of the physical origin of the 

mysteriously large nonlinearities reported previously for organic single crystal fibers. 

They are due to the cascading of second order nonlinear interactions instead of third order 

optical interactions. 
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CHAPTER II. 

PHYSICS OF NONLINEAR OPTICS 

2.1 Introduction 

When light propagates through a medium, the response of the medium can 

normally be characterized by two parameters, namely, refractive index n and absorption 

coefficient a. As will be shown in section 2.2 these two parameters can be completely 

determined if the relation between the polarization PCf,t) and the electric field ECf,t) is 

known. The polarization P can be considered as an output of the interaction between the 

material and the electric field E. The mathematical equation which relates the 

polarization P and the electric field E defines the response of the system and is 

governed by the characteristics of the medium. This relation is linear when an input 

electric field is much smaller than interatomic electric fields which are typically in the 

order of 105-108 VIm. This is where the explanations of linear optics work well. After the 

invention of the laser in the early 1960's, intensities of input electric fields which are 

comparable with the interatomic electric fields became available. And then, people 

started observing effects which cannot be explained with the theory of linear optics. 

Those new effects are nonlinear optical phenomena which include Second Harmonic 

Generation (SHG) [Kleinman 1962, Franken 1961], difference and sum frequency 

generation [Loudon 1962], Pockels effect [Hopf 1985], Third Harmonic Generation 

(THG) [Maleer 1965], Kerr effect [Shen 1984, Boyd 1992], Self Phase Modulation (SPM) 

[Agrawal 1989], self-focusing [Kelly 1965], Two Photon Absorption (TPA) [Van 

Stryland 1985], optical phase conjugation [ Fisher 1983], three and fOllr wave mixing 
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[Giordmaine 1962], etc. Here, light interacts with light via the nonlinear medium i.e. the 

presence of an optical field modifies the properties of the medium which, in turn, modify 

other optical fields or even the original field itself. 

The purpose of this chapter is to relate the physics of these nonlinear phenomena 

to mathematical expressions. The physics of nonlinear optics can be explained basically 

by a time dependent perturbation theory for higher order transitions between eigenstates 

of a system [Boyd 1992, Bloembergen 1982]. Quantum theory requires information about 

the eigenstates of a system to describe or predict the nonlinearities of a material, which is 

frequently not known in adequate detail. Since the quantities of interest are the 

amplitudes and phases of the output light instead of detailed information about the 

transitions of a material, descriptions for nonlinear interactions in this dissertation are 

treated using classical field equations and phenomenological parameters such as the 

macroscopic susceptibilities. The dissertation starts with Maxwell's equations in order to 

derive the pertinent coupled mode equations. The classical anharmonic oscillator model 

is used to explain the origins of the nonlinearities in materials. Then, coupled mode 

equations for each nonlinear phenomenon will be derived to describe the evolution of 

each field intensity as it propagates through a medium. The intensity dependent spectrum 

broadening effect associated with self phase modulation is explained at the end of this 

chapter. 

2.2 Coupled Mode Equation 

Classical descriptions of linear and nonlinear optics begin with the Maxwell's 

equations [Hopf 1985, Meystre 1990]. For dielectric materials the free charges and 

currents can be neglected. The magnetization of materials can also be considered to be 
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zero because for optical frequencies 11 == 110 for all materials. Then the Maxwell's 

equations in MKS units become, 

V·D=O (2.1) 

\7·S=O (2.2) 

- as 
\7xE=--at (2.3) 

- () D 
VxB=l1o- (2.4) at 

where the displacement electric field D is given as 

(2.5) 

Noting that nonlinear effects in a homogeneous medium rather than nonlinear effects on 

boundaries between different media are important here, Eq.(2.1) is replaced by 

(2.1') 

Taking the curl of Eq.(2.3), substituting the VxB term from of Eq.(2.4) and using the 

Eq.(2.5), 

- a -v x (\7 x E) = - at (\7 x B) 

a ( aD) 
=- at float 
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This equation can be simplified by noting that VxV=V(V· )_V2, £0110=-+ in MKS 
c 

units and using Eq.(2.1 '). This leads to the wave equation 

2 - 1 a2'E a2 j5 
V E - -2 ::12 = 110 ::12 

c at at 
(2.6) 

In this wave equation the polarization j5 works as a source for the electric field E. The 

optical field acts on the medium and the polarization determines the effect of the medium 

back on the optical field. 

In order to simplify the situation further a quasi-monochromatic field propagating 

in the z-direction is considered. As illustrated in Fig. 2.1, the electric field can be 

described by 

- I 1 i(kz-mt) 
E(z,t) i = "2 ci (z, t)e + C.c. 

, , 
I 

, ./ Ie, (z,t)I' 
\~ 2 

\. li(z.t) Iii 

--==~~~~~~~~-L~~~~~~'~~I\~rs~-===-~D> 
z for a fixed t ( t for a fixed z ) 

Fig. 2.1 Graphical illustration for a quasi-monochromatic electric field 
with a slowly varying envelope described by Eq. (2-7). 

(2.7) 
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where ~ = _c_, ci is the ith component of the vector £, £ is the slowly varying 
k 11«(0) 

envelope of the quasi-monochromatic electric field £, and 0) is the central frequency of 

the field. The complex conjugate term ( c.c.) is added to ensure that £(z, t) is a real 

function. When dealing with lasers, this slowly varying expression for an electric field is 

almost always valid, certainly for the pulse widths of interest in this thesis. The same kind 

of approximation is possible for the polarization induced by the laser light. 

- I i(kz-mt) p(z,t) i = f.J i (z, t)e + C.c. (2.8) 

Substituting Eq.(2.7) and Eq.(2.8) into the wave equation (2.6) gives 

(2.9) 

Then, using 

(2.10) 

gives 

where (fJ i NL is a small nonlinear perturbation term. When there is no linear absorption, 

X(lO) is real yielding 1+X(lV)=n
2(m). Now, supposing that £i(Z,t) and (fJiNL(Z,t) 

vary sufficiently slow in time and space, the following approximations are valid 
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~ Vl .NL (Z, t)ei(kz-())J) = (_W2 Vl.NL _ 2iw ~ Vl .NL + ~ Vl .NL )ei(kZ-())J) 
a t2 0" I 0" I at 0" I a t2 0" I 

a
2 

co i(kz-())J) (k2 C' 'k a a
2 

) i(kz-())J) 
-a 2 tCi(z,t)e = - ci(Z,t)+21 -a Ci(Z,t)+-a 2 ti(Z,t) e 

z . z z 

_ ( k 2 C' 'k a C' ) i(kZ-())J) = - ~i(Z,t) + 21 az c,j(z,t) e 

a
2 

C' i(kz-())J) _ ( 2 C' f • a C' a
2 

C' ) i(kz-())J) 
a t2 vi (z, t)e - -w C,i ,z, t) - 2lW at C,i (z, t) + a t2 ci (z, t) e 

This approximation is called the "Slowly Varying Envelope Approximation (SVEA)" 

[Wright 1990]. Physically it means that only light waves whose amplitudes vary little 

within an optical period and an optical wavelength are considered. Since the periods 

associated with oscillation frequencies for near-IR lasers are normally several 

femtoseconds, these approximations may work well for ultrafast pulses down to a 

hundred femtoseconds of duration. The SVEA leads to major mathematical simplification 

as can be seen by substituting the above three equations into Eq.(2.11). This gives 

-k 2 2'k aCj no 
2 

2 no 
2 

2' aCj _ _ 2 Vl . NL 
C j + I a + 2 W C j + 2 I W a - J10 W 0" I 

Z C C Z 

2 

By replacing the central frequency (J) with me and using k2 = ll~ me 2 

c-
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(2.12) 

The slow-varying field envelopeci (z,t) is replaced with ci(me) because this coupled 

mode equation is valid for each existing field identified by a different value of the central 

frequency we' The ci(me)'s are still functions of z and t. This differential equation is the 

so-called "coupled-mode equation". It plays a central role in pulse propagation problems 

in nonlinear optics because it facilitates the calculation of the evolution of the field 

envelope ci(We ) as it propagates through a medium. In steady state the a/a t term in 

Eq.(2.12) is neglected and the equation becomes 

(2.13) 

2.3 Anharmonic Oscillator Model 

The starting point for nonlinear optics is the relation between the polarization 

fp i NL and the electric field e i for nonlinear interactions. Then, coupled mode equations 

for several different nonlinear interactions are derived to describe the evolution of each of 

the ci's as it propagates through a medium. First, consider an electron cloud bound to its 

equilibrium position. If the displacement from the equilibrium position is too large, the 

restoring force may not be linear with respect to the displacement. The potential V for an 

electron at the equilibrium position can be expressed in general as 
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(2.14) 

== v(1) + V(2) + V(3) + ... 

where the q;'s are displacements of the electrons from the equilibrium position in a 
generalized three dimensional coordinate system, M is an effective mass of the electron, 

the K's are characteristic tensor elements for the restoring force of an anharmonic 

oscillator, and the Q j are the harmonic oscillator frequencies along the ith coordinate 

Kjk Ii: fJ/ . 
axis. Here M = U jk -2- in the princIpal axes system. Kjkl is symmetric under 

interchange of its sUbscripts. 

Actual 
Potential 

v 
.Q.2 ') 

IT _ I q~ Yo --2- i 

----------------~~~----------~C> 

Fig. 2.2 Example of an anharmonic potential. As qj becomes large, the 
actual potential deviates from the quadratic potential Vo. 
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The equation of motion for the electron cloud is 

d 2 d a e 
-2 q.+r.-q.+-V=--E.(t) 
dt I I dt I aqj M I 

(2.15) 

There is no known analytic solution to the above equation with V given by Eq.(2.14), so 

it is necessary to resort to perturbation theory which requires assuming that the 

anharmonic terms are small. The effect of the nonlinear terms on the response is 

determined by a process of iteration that generates an increasingly accurate 

approximation to qj(t). The parameter qj is expanded as 

(2.16) 

The leading term is q/I) which is the "harmonic oscillator" solution of Eq.(2.15) when 

V = V(I). qF), qP), q/4), ... are small correction terms introduced because of the 

anharmonic terms in the potential in Eq. (2.14). To obtain these higher order 

contributions, the linear solution is substituted into Eq.(2.15), an appropriate form for the 

second order solutions is assumed and the resulting equations are solved in a fashion 

similar to that for the linear case. In the process it may be necessary to introduce new 

frequencies. In general, the equation of motion for the nth order approximation term is 

driven by a combination of terms which has up to (n-l)th order approximate solutions. 
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2.4 First Order Process 

First the linear response of a medium subject to a monochromatic field of 

frequency WI is obtained when all anharmonic terms in the potential are neglected to 

obtain the solution to the first order process. From Eq.{2.14) and Eq.{2.16). 

av av(l) 
_ = _...,.,..,.- = ,Q.2q.(l) 
dqi dqP) I I 

(2.17) 

For a monochromatic electric field given by 

(2.18) 

the equation of motion becomes 

[ 
d22 + r. ~ 1- n.2 ] q.(1) = __ e_[e.{W

I 
)ei{kl • r - Wit) + c.c.] 

dt ' dt " 2M' (2.19) 

By makin6 the ansatz 

(1)(- ) _ .!.[Q ( )ei{~' r - Wit) ] qj r,t - j WI +C.c. 
2 

(2.20) 

and substituting this to Eq.(2.19), 
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(2.21) 

where Dj is defined as 

(2.22) 

These are the well known solutions for a damped harmonic oscillator. Since the electronic 

cloud oscillation is generated by an external optical field, there is also an induced dipole 

moment associated with the displaced electron cloud. The resulting polarization, defined 

as the dipole moment per unit volume, is 1; = -Ne· qj. From Eq.(2.20) 

(2.23) 

The complex coefficient relating pj(ml ) and £j(md is defined as Eo Xj(ml ). The linear 

susceptibility is 

(2.24) 

2.5 Second Order Process 

Second harmonic generation, sum-frequency generation, optical parametric 

oscillation, and the Pockels effect are due to second order nonlinear interactions. In order 
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to include all kinds of second order nonlinear processes, the analysis starts with two 

distinct electric fields with two different frequencies as a driving force for the equation of 

motion in Eq.(2.15). 

(2.25) 

Including now the first order correction term in Eq.(2.14) and Eq.(2.16) 

(2.26) 

Substituting these equations into Eq.(2.15) yields two equations of motion: one for the 

first order process and the other for the second order process. 

[~ + r ~ + n.2] q.(1) = __ e_[e.(OJ )ei(kl . r - OJlt) + C.( OJ )ei(kl . r - OJlt) + e.e.] 
drZ ' dt " 2M' I " I 

(2.26) 

[~+r~+Q.2] q.(2) = _ ~ Kjjk q.(l)qY) 
dt2 , dt " f: M J k (2.27) 

Solutions for Eq.(2.26) are obtained by using the same methods used for Eq.(2.19). 

(2.28) 
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The product q/)q/t) in Eq.(2.27) can be evaluated with the help of Eq.(2.28). It consists 

of sixteen terms ( 4 x 4 = 16). eight distinct terms and their complex conjugates given in 

detail later in Eq.(2.29). Each term in this product acts as a source term for each of the 

second order processes in Eq.(2.27). The first two terms are sources for Second Harmonic 

Generations (SHG). Observation of the SHG in a quartz crystal with a ruby laser initiated 

the field of nonlinear optics [Franken 1961] The third term is a source for Sum-Frequency 

Generations (SFG). The fourth term acts like a source for Optical Rectification (OR). The 

last two terms are sources for Difference Frequency Generations (DFG). 

q/)qk(1) = (2eM )2[ c/(Ot) Ck(Wt) e i(2kt .r-2(v l t) 
Dj((Ot) Dk(wt) 

+ Cj((02) ck(W2) e i(2kz . r - 2(02t ) 
Dj (w2 ) Dk (W2 ) 

~ (SHG) 

~ (SHG) 

(SFG) => +( c/(OI) Ck(W2) + Cj(w2) Ck(Wt) )ei[(kt +~). r - ((Ot + W 2)t] 
D/(OI) Dk(W2) D/w2) Dk(wt) 

+( c/(Ot) c\((Ot) + c/w2 ) C\(W2 )) 

D/wt ) D*k((Ot) Dj (w2) D\((02) 

+ Cj((Ot) c\(w2 ) e;[(kt-~).r-((OI-W2)t] 
D/wt) D\(w2) 

+ Cj((02) c\(wt ) e-;[(kt -kz).r-(wt _w2)t] 
D/(02) D*k(Wt) 

+ C.C. ] 

~ (OR) 

<= (DFG) 

<= (DFG) 

(2.29) 
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Now these nonlinear dipole terms can generate fields at frequencies which are not 

externally injected into the material. These new frequency components are due to the 

nonlinear response of a material for the given strong external optical fields. When 

Eq.(2.29) is used as the source term for Eq.(2.27), the ansatz for the second order process 

is 

qF) == ~ [ Q;(2)(2ml )e
i(kzDJI . r - 2m1t) + Q/2)(2m2)ei(~DJ2 . r - 2m2t) ¢= (SHG) 

+ QP)(ml + (2)ei(kDJI+DJ2 . r - (ml + ( 2)t) ¢= (SFG) 

+ QP)(O) ¢= (OR) 

+Q/2)(ml-m2)ei(kDJI-W2 ·r -(ml -(2)t) ¢= (DFG) 

+ QP)(m2 _ml)ei(kw2-WI·r -(m2 -ml)t) ¢= (DFG) 

+ C.c. ] 

(2.30) 

By substituting this ansatz into Eq.(2.27), solutions for the coefficients QP) similar to 

those shown in Eq. (2.21) are obtained. Since the processes for solving each of these 

second order nonlinear activities are all very similar to each other, only one particular 

case, second harmonic generation (SHG) will be discussed in detail. Optical rectification 

will also be discussed because it relates to cascading, one of the subjects investigated in 

this thesis. 
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Second Harmonic Generation (SHG) 

The SHG formalism is important because it will be used to interpret the cascaded 

nonlinear measurements described later in this thesis. For SHG only one laser input i.e. 

Ej •k (W2 ) = 0 needs to be assumed. After substituting Eq.{2.29) and Eq.{2.30) into 

Eq.(2.27) and comparing coefficients for each of the time oscillating terms, 

(2.31) 

where D/w) is defined in Eq.{2.20). This is the coefficient for the e-i2wlt only. For 

simplicity, CO is used instead of WI because there is only one laser source present in this 

case. Since the polarization p(r,t) is defined as the dipole moment per unit volume, 

p(r,t) = -Ne q(r,t), where N is the density of electrons. Defining p(r,t) as 

pNL(r,t) = ~ [tP)(2m)ei{~(()' r - 2mt) + C.c. ] gives 

ffJP)(2m) :: -NeQ/2)(2m) 

_ Ne
3 

""K E/m)Ek(m) i(2k -~ )·r 
- --£..J "k e w w 

2M3 j.k '1 Dj (2m)D/m)Dk(m) 

:::::Eo L%ijk(2)(-2W: m,m) Ej(m)Ek(m) e i(2kw -10.w)·r 
j,k 

(2.32) 

The formal definition of the nonlinear susceptibility for second order nonlinear activities 

is 

ffJP)(-m3 : ml,(2 ) == EO L,Xijk(-W3 : ml ,(2 ) C/ml )Ck(m2 ) 

j.k 
(2.33) 
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Thus 

(2) • _ Ne3 K;jk 
%ijk (-2m. m,m) = ------::3-----~---

2 Eo M D; (2m)D/m)Dk (m) 
(2.34) 

Note that the frequency dependence of this expression for the nonlinear susceptibility is 

contained in the D's. If the applied field frequency (0 is close to half the natural resonance 

frequency n, this nonlinear susceptibility becomes very large because Dj (2m) defined in 

Eq.(2.22) occurs in the denominator. If a material has an inversion symmetry in its 

potential i.e. V(-Q!,-Q2,-Q3) = V(q!, q2' Q3)' all of the Kijk should vanish in Eq.(2.14). 

From Eq(2.33), the second order nonlinear susceptibility will also vanish. 

To this point the steady-state response for the second order nonlinear polarization 

in a medium has been obtained and the generation of the frequencies are predicted. This 

nonlinear medium response can give rise to the exchange of energy between a number of 

optical fields of different frequencies. As mentioned previously, the way in which the 

corresponding waves evolve is readily obtained from the coupled mode equation in 

Eq.(2.13). Substituting the nonlinear polarization given by Eq.(2.34) into Eq.(2.13) with 

aCj(2(tJ) = i /loc 2m tJ/L(2(tJ) 
az 2110 (2m) 

= i 1 m LX;jk(-2(tJ: (tJ,m)C/(tJ)Ck«(tJ)e i(2kw - ~w)· r 
110 (2 (tJ ) C j.k 

(2.35) 

Simultaneously, a nonlinear polarization is induced at the fundamental frequency. The 

pertinent polarization due to the mixing of the fundamental and second harmonic fields is 



ffJ/L(m) = L%ijk( -m : 2m,-m)E/2m)E* k(m)ei(k2W - 2kw)' r 
j,k 
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(2.36) 

The nonlinear propagation equation for the field at the fundamental frequency can be 

written from Eq.(2.13) as 

dCj(m) . /loc NL( ) 
I-~- = l m p. m 

dZ 2no(m) I 

(2.37) 

= i 1 m LXUk(-m: 2m,-m)cj(2m)c\(m)ei(~w - 2kw)' r 
2no(m) C j,k 

where me = m was used from Eq.(2.13). Eq.(2.35) and Eq.(2.37) are the generalized 

coupled wave equations for second harmonic generation. 

The phase terms e±i(2kw - i0,w)· r are very important for efficient second 

harmonic generation. When the fundamental field propagates through a medium, it keeps 

generating second harmonic fields along its propagation path. Since the phase velocity of 

the generated second harmonic field is normally different from the phase velocity of the 

source, the fundamental field, the second harmonic fields which are generated at different 

positions along the propagation path of the fundamental wave may interfere destructively. 

In order to generate the maximum amount of second harmonic light, this phase term 

e±i(2kw - kzw)' r should be one. This problem of making the phase difference zero is 

called phase-matching condition. For a given propagation direction the phase matching 

condition becomes 

(2.38) 
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~ 200 ~ 
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Fig. 2.3 Illustration of phase mismatching between a fundamental and a 
second harmonic beam along the same propagation direction. 
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Both temperature and angle phase matching methods are most commonly used with 

uniaxial crystals [Hopf 1985]. In temperature phase matching, the different temperature 

dependencies of the refractive indices for the fundamental and second harmonic light are 

utilized. A specific example of temperature phase matching will be discussed in section 

6.2 for second harmonic phase matching in a LiNb03 waveguide. In angle phase 

matching, the difference in the angular dependence of the refractive indices for ordinary 

and extraordinary waves in a uniaxial crystal material is used. A specific case of angle 

phase matching will be discussed in section 5.4 for experiments on the cascaded 

nonlinearity of a DAN single crystal. 

Here, the example of angle phase matching for an uniaxial material is discussed. 

The geometry of the polarization of the optical fields with respect to the crystal axes is 

illustrated in Fig. 2.4 
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o 

Fig. 2.4 Type I angle phase matching geometry with the fundamental 
optical field polarized along the extraordinary axis (e) of the material and 
the second harmonic optical field polarized along the ordinary axis (0) of 
the material. The fundamental and the second harmonic fields are 
colinearly propagating along the z direction. 

From Eq.(2.35) and Eq.(2.37) 

(Jee(m) _ . 1 m [. 2. 2 ] 
-=--- - I Xeoe( -m.2m,-m)+Xeeo( - OJ.-m, m) 

(J z 2no(m) c 

x eo(2m)e/(m)ei(~w - 2kw)z 

where the nonlinear susceptibilities can be obtained from Eq.(2.33) as 

(2) • _ Ne
3 

J(oee 
X oee ( -2m . m, m) = -----:::"3-------=="----

2 Eo M Do (2m)De (OJ) De (OJ) 

47 

(2.39) 
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Note that Koee = Koee = Keeo which follows from the definition of the potential V in 

Eq.(2.14). If the fundamental frequency ro is far from any material resonant frequency n, 

then from the definition of D(m) in Eq.(2.22) D/(m) == De(m) == n/ - m2. It is clear 

now that Xijk is independent of the order of its subscripts i, j, k. This symmetric property 

of Xijk is called "Kleinman Symmetry". In this case 

Xoee(2)(-2m: m, (0) = Xeoe(2)(-m: 2m, -m) = Xeeo(2)(-m: -m, 2m) 

Eq. (2.39) can be rewritten in a simple form as 

(2.40) 

with a definition of the effective nonlinear coefficient of the form 

dejf == Xoee(-2m: m, m)/2 and M == (k2ro - 2kro)· 

Optical Rectification 

After substituting Eq.(2.29) and Eq.(2.30) into Eq.(2.27) and comparing each of 

the coefficients for Optical Rectification (OR), 

(2.41) 
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where only one input laser source with a frequency 0)1 was assumed. The corresponding 

nonlinear susceptibility is 

(2.42) 

Proceeding as before, the nonlinear polarization can be written for OR with this nonlinear 

susceptibility. Substituting that nonlinear polarization into the coupled mode equation 

shown in Eq.(2.13), the coupled mode equations for the OR are obtained as 

(2.43) 

The first equation in Eq.(2.43) indicates that the dc field is neither amplified nor depleted. 

The second equation is the one which describes the Pockels Effect in a second order 

nonlinear medium. Since this is the effect responsible for the electro-optic modulator 

used for single pulse extraction from the 76 MHz mode-locked pulses in chapter III, this 

effect will be discussed briefly next. As illustrated in Fig. 2.5, a simple case is discussed 

where an optical electric field is polarized along the 1 axis and a dc electric field is 

applied along the axis 2. The propagation direction of the optical wave is along the Z-

axis. 
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1~ 

2 

Fig. 2.5 Crystal and electrodes for a Pockels Effect Electro Optic Device. 

In this case, the second equation of Eq.(2.43) becomes 

aC2(m) _. 2 m (2) • 
a - I %212 (-m. 0,m)CI(0)c2(m) 

z 2~«(O) c (2.44) 

== iM'e2(m) 

where the small wave vector change term M is defined as 

m (2). _ (0 
%212 (-(0. 0, (O)C1 (0) =-fuz (2.45) 

c c 

which leads to 

1 (2) • !lIz = %212 (-(O.0,m)C1(0) 
l~(m) 

(2.46) 
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This equation explains the electric field dependent refractive index change in a second 

order nonlinear material, namely the Pockels Effect, described in Eq. (1.1) 

2.6 Third order process 

Thjrd harmonic generation, optical Kerr effects, self-phase modulation, self-

focusing, soliton effects, four-wave mixing, optical phase conjugation are all 

consequences of the third order nonlinear interactions. Since these are third order 

correction terms to the light-matter interaction, they are even harder to observe than the 

second order ones if the light intensity is not high enough. In the analysis third order 

perturbation terms are retained in Eq.(2.14) and Eq.(2.16), i.e. 

oV a[ V(I) (qj) + V(2) (q) + V(3) (qd) 

oqj (I) = oqj (I) 

(2.47) 

In order to include all kinds of third order nonlinear processes, three distinct electric 

fields with three different frequencies are assumed as the input for the equation of 

motion in Eq.(2,47). 

Ej(t) = ~ [c;(wt)ei(kt . r - Wtt) + cj(wz)ei(kz . r - OJzt) + cj(w
3
)ei(k3 . r - OJ3t) + e.e.] 

(2.48) 
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Substituting these equations into Eq.(2.15) yields three equations of motion: one for the 

first order processes, one for the second order processes and one for the third order 

processes. 

(2.49) 

(2.50) 

[~ + r. ~ + n.2 ] q.(3) = -2"" Kijk q.<Oq (2) _ ~ Kijkl q .(I)q .(l)q (I) 

dt2 I dt I I 1k M ) k f;: M } k I (2.51) 

Solutions of Eq.(2.49) were obtained by using the same methods that were used for 

Eq.(2.19) and Eq.(2.26). 

q/l)Cr,t) = __ e_[ £;(wl ) ei(~ . r - wit) + c;(w2 ) ei(~ . r - w2t) 
2M D;(OJ I ) D;(w2 ) 

+ c;(W3 ) ei(~. r - wi) + C.c. ] 
Dj (OJ3) 

(2.52) 

The product q/)qk (I) in Eq.(2.50) can be evaluated with the help of Eq.(2.52). It consists 

of thirty six 6 x 6 = 36, eighteen distinct terms and their complex conjugates. Each term 

in this product acts as a source term for each of the second order processes in Eq.(2.50). 
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There will be three Second Harmonic Generations (SHG) terms (2COI • 2C02• 2(03 ), six 

Sum-Frequency Genera~ion (SFG) terms ( two of each (COl + CO2 ), (CO2 + (03 ). (C03 + COl»' 

three Optical Rectification (OR) terms (COl -COl)' (CO2 -(02)' «(03 -(03), six Difference 

Frequency Generation (DFG) terms ( two of each ICOI - (021· I CO2 - co31.IC03 - COd). The 

methods used to derive of each of these terms are exactly same as the method for the 

derivation of Eq.(2.29) and Eq.(2.30). 

The product q (I)q (2) will generate 6 x 36 - 216 terms The product q (I)q (I)q (I) j k -. j k I 

will also generate 6 x 6 x 6 = 216 terms. Since it is too complicated to write one equation 

which includes all third order interactions, three specific cases of particular interest will 

be discussed, Third Harmonic Generation (THG), optical Kerr Effect, and the cascaded 

second order interaction in non-centrosymmetric, highly nonlinear, second order 

materials. 

Third Harmonic Generation (THG) 

For a centrosymmetric material K ijk = 0, and the equation of motion Eq.(2.51) 

will become 

[~ + r . .!!:.... + Q.2] q.(3) = _ '" Kijkl q .(l)q (I)q (I) 
dt2 I dt I I fr: M ) k I (2.53) 

For simplicity only one laser input is first assumed. Then from Eq.(2.20) 

(2.54) 
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By using this equation, the driving source term in the equation of the motion for a 

centrosymmetric material Eq.(2.53) is of the form 

+ C.c. ] 
(2.55) 

where the Q?>'s are defined in Eq.(2.54). Using the above equation as the source term 

for Eq.(2.53), the solution for this case can be written as 

Solutions for the coefficient QP>(3m) are similar to Eq.(2.21) and Eq.(2.32). By 

substituting this ansatz and Eq.(2.55) into Eq.(2.53), 

(2.57) 

The corresponding nonlinear susceptibility for third harmonic generation is 

(2.58) 
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Substituting this nonlinear polarization into the coupled mode equation Eq.(2.13) yields 

oCj(3m) = i 1 3m LX(3}ijkl(3m: m, m, ill) C/m)ck(m)Cj(m) ei(3kw- k3W)';: 
dz 2no(3m) C j,k,l 

OSj(m) = i 1 m I,X(3)ijkl(m: 3m,-m,-m) s/3m)S*k(m)S*j(m) e-i(3kw-k3W )';: 
dz 2no(m) C j,k,l 

(2.59) 

Frequently only one component of the applied optical field is important. The above 

coupled mode equation then becomes 

(2.60) 

These two equations describe the evolution of the complex amplitude of the third order 

optical field and the fundamental optical field. In order to have large conversion into the 

third harmonic wave it is necessary to satisfy the phase matching condition, 

M =~w-3kw =0. 

Optical Kerr Effect 

Again, the solutions for the coefficient QP)(m) are obtained using the same 

approach that led to Eq.(2.23), Eq.(2.32), and Eq.(2.57). The ansatzes Eq.(2.56) and 

Eq.(2.55) are substituted into Eq.(2.53). Comparing the coefficients on each side leads to 
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8O.(3)(m) = -NeQ.(3)(m) 

_ ( Ne
4 

)K 3 c.(m)c.(m)c.·(m) ei(kw-kwVf 
- 4M4 1111 D.(m)D.(m)D.(m)D.·(m) 

(2.61) 

== 3 Eo X1111(-m: m, m,-m) Ic.(m)1
2
c.(m) 

where again it has been assumed for simplicity that there is only one component of the 

input optical field. Note that the phase matching condition is automatically satisfied in 

this case. So, if all other terms in the general equation of motion Eq.(2.53) are not phase 

matched, then this optical KelT effect will be the only dominant term. This leads to a third 

order nonlinear susceptibility for the optical Kerr effect of the form 

By substituting this into the coupled mode equation Eq.(2.13), 

aCI (m) = i 3(0 X(3)1111(m: (0, ro,-w) ICI (m)12 cl (m) 
dz 2no(w)c 

== i ~lC £1 (m) - ~aE cl (co) 
2 

(2.62) 

(2.63) 

This is the equation used to describe details of the Optical Kerr Effect presented earlier in 

Eq.(1.2). X(3)1111(W: w, ro,-w) is complex number in general. Separating these terms 

gives 



fuzNL = ~,~X = 3 Re{x(3)llll} leI (m)12 
:= 1Z2E leI (m)12 

m 2no(ro) 

~aE = 3m Im{X(3)llll} lel(m)f := f32E lelcm)1
2 

noCm)e 
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(2.64) 

where fuzNL is the self-induced nonlinear change in refractive index, and the nonlinear 

absorption change is defined as dlef := -~aE lel2 
• Since the light intensity is defined 

dz 

as 1= J... l1o Eo e /e/2 
, 

2 

2 3Re(x(3)1l1l ) 
112 = n2E= 

EO nOe 

2 
a2 = a2E= 

EO nOe 

llnNL := n2 I 
where ~ and a2 are defined as 

~aE:= a2 I 

EO n
2

0 e 

6m Im(x(3)1111) 

EO 1Z
2

0 e2 

(2.65) 

These are the well known intensity dependent refractive index coefficient n2 and two 

photon absorption coefficient (X2. 

Cascaded Second Order Nonlinearity 

As explained before in the section 2.5, when second harmonic light is generated 

almost phase matched to the fundamental wave, the second harmonic field E(2ro) can 

grow as large as the fundamental field E( (t)). If a material has a large second order 

nonlinear optical coefficient and a small third order nonlinear optical coefficient there are 

circumstances under which the fundamental beam's nonlinear phase is dominated by the 



58 

second order interaction. The equation of motion for the electrons, Eq. (2.51) is then 

written simply as 

[~+r~+.Q.2]q.(3) =-2'" Kijk q.(l)q.(2) 
dt2 I dt I I 7k M J k (2.66) 

Consider monochromatic light for the fundamental input written as 

E;Ct) = ~ [c;{m)ei(k' r -mt) + e.e']' As discussed previously the first order solution 

for Eq.(2.49) is given from Eq.(2.21) as 

(2.67) 

And the second order solution for Eq.(2.50) is given in Eq.(2.32 ) as 

(2.68) 

As a result the product term on the right side of Eq.(2.66) becomes 

+ {Q/I)* (m)Q/2)(2m) + Q/I)(m)Qk (2)(0) + Q/)(m)Q/2)* (2m)} eic"f . r - mt) 

+ e.c. ] 

(2.69) 
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Inserting this result back into Eq.(2.67), yields an equation for the nonlinear polarization. 

Substituting these nonlinear polarizations into the coupled wave equation Eq .(2.13) 

results in the coupled mode equation for each of the frequency components. In general, 

including up to the third order correction to perturbation theory, the 2m frequency term 

can be formed from anyone of the 20) + 0, t:O + 00, 3m - 00 terms. 

+ Xijk(-2m: 0, 2m)cj(0)Ck(2m) 

+ Xijk(-2m : 3m, - m) cj(3m)Ck *(m)ei(k3w-kw-~wF; ] 

(2.70) 

The 30) frequency term can be made either from 3m + 0 or 20) + 0) which requires 

multiple second order interactions, as does the 2m + 0 term. Unless there is a fortuitous 

resonance for 30), these higher order interactions are probably negligible. Retaining for 

the present all terms, 

i L Xrk(-3m: 2w, m)c '(2m)ck(m)e z(k2W+kw-k3W)-r 
1 3m [ . - -: - -

2no(3m) C j,k 'J J 

+ Xijk(-3w: 0, 3w)cj(0)ck(3m) ] 

(2.71) 

The 00 frequency term which is of most interest to the experimental work performed in 

this thesis can be made from either 2m - 0) or 3m - 2m or 0 + 00 contributions, i.e. 
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+ Xijk(-m : 0, m)Cj(O)Ck(m) 

+ Xijk(-m: 3m, -2m) cj(3m)Ck *(2w)i(k3m-k2m-km)-"r] 

(2.72) 

The terms which contain Cj(O) are phase matched automatically, but the Cj(O) term does 

not grow with respect to the propagation direction as explained in Eq.(2.43). So, this term 

can be neglected. For the special case where there is approximate phase matching only 

for the (0 + co process, the coupled mode equations Eq(2.70-2.72) become 

Here, the coupled mode equations for the second order nonlinear interaction, Eq.(2.35) 

and Eq.(2.37) have been derived and the next higher order (multiple) interaction terms 

which are neglected have been identified. The complete solution of this set of coupled 

equations via elliptic integrals is well known from the early days of nonlinear optics 

[Armstrong 1962]. In the undepleted-pump beam approximation ( i.e. assuming the 

amplitude of the fundamental beam is constant ), Eq.(2.35) can be readily integrated to 

obtain an approximate expression for the spatial dependence of the second-harmonic field 

amplitude. 
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e(2m) = eff m (e(m»)2 e -d [ -iM·z 1] 
nO(2m) c M 

Substituting the above equation into the second equation of Eq.(2.37) gives 

(2.73) 

. (m) ilaE = I' -;;- .lin.e(m)--2-e(m) 

The above equation indicates that an intensity dependent nonlinear phase shift of the 

fundamental beam can be achieved via two cascaded second order process. In analogy to 

Eq.(2.65), the effective nonlinear refractive index coefficient for cascaded second order 

nonlinear interaction can be defined as, [Stegeman 1993] 

2 iln 
neff = 2 

EO n(m)' c I.sCm)1 

1- cos(M· z) 

M 

(2.74) 

where for example d
ejf 

:= Xoee(-2m: m, m)/2 for a type I phase-matched geometry and 

M := (E2m - 2km).Unlike the third order nonlinear refractive index coefficient, the 

effective cascaded nonlinear refractive index coefficient is not constant with respect to 

the propagation direction. Eq.(2.74) also shows that the sign of the effective nonlinear 

refractive index changes at phase matching conditions i.e. when the ~k term in the 
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denominator changes sign. Another distinctive property of a second order cascaded 

nonlinearity is that the effective nonlinear index is proportional to the figure of merit for 

second order parametric processes. Beyond this simple, however illustrative, model small 

phase mismatch or high second harmonic conversion rate requires either numerical 

solution of the coupled equations to precisely take into account the nonlinear phase 

change due to cascading [Stegeman 1993, Assanto 1993] or treatment in terms of 

elliptical integrals. 

2.7 SPM induced by n2 

If an optical pulse undergoes an intensity dependent nonlinear phase shift, self

phase modulation (SPM) occurs. Thus, comparing the spectral bandwidth of an optical 

pulse before and after the pulse is transmitted through a nonlinear medium is a very 

convenient way to test for nonlinearity in a material. Consider for the input a gaussian 

pulse with a central frequency Vo and a pulse duration 'to Such a transform limited input 

optical field can be described as, 

(2.75) 

For the experimental case of interest at 1.32 11m the central optical frequency Vo is about 

2 x 1014Hz and the FWHM of the intensity of this pulse is about In(2)· r ::::: 0.7r = 90 

psec. If this gaussian pulse is transmitted through a Kerr type nonlinear optical material, 

the output field is written as, 
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(2.76) 

where the induced Kerr nonlinear phase shift is proportional to the intensity of the input 

field such that 

A A. () _ 2 n2· L· /(t) = A A. • -2(t 17:)2 
ll'f'NL t - n A - ll'f'peak e (2.77) 

~¢peak is the maximum nonlinear phase shift at the peak of the gaussian pulse. When the 

output fields given in Eq.(2.76) are Fourier transformed at several different input 

intensities, frequency chirps and spectrum broadenings occur in the optical field as a 

function of the maximum nonlinear phase shift ~¢peak' as shown in Figures 2.6 to 2.10. 

A positive nonlinearity ( n2 is positive) was chosen for these simulations. Neglected here 

was group velocity dispersion which can also contribute a frequency chirp. Rewriting 

Eq.(2.83) in order to separate the amplitude and the phase of the electric field 

(2.78) 

where vet) is related to ~¢NL (t) by 

v(t) = v + 1 a¢NL (t) 
o 2n at 

(2.79) 

A frequency chirp is defined as ov = 1I2n·a¢NL1at from Eq.(2.79). An example of a 

SPM induced frequency chirp along a gaussian pulse is illustrated in Fig 2.11. If n2 is 

positive, this nonlinear phase modulation will cause a positive frequency chirp, while 

normal group velocity dispersion of a pulse will generate a negative frequency chirp. 

When these two interactions are balanced such that the group velocity dispersion is 
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exactly cancelled by the positive nonlinear self-phase modulation, that optical pulse is 

called a soliton. 



Eour(t) = E/N(t) for ~<I>peak = 0 

B(V) = ~(E(t» 

If.. 

~ v (~<I>peak = 0) 

(A) 

V 
--~----------------~--~r-~~----------------~ 

(B) 

Fig. 2.6 A simulated gaussian optical pulse in the time domain E(t) 
(shown in (A» and its calculated frequency spectrum B(V) which is a 
Fourier transform of E(t) (shown in (B» for the case ~CPpeak = O. Since 
we assume no frequency chirp for the initial pulse the pulse width is 
transform limited i.e. ~ V· ~t == 1 /(2rc). 
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Eo UT (t) for 8«Ppeak = 1t 

A 

B(V) = ~(E(t)) 

A 

" , 

,)~ ~-~-'"' 

,," '" 
I~ " 

'\~ 

I 

/ 
/ 

( A) 

8 v (8«Ppeak = 1t) 

t 

v 
--~------------~~----~:~----~~------------~ 

(B) 

Fig. 2.7 When there is self-phase modulation as described in 
Eq.(2.77) with 8¢peak = n, the optical pulse shape in the time domain 
becomes asymmetric as a result of a nonlinear frequency chirp. The pulse 
width is no longer transform limited i.e. 8 V· /j,t > 1 /(2n). 
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Eour(t) for ~q,peak = 21t 

A\ 

B(V) = ~(E(t)) 

A\ 

t 

( A) 

v 
--~---------=~------------~~----------~==--------~~ 

(B) 

Fig. 2.8 When the maximum nonlinear phase shift defined in 
Eq.(2.77) becomes ~CPpeak = 21C, a positive frequency chirp is easily seen 
in the time domain. The first half part of the pulse has some blue shift and 
the rear part of the pulse has some red shift. 
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Eour(t) for dIPpeak = 31t 

h. 

B(V) = :3(E(t» 

h. 

t 

(A) 

d v (dIPpeak = 31t) 

--~---=~~------------~~-------------=~~--~ 

(B) 

Fig. 2.9 Calculated self-phase modulation due to a Kerr-type 
nonlinear interaction and the associated frequency chirp for a case of 
dcfJ peak = 31! . 

V 
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Eour(t) for ~<I>peak = 41t 

A. 

t 

(A) 

B(V) = S(E(t» 

~ v (~<I>peak = 41t) 

---r~~--------------------'r------------------~~~~ 

(B) 

Fig. 2.10 Calculated SPM-broadened spectrum for ~rppeak = 4n. 
Note that the area under the spectral distributions are all the same from 
Fig. 2.6 to Fig. 2.10 because of Parserval' s theorem. 

v 
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Eour(t) for ~<Ppeak = 41t 

A 
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Leading Edge 

8v Linear Frequency Chirp area 
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1 ;>1 

1 
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-0.5 

-1 ., 
-1.5 

Fig. 2.11 Frequency chirp oro associated with a 41t peak nonlinear 
phase shift for a gaussian pulse. 
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The relation between the peak phase shift and the spectrum broadening can be 

written [Agrawal 1989] as 

~1 + 3~ ¢Jpeak 
2 (2.80) 

where (Am)mlS is the width of the spectrum after a nonlinear medium and (Am)o is the 

width of the input spectrum. This allows AifJpeak to be evaluated from spectrum 

broadening measurements. 



CHAPTER III. 

SCANNING PULSE MODULATED INTERFEROMETER FOR NONLINEAR 

OPTICAL MEASUREMENTS 

3.1 Introduction 
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The key material parameters needed for nonlinear optical devices are the intensity 

dependent refractive index and absorption coefficients. Intensity-dependent index and 

absorption changes of the type defined in Eq.(2.66) have been measured previously by a 

variety of techniques. Degenerate four-wave mixing (DFWM) usually yields a signal 

proportional to the squared modulus of the third order susceptibility (X(3» described in 

Eq.(2.26) so that the absorptive and refractive nonlinearities are not separable 

[Roussignol 1987]. Recently new approaches to DFWM have been reported which do 

allow separation of the real and imaginary components. Nonlinearities of many organic 

thin film materials have been measured by DFWM. Pump-probe transmission 

experiments have been used for many semiconductor materials [Peyghambarian 1990], 

where the intensity induced absorption change ~a is measured in order to determine ~n 

from the Kramers-Kronig relation. If one single physical process does not fully determine 

the absorptive and refractive parts of the susceptibility, these two parts may exhibit 

different dynamical properties making the analysis difficult. For fiber and channel 

waveguides, spectral broadening of laser light via self-phase modulation is normally used 

to determine intensity dependent refractive indices (n2) of the guiding material [Stolen 

1978] using the relation between a spectrum broadening and a peak nonlinear phase shift 

defined in Eq.(2.80). The sensitivity of this method is very limited because one needs at 
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least a 1t/4 peak phase shift to resolve spectral broadening effects due to nonlinear 

refractive index changes. Specialized waveguide techniques such as nonlinear prism and 

grating coupling have been used to investigate nonlinearities of planar waveguides [Liao 

1984, 1985]. Since the optimum coupling angle and the efficiency for an input laser beam 

is very sensitive to the refractive index of a guiding material, one can estimate the 

nonlinear refractive index coefficient of a material by measuring coupling angle changes 

as the intensity of the input laser beam is increased. Recently developed Z-scan 

techniques [Sheik-Bahae 1989, 1990] measure intensity dependent self-focusing or self

defocusing effects of a gaussian optical pulse. Instead of changing the intensity of an 

incident optical beam, a bulk nonlinear material is scanned along the beam propagation 

direction z around the focusing point of the input beam. By measuring the optical power 

collected on a finite size detector as a function of the scan distance z around the focusing 

point, both the magnitude and sign of the nonlinear refractive index of a material, as well 

as the two-photon absorption coefficient, can be determined. The Z-scan technique is a 

very simple and sensitive measurement method for a bulk material but not for a 

waveguide sample. Interferometric methods are also frequently used measurement 

techniques [Cotter 1989, LaGasse 1990, Li Kam Wa 1986] for the nonlinear refractive 

index n2. They are capable of resolving nonlinearities in the range of 

10-16 
- 10-12 cm2 /W, depending on the sample length and the input beam intensity. The 

power-dependent change in index is measured via power-dependent fringe pattern shifts. 

The sign of the nonlinearity can also be determined from the direction which the fringes 

move with increasing power. However, in many cases, interferometric measurements of 

index nonlinearities are complicated, since the measurement techniques are also sensitive 

to thermal or acoustic parasitic signals. 

This chapter describes a measurement technique for evaluating intensity 

dependent refractive index and absorption changes unambiguously with a Mach-Zehnder 
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interferometer setup. It starts with a section which describes each component of the 

experimental Mach-Zehnder interferometer apparatus. The picosecond Nd:YAG laser 

system and its intensity modulation is then described. In the next section the numerical 

simulations for the mode profile calculation inside a waveguide are explained. Pulse 

breaking effects and the relation between the measured average phase shift and the peak 

phase shift for a gaussian pulse are studied later. Finally, various details of the data 

analysis methods used to estimate the intensity dependent nonlinear refractive indices and 

two photon absorption coefficients are presented. 

3.2 Nonlinear Mach-Zehnder Interferometer: General Features 

Since interferometers can measure optical path length changes down to a small 

fraction of the wavelength used, interferometric measurement techniques were used from 

the early days of nonlinear optics for measuring very small refractive index changes in 

the order of 10-7 - 10-4, Short optical pulses instead of continuous light sources are used 

to generate high peak power. Therefore, ultrafast detection techniques are normally 

necessary in order to measure fringe shifts due to intensity dependent refractive index 

changes within the duration of short optical pulses. Measuring nonlinear phase shifts for 

laser materials within a single optical pulse using a streak camera was first demonstrated 

in the 1970s [Bliss 1974]. In the 1980's many interferometric measurements with a pump

probe configuration were reported [Halbout 1982, Haug 1985, Koch 1988, Finlayson 

1989, Cotter 1989, Lagasse 1989 & 1990]. The refractive index is changed by a high 

intensity pump beam and is monitored by a low intensity probe beam. The accuracy of 

this pump-probe method depends very much on the method used to separate the strong 

pump beam from the weak probe signal. Active stabilization techniques are also 
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frequently necessary for such pump-probe interferometric measurement methods in order 

to compensate the phase noise of the interferometer. 

In this dissertation, a pulse modulated hybrid Mach-Zehnder interferometer, 

shown in Fig. 3.1, was used to measure the intensity dependent refractive indices of 

nonlinear materials. The prototype version of this interferometer has been demonstrated 

earlier [Rochford 1992]. A single intensity modulated input beam is used instead of two 

separate input beams, the approach usually taken in pump-probe interferometers. Fringe 

patterns for high and low intensity input beams are taken separately in the time domain 

by scanning the phase of the interferometer using a wedge plate, shown in Fig. 3.1. An 

active stabilization technique is not used here because the phase noise of the 

interferometer is separated from the data using a numerical Hilbert transformation after 

the nonlinear fringe data is taken. 

A dual flashlamp pumped Quantronix 4126 Nd:YAG laser was used as a light 

source. It is operated at 1.32 Jlm wavelength with active mode-locking at a 76 MHz 

repetition rate. As can be seen in Fig. 3.2, it provides 90 psec FWHM pulses every 13 

nsec with 2.6 W of average power. The peak to peak intensity noise of the laser is about 3 

% . An electro-optic pulse slicer described in Fig. 2.5 was used to modulate the intensity 

of light for the pulse modulated interferometer. The pulse slicer is synchronized to the 38 

MHz mode-locker signal in order to select one high intensity pulse every 0.5 msec and 

depress the throughput intensity of the rest of the input pulses. The details of the pulse 

slicing method will be described later in section 3.3. The actual pulse modulated laser 

intensities just after the Pockels Cell are shown in Fig. 3.3. 
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P-Cell 
Driver 

1.32 J..lffi ML Y AG Laser 

Triggering 
Signal 

P-Cell 

Stepper Motor Pol. 

Boxcar 

Boxcar 

Nonlinear W.G. 

lOX lOX 

Multi-Channel 
Digitizer 

PC 

Fig. 3.1 Experimental arrangement of the hybrid Mach-Zehnder 
interferometer for direct measurement of n2. FG, F-F, /.../2, M, Pol, and 
B.S. are abbreviations for the function generator, flip-flop, half-wave 
plate, mirror, polarizer, and beam splitter individually. 
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Fig. 3.2 Mode-locked pulse for Nd: Y AG laser operating at 1.32 Jlm 
wavelength, captured by a 45 ps rise time Antel photodiode. 
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Although the maximum intensity extinction ratio between them can be as large as 100 to 

1, a 50 to 1 intensity ratio between the High and Low intensity pulses was used because 

of visibility problems for low intensity fringe patterns. 

An active stabilization method with feedback was also necessary for the Pockels 

cell because the crystal used in the Pockels cell was so sensitive to the temperature that 

even a mild air flow around the cell changes the extinction ratio dramatically. The 

throughput of this Pockels cell modulator was about 74 %. After the pulse modulator, a 

10 % beam splitter was used to form the Mach-Zehnder interferometer. The beam profiles 

of the two interferometer arms were matched by placing a 5 cm long single mode glass 

fiber in the reference arm of the interferometer. A pair of 0.03° wedge plates were located 

in the reference armjust after the single mode fiber. 
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Fig. 3.3 Intensity modulated mode-locked laser pulses after the 
Pockels cell pulse slicer for a pulse-modulated Mach-Zehnder 
interferometer. 
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When one of the wedge plates on a linear translator is pushed into or pulled out of the 

beam path with a stepper motor, the fringe pattern was scanned in the time domain very 

slowly, at about 1 Hz. It was possible to scan more than 100 fringes without any 

detectable changes in fringe contrast. 100 interferometric fringes for a 1.32 flm 

wavelength correspond to 0.132 mm path length change introduced by the wedge plate in 

the reference arm and the 90 psec long mode-locked optical pulse corresponds to 27 mm 

in space at a fixed instant of time. A delay line was placed in both arms of the 

interferometer to make the path length of the two arms equal. The average power of the 

mode-locked pulses incident onto a nonlinear waveguide sample is about 1.2 W, which 

corresponds to 175 W of peak power. A 50/50 beamsplitter was used to combine the 
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beams from the reference and the sample arms of the interferometer. The divergence 

angles as well as the propagation direction and the displacement of each beam were 

carefully adjusted to make the fringe pattern a single circular spot by monitoring one 

output fringe pattern with an IR camera and a frame grabber. 

Because of the sample nonlinearity, the high intensity pulses transmitted through 

the nonlinear waveguide propagate through a different length of optical path in the 

waveguide. This will cause a phase shifted fringe pattern for the high intensity pulses 

compared to the low intensity pulses. One high intensity fringe pattern will appear in 

every 38,000 low intensity fringe patterns. Each fringe pattern exists for only 90 psec 

with about a 13 nsec time interval. It is necessary to measure the phase difference 

between the high and the low fringe patterns. Complicating matters further, a fringe 

pattern is not even stationary over the 90 ps duration of a single pulse because the pulse 

intensity changes from zero to its maximum and back to zero again within the pulse 

duration. The nonlinear phase shift follows the pulse intensity. This variation in the 

nonlinear phase shift across a pulse is the cause for the pulse breaking effect in all-optical 

switching devices. The pulse breaking effect in the interferometric nonlinear refractive 

index measurement will be discussed in detail later in section 3.5. An ultrafast InGaAs 

PIN detector and two boxcar gated averagers were used to sample these two fringe 

patterns. Neither a pinhole nor a slit was used for the detector because the actual detector 

area was of the order of only several square micrometers. The electronic pulses detected 

by the detector were about 2 ns FWHM. One boxcar gated averager was used for the 

high intensity fringe patterns and the other for low intensity fringe patterns. The gate 

widths of the boxcars were set to be 3 ns for maximum sensitivity of the detected signal. 

The two boxcars were triggered by the signal from the frequency synchronizing unit 

made of a D-Type Flip-Flop. The 3 ns gate of the first boxcar used for measuring fringe 

patterns of the high intensity pulses was placed on top of the high intensity pulses. In 
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order to avoid any slow but cumulative thermal refractive index changes, the 3 ns gate of 

the second boxcar used for measuring low intensity pulses was opened on top of the 2nd 

low intensity pulse preceding each high intensity pulse, as shown in Fig. 3.4. 

D D D 

Boxcar Gates 

/ 

for High Intensity '" 
Fringe Pattern 

p ~ 
n n 

Boxcar Gates 
for Low Intensity \ 
Fringe Pattern 

~ 
n 

D D D D D D D D D t 

Fig. 3.4 Temporal position of boxcar gates for taking High and Low 
intensity fringe patterns for the direct interferometric measurement of n2. 

Since the gates for high and low intensity fringes were separated by only 26 nsec, the 

fringe intensity noise associated with the laser source and the phase noise associated with 

the vibrations of optical components are effectively frozen within that time interval. 

Typical intensity and phase noise of the Mach-Zehnder interferometer built for nonlinear 

refractive index measurements is shown in Fig. 3.5 and Fig. 3.6 respectively. The 

averaged outputs from the boxcar gated averagers are connected to a Tektronix DSA-602 

multi-channel digitizing scope to be digitized and stored. 1024 data points were taken 

over a 10 second scan time interval for both high and low intensities. Later, these data 



81 

sets are sent to a computer for further data analysis. As can be seen in Fig. 3.7, there are 

large phase shifts between the high and low intensity fringe scans in the time domain. 

The details of fringe data analysis methods will be explained later in section 3.6. 
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Fig. 3.5 Demonstration of intensity noise for the pulse-modulated 
Mach-Zehnder interferometer when the fringe is scanned by the wedge 
plate. The intensity noise is the sum of the two output powers in both 1 & 
2 direction 

Sometimes spurious phase shifts between the high and low intensity fringe patterns were 

observed due to ringing of electronic signals between the data taking equipment and due 

to gate width and position mismatch between the two boxcar gated averagers. 
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Fig. 3.6 Demonstration of phase noise for the pulse-modulated 
Mach-Zehnder interferometer when there is no fringe scan 

This kind of false phase shift was eliminated by subtracting a corrective phase shift 

obtained from separate measurements of two fringe data sets for which the intensity of 

the high intensity pulses is reduced to the same level as the intensity of the low intensity 

pulses. The nonlinear phase shift of a 5 em long single mode glass fiber was tested 

repeatedly to test the sensitivity of this interferometric measurement setup to achieve 

about 7tflOO accuracy in the nonlinear phase shift measurement. 

It should be noted that this interferometer by itself becomes an all optical Mach

Zehnder switching device if the beams from both arms of the interferometer are well 

aligned with each other. Outputs 1 and 2 are the total power transmitted into either of the 

interferometer outputs as illustrated in Fig. 3.8. 
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Two large identical power meters with 1 cm2 areas were used to measure the powers 

transmitted at each output. Fig. 3.5 shows that the whole energy of the interfered beam 

oscillates between the two outputs as the wedge plate is pushed into the reference beam 

path. The power modulation can be more than 95 %. Fig. 3.6 shows how much the 

outputs of the interferometer can be changed because of the phase noise when there is no 

phase scan. 
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Output 1 
Nonlinear Material 
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Fig. 3.8 A well aligned Mach-Zehnder interferometer. 

Thermal 112 Measurement 

One of the most important but frequently overlooked problems for all optical 

signal processing applications is that spurious, cumulative (over many pulses), large, 

optically induced index changes can exceed the instantaneous Kerr-type nonlinear 

refractive index changes at high data rates. Thermal nonlinear refractive index changes 

can be measured with the same experimental setup used for the Kerr-type nonlinear effect 

measurement. The only difference is the gate positions of the boxcar gated averagers. In 

this case, high intensity pulses are selected instead of the single pulse selection made for 

the Kerr-type nonlinear refractive index case. The gate positions are illustrated in Fig 3.9. 

One gate is positioned on top of the first high intensity pulse. The other gate is placed on 

top of the Nth high intensity pulse. If there is a phase change between the fringe pattern 

obtained with these two boxcars, the phase shift is due to the cumulative thermal effect 

associate with the N high intensity pulses. Hence one can estimate the thermal nonlinear 

phase shift due to a single high intensity pulse. 
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Fig. 3.9 Position of gates for a thermal nonlinear effect 
measurement. 

Two-Photon Absorption Measurement 

The nonlinear absorption coefficient <l2 can be measured with small modifications 

to the experimental setup used for measurement of intensity dependent refractive index 

changes. The interferometer reference arm is replaced by a reference channel for 

monitoring the input intensity. Since some hysteresis in the transmission through the 

nonlinear waveguides was observed when the intensity of the continuous wave mode-

locked (CW-ML) pulse train was changed with a half-wave plate and a polarizer, the 

pulse slicer was used again to avoid coupling efficiency changes due to thermal effects. 

One high intensity pulse was selected and modulated for every 152,000 low intensity 

pulses so that the average power through a waveguide was changed very little. As 

illustrated in Fig. 3.10, two matched detectors were used for measuring the reference 

intensity and the signal intensity through a nonlinear waveguide. 
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Fig. 3.10 Experimental setup for intensity dependent absorption 
change measurement. 
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3.3 Laser Pulse Modulation 

The refractive index of a material is normally very sensitive to temperature. When 

the material is continuously exposed to laser light, the thermally induced refractive index 

change can be very large because it is cumulative. In order to measure the Kerr-type 

intensity dependent refractive index n2 of a material properly, it is necessary to modulate 

the intensity of a laser source faster than the thermal time constant of the material, which 

is normally in the order of microseconds. An electro-optic Pockels cell is used to select a 

pulse out of a 76 MHz mode-locked pulse train and the intensities of the rest of the pulses 

are reduced. The amplitude of the selected pulse intensity is also varied from minimum to 

maximum to investigate the intensity dependent refractive index change of a material. 

The operation of a Pockels cell was already discussed in Fig. 2.6. By placing a polarizing 

beamspliter after this cell, the intensity of a beam can be modulated by applying an 

electrical voltage across the cell. The problem is to synchronize the electric voltage with 

the mode-locked optical pulse train in order to select a single pulse. A National 

Semiconductor 74F74 D-type Positive Edge-Triggered Flip-Flop was used to synchronize 

a triggering signal with the mode-locked signal from the laser. The block diagram is 

shown in Fig. 3.11. Here f2 is the frequency which determines the repetition rate of the 

high intensity pulse selection. f2 has the same repetition rate as f2 but is no longer a 

square wave. Its rising edges are synchronized with the 38 MHz mode-locking signal. 

The actual 15 nsec pulses which feed the Pockels cell driver are illustrated in Fig. 3.12. 
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Fig. 3.11 Block diagram of the two signal synchronizing apparatus 
for a pulse slicer with a positive edge-triggered Flip-Flop. 
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The repetition rate frequency f2 is chosen to be 2 MHz. The scope which was used to 

capture this signal was triggered by the first pulse. Note that the two secondary pulses are 

captured because the frame is not a single shot but is averaged. The first and the second 

of the two secondary pulses coincide with the maximum of the sine wave shown in Fig. 

3.12. Since the second triggering signal from the function generator in Fig. 3.11 can 

occur between the maxima of the sine wave, the D-type Flip-Flop waits a short period of 

time until the next high peak arrives from the 38 MHz ML signal to generate the second 

triggering signal. 
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Pockels cell for single pulse extraction from the mode-locked pulse train. 
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Therefore, the time intervals between the 15 nsec output pulses from the pulse generator 

are not the same but can change by 27.7 nsec, as shown by the two secondary pulses in 

Fig. 3.12. 

3.4 Mode Profile Calculation for Arbitrarily Shaped Channel Waveguides 

An accurate method for computing the modes of waveguides is necessary to 

calculate n2 or 0:2 from measurements of the nonlinear phase change or nonlinear 

transmission change. Only a few simple waveguide geometries can be solved 
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analytically, e.g., the one dimensional slab waveguide or the circular core optical fiber. 

Even in these cases, computers are needed for solving transcendental equations and 

evaluating the expressions for the fields. Lacking exact solutions, a lot of computational 

approximate methods for modeling two dimensional waveguides have been developed 

such as the finite difference methods [Sehweig 1984], finite element methods [Rahman 

1984], variational methods [Haus 1987, Robertson 1989, Gallawa 1991, Huang 1991], 

and effective index methods [Lim 1991]. In this dissertation, the method known as two 

dimensional Fourier analysis was used [Henry 1989]. This method starts from the 

Maxwell's equations and a scalar wave equation is assumed. Then, the scalar wave 

equation is solved by a method known as Galerkin's method [Mikhlin 1967], where the 

unknown solution for a differential equation is expanded in terms of a finite set of 

orthogonal functions (orthogonal set of sine functions in this case). 

CompUL'ltional Fourier Analysis Method 

The first step is to define a large enough boundary which includes a given 

waveguide within it to ensure that the fields of the guided modes of interest converge to 

zero near this boundary. The next step is to expand an unknown solution of the scalar 

wave equation in terms of two dimensional orthogonal sine functions with unknown 

coefficients. Then, the scalar wave differential equation becomes a matrix eigenvalue 

equation. The eigenvalues and eigenvectors are found by solving the matrix eigenvalue 

equation by use of the standard EISPACK programs. The eigenvalues correspond to the 

effective refractive indices of the guided modes. The solution eigenvectors correspond to 

the coefficients of the Fourier series which were chosen initially for expanding the 

unknown field. This formalism is transparent, similar to conventional approaches used to 

solve the Schrodinger equation and leads directly to a matrix eigenvalue equation in 

standard form. Setting up a particular problem just consists of setting a boundary and a 
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number of finite orthogonal basis functions. The method is accurate provided that a large 

enough boundary and a sufficient number of orthogonal basis functions are used. 

The starting point is the Maxwell's equations given in Eq.(2.1)-Eq.(2.4). 

Neglecting any nonlinear polarization terms, we have a vector equation similar to 

Eq.(2.6), 

- 1 (I);i-
Vx(VxE) = --2 (1+ X )-2 E 

c at (3.1) 

Far from any resonant absorptions of a given material X(I) is real and diagonal. In this 

case, 

(3.2) 

From Eq.(2.1) and Eq.(3.2) we have 

- 2-V· D = yo . (Eo Il E) 

( 
2 - 2 -) =Eo V(1l ). E + Il V· E = 0 

which leads to 

Using the last equation and a mathematical identity leads to 
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v x (V X E) = V (V . E) - V2 E 

= -V(V(ln{n2)). E) - V2 E 
(3.3) 

Substituting Eq.{3.2) and Eq.{3.3) into Eq.{3.1), the vector wave equation is obtained of 

the form 

(3.4) 

When the electric field is TE wave polarized (perpendicular to the surface normal) for a 

given boundary across which the refractive index n(x,y,z) changes, or when n(x,y,z) 

changes smoothly around the boundary, then the V(ln(n2)). E term in Eq.(3.4) becomes 

zero. This assumption leads to the scalar wave equation. 

2 OJ 2 -( 2) V +7n (x,y,z) E{x,y,z) = 0 (3.5 

Plane wave solutions for propagation along the z axis such as, 

E(x,y,Z) = e E(x,y) exp(if3 z) (3.6) 

with a propagation constant ~ 

(3.7) 
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are assumed. The effective guide index Neff determines the phase velocity of the mode. 

As illustrated in Fig. 3.13, the effective refractive index for a planar waveguide in the ray 

picture becomes Neff = n f . sin e . 

Fig. 3.13 Example of a propagation constant j) in a planar waveguide 

Substituting Eq.(3.6) into Eq.(3.4), the well known scalar wave equation 

where ko = 2n I A is obtained. Notice that this eigenvalue equation has exactly the same 

form as a two dimensional Schrodinger equation, where -( ko . n(x,y»)2 corresponds to a 

potential and -( ko . Neff t corresponds to an energy eigenvalue. 

E(x,y) is now expanded in terms of basis functions which are products of sine 

functions chosen to vanish at any boundary x = 0, Lx and y = 0, Ly . 
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E{x,y) = 2:anm . ¢nm{x,y) (3.9) 
m,1l 

where the basis function ¢mll is defined as 

(3.1O) 

These functions satisfy the orthogonality condition required for a basis function set. They 

are also normalized such that, 

LyLx 
(¢jk{X,y) ¢lm{X,y») == J J ¢jk{X,y)'¢lm{X,y) dxdy = Djl'Dkm (3.11) 

o 0 

Rewriting Eq.{3.8) with the help of Eq.{3.9), gives 

(3.12) 

Multiplying each side of Eq.(3.12) by ¢ ij{X,y) == f/Jp(x,y) and integrating over the 

boundary area, 

(3.13) 
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(b) f/Jp) => 1C02 I(n2(x,y)·f/Jmn(X,y)·f/Ji/x ,y»).anm == ko
2 }2Mpq ·aq 

m,n q 

(3.14) 

where aq is defined as amn(x,y) == ap(x,y) 

(3.15) 

Since there is a proliferation of subscripts, the subscript i and j are reduced to one larger 

subscript p. For the same reason, m and n are contracted to q. By substituting Eq.(3.13), 

Eq.(3.14), and Eq.(3.15) into Eq.(3.12) 

-xp.ap+k(/'LMpq.aq =k(/'Nef/ap 
q 

(3.16) 

This equation is simply an arithmetic expression of a matrix equation in which an one by 

h column matrix is defined as [A], an h by h square matrix by [X] and [M], where h is the 

number of basis functions initially used to expand the unknown field. For example, if 5 

harmonics are used along the x axis and 7 harmonics along the y axis to span the 

boundary, then each product of harmonics becomes an orthonormal function in the x-y 

plane. In this case, the number of basis functions is Jz = 5 x 7 = 35. Rewriting Eq.(3.16) 

with matrix notation, 

{- k~2 [X]+[M]} [A] = Neff [A] (3.17) 
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Notice that [X] is a diagonal h by h matrix. If a different h by h matrix [F] is defined such 

that 
1 

--2 [X]+[M] == [F] 
ko 

then, Eq.{3.17) becomes a very simple eigenvector equation. 

[F]·[A] = Neff [A] 

(3.1S) 

(3.19) 

When m is the number of harmonics along the x axis and n is the number of harmonics 

along the y axis and m x n = h , the actual expression for matrix [A] would be written as 

Eq.{3.20). There would be h (= mxn) sets of eigenvector solutions for Eq.{3.19) with 

the h corresponding eigenvalues Nef? Eq.(3.S) indicates that the effective refractive 

index Neff should be greater than the refractive index of the cladding nc in order to have a 

bounded solution. An eigenvector which corresponds to Neff smaller than nc is a radiative 

mode. Once an eigenvector [A] is known, a mode profile can be calculated with a help of 

Eq.{3.9) and Eq.{3.1O) as shown in Eq.{3.23). The number of Nerfs which are larger than 

nc is the number of guided modes for a given refractive index profile. As long as a 

refractive index profile n{x,y) is available, the mode profile E{x,y) can be calculated by 

just solving the eigenvalue equation Eq.{3.S) numerically. 
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[A] = 

(3.20) 

Also, 

(11 L} + 11 L/) 0 0 

o (lILx
2 +2IL/)0 0 

o o o o ..... 

[X] =;C2 0 0 ..... (11 Lx2 +nl L/) 0 0 

0 0 0(21 L . .? +nl L/) 0 

0 0 0 0 0 

0 0 0 0 ..... (m 1 Lx 2 + n 1 Ly 2 ) 

(3.21) 



(n2 
(x, y)ifJll ifJll) (n2 

(x, Y)if>ll ifJ12) (n2 
(x, Y)ifJll ifJ13) ..... 

(n2
(x,y)ifJ12 ifJll) (n2

(X,Y)if>12ifJI2) (n2
(X,Y)ifJI2ifJI3) .•.•. 

[M] = (n2
(X,Y)ifJI3ifJll) (n2

(X,Y)if>13 £/112) (n2
(X,Y)if>13 if>13) •.... 

The field is 
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(3.22) 

. (2lC J . (2lC ) . (mlC ) . (lllC )] + a22 sm Lx x . sm Ly Y + ..... + al1ll1 sm Lx x . sm Ly Y 

(3.23) 

The accuracy is limited primarily by the number of possible basis functions which can be 

used for a given memory size of a computer. In the present case, m = 20 and n = 20 were 

normally used for reasonable calculation time and accuracy with a IBM RISC6000 

microcomputer. The effective area, which will be defined next, for each waveguide was 

calculated with this Fourier analysis method. 
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Effective Area 

For a Kerr-type nonlinear interaction as defined in Eq. (1.2), the nonlinear 

refractive index change 6n varies with the input beam intensity which is a function of x 

and y. The required spatial averaging over a waveguide field profile can be taken into 

account by introducing the concept of an effective area. When light propagates through a 

waveguide, the nonlinear phase change of the output is an averaged phase change with 

respect to the spatial mode intensity I(x,y). Since the intensity I is related to the electric 

field E via I(x,y) = ~1l0 EO C IE(x,y)12 , the probability density of finding a photon at a 
2 

spatial position (x,y) is given by 

() 
IE(x,y)12 

P x,y = 2 
If IE(x,y)1 dx dy 

(3.24) 

When 6n(x,y) is defined as a nonlinear refractive index change at the spatial position 

(X,y) due to an optical field intensity I(x,y), we have 6n(x,y) = 1l2I(x,y). Taking a spatial 

average of refractive change 6n(x,y) over x-y plane yields 

M' == If 6n(x,y) p (x,y) d'C dy 

= If 6n(x,y) IE(X,yt dx dy 

If IE(x,y)1 dx dy 

(3.25) 

Since il2 is defined by 6n(x,y) = 112 • I(x,y) = 112 . ~no EO c IE(x,y)12 in Eq.(2.65), the 
2 

above equation can be rewritten as, 
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fJ IE(x,y)1
4 dx dy 

1 ~N~o~n~lin~e~M~M~ed~iu~m~~ ______ __ 11M = n2 . -no EO C -
2 fJ IE(x,y)1

2 dx dy 
(3.26) 

where the n2 has been taken out of the integral. The total power Po for a given electric 

field distribution E(x,y) can be written as 

Po = JJ I(x,y) dx dy = J..no EO C JJIE(x,y)1
2 dx dy . Therefore the effective optical field 

2 

intensity and effective area can be defined by 

Po 1 ffI E(x,y)1
2 

dx dy 
== 112 • = n2 . -no EO C 

Aejfective 2 Aejfective 

(3.27) 

By comparing Eq.(3.26) and Eq.(3.27), a useful formal definition for the effective area is 

(3.28) 

[ If ,E(x,y),2 dx dy Y 
Aejfeclive = ----=--f-J-'-E-(X-, -y)-,4:-

dx
-

d
-
y
=----

Nonlinear Medium 

Its evaluation requires knowledge of the modal distribution E(x,y) in Eq.(3.23), 

calculated by computer simulation. Eq. (3.28) indicates that the effective area becomes 

small when the modal distribution is concentrated in a small area of a nonlinear material. 
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3.5 Pulse Breaking Effects 

For a Kerr-type nonlinearity, the nonlinear refractive index change An varies 

linearly with input beam intensity. The averaging effect in space which accounts for the 

non-uniformity of the intensity with respect to the x-y plane just discussed led to the 

concept of the effective area. For optical pulses, the field intensity is also not uniform 

with respect to time. The high intensity part of a pulse experiences a larger nonlinear 

refractive index change than the small intensity part of a pulse. The impact of this effect 

becomes clear in the ensuing discussion of a Mach-Zehnder interferometric switch as 

described earlier in chapter I. 

Consider a 90 ps gaussian pulse and a well aligned interferometer shown 

previously in Fig. 3.8. 

Writing the electric field from the reference arm of the interferometer El as, 

(3.29) 

and E2 , the electric field from the sample arm of the interferometer, in the foml 

(3.30) 

the induced nonlinear phase shift between the two arms A¢ NL (t) is given by 

A FIt () _ 2 1l2' L· I(t) = A FIt • -2(t / r)2 
U'fJNL t - K A. - u'fJpeak e (3.31) 
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Hence the field intensity at output 1 can be written as, 

I(t) = lEI (t) + E2 (t)1
2 

2 
= 2 ·IEoI2 . e-2(t I -r) . [ 1 + COS(~l/J NL (t))] 

(3.32) 

Figure 3.14 illustrates the interfered 90 psec pulse intensity at output 1 with various 

relative peak phase shifts. If o1<J>peak = 0, the whole pulse intensity is transmitted through 

output 1 and the output 2 has zero intensity. When o1<J>peak = 1t complete destructive 

interference occurs at the peak of the input pulse. In this case, the peak of the pulse is 

actually transmitted through output 2, as illustrated in Fig. (3.15). When the peak phase 

shift increases to 2n, the peak of the pulse again appears at output 1. The sum of output 1 

and output 2 is always constant. This effect is called the pulse break-up effect [Friberg 

1988, Weiner 1989]. Even in the case when a Mach-Zehnder interferometer is not 

perfectly aligned, the output at a given point will still exhibit the same kind of intensity 

interference effects as displayed in Fig. 3.14 and Fig. 3.15. When a fringe pattern is 

scanned by a wedge plate, shown in Fig. 3.8, the interfered intensity at output I is 

(3.33) 

where the linear phase shift introduced by moving the wedges relative to each other is 

~<J>L. Figure 3.16 shows an example of the calculated optical pulses transmitted through 

output 1 when ~<J>L is scanned from zero to 3n for a fixed peak nonlinear phase shift of 

I.On. When the 90 psec optical pulse signal is measured with a detector and a boxcar 

averager, what is actually measured is the integrated energy of the temporal pulse 

intensity shown in Fig. 3.16 instead of the actual optical pulse's temporal profile. 



1 

,......, 0.8 
d 
cd 

........ 
.0 0.6 ..... 
tr.l 
I: 
0) ..... 
I: ..... 
0) 
tr.l ...... 
::s 
~ 

0.4 

0.2 

I 

I ---- - --. --~ 
8<1>peak=O.~5n: 

I _______ L ___ _ 

I 

-------r----
I 

8<1>peak=O.~51t -fJf~\ 
I -------r-

~$peak=O: On: 
I 

I -----.-------
I ____ l ______ _ 

I 

~~.nr--~<I>peak=O.5n: 

---r-------

I --r-------
1<i---'~~<I>peak.=1.0 

o ~------~~------~~~------~------~ 

,......, 
d 
ci 

........ 
:>. 

.j",I .-tr.l 
I: 
0) ..... 
I: ..... 
d) 
tr.l ...... 
::s 
~ 

-200 

1 

0.8 

0.6 

0.4 

0.2 

o 
-200 

-100 

I 

o 
Time [ps] 

100 200 

I -------r------ ------r-------
8<1>~ea1c=1. 75n: 

I I -------r----- -----r-------
Ll<t>pealc::: 1. 5n: 

I 
I -------.-----, 

-100 o 
Time [ps] 

100 200 
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Fig. 3.16 Interfered pulse intensity in time domain with linear phase 
scan from 0 to 3n and peak nonlinear phase change ~<pNL = I.On for the 
intensity of output I in Figure 3.8. 
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Fig. 3.17 shows the resulting pulse energy changes which correspond to the measurable 

fringe patterns as a function of peak nonlinear phase shift and linear phase scan. For a 

zero nonlinear peak phase shift, the detected pulse energy varies from zero to one as the 

linear phase is scanned. For a non-zero nonlinear peak phase shift, the fringe pattern is 

shifted and the amplitude of the oscillation is decreased so that it does not vary between 

zero and 1. As can be seen in Fig. 3.17, the measured phase shifts of the fringe patterns 

are not exactly same as the nonlinear phase shifts at the peak of the original gaussian 

pulses. This occurs because the measured phase shift is already averaged for a given 

temporal pulse shape when the data is accumulated with a gated averager which has a 



106 

much wider gate width than the optical pulse duration. The relation between the peak 

nonlinear peak phase shifts and the measurable phase shifts obtainable from the 

experimental setup is simulated by calculating phase changes of the fringe patterns for 

given nonlinear peak phase shifts. 

Simulated Fringe Intensity [a.u.] 

1 <. 

0.5 

Linear 
10 

Phase Scan [ rad.] 
15 

Nonlinear 
Peak Phase 
Shift [ rad.] 

Fig. 3.17 Simulated fringe scan obtained by numerically integrating 
the energy of an interfered optical pulse as a function of nonlinear peak 

phase shift ~<I>peak. 

Figure 3.18 shows this dependence as a function of peak nonlinear phase shifts. From the 

modeling discussed above, the relation can be written as, 

~¢Jpeak == 1.328· ~¢Jmeasured (3.34) 



to within a 2% error when the peak nonlinear phase shift is less than 1[ radians. 
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Fig. 3.18 The relation between the peak nonlinear phase shifts and 
the measurable phase shifts for a gaussian pulse with the electronic 
measurement setup for the pulse modulated Mach-Zehnder interferometer. 

3.6 Methodsfor Fringe Data Analysis. 
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In the pulse-modulated Mach-Zehnder interferometer, no active stabilization 

technique is used to reduce phase noise of the interferometer. Instead, the phase noise 

and the intensity noise are separated by a numerical data analysis method known as 

Hilbert transformation. A typical set of fringe scan data for high and low intensity input 
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pulses is shown in Fig. 3.19. The goal is to extract a phase difference between the high 

and low intensity fringes from these fringe data sets. It is clear from the figure that there 

is normally amplitude noise as well as phase noise imbedded in the fringe data sets. The 

typical amplitude and phase noise is illustrated in Fig. 3.19 for the experimental apparatus 

used. Fourier analysis method of these fringes is not adequate because Fourier 

transformation of these data sets does not normally yield sufficiently well-defined peaks 

in the frequency domain due to the presence of amplitude and phase noise. The method of 

Hilbert transformation [White 1973] was used for data analysis of this nonlinear phase 

shift measurement. 

2 
/ Low Intensity Fringe 

-2 
2 3 4 5 6 7 8 

time ( sec. ) 

Fig. 3.19 Illustration of amplitude and phase noise in typical fringe 
data sets of high and low intensity pulses obtained from a Mach-Zehnder 
nonlinear interferometric measurement. 
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Consider a generalized complex sinusoidal function f(x) which can be written as, 

x(t) = A(t) . exp[iifJ(t)] (3.35) 

When the amplitude function A(t) and the phase function $(t) are analytic on the upper 

half of the complex plane t , the function x(t) is analytic on the complex t plane. If A(t) is 

a finite function which does not go to infinity, x(t) converges to zero faster than 111/1 as 

Im(t) -7 00 because of the exponential factor exp[iifJ(t)] . Then, the real and imaginary 

parts of the function x(t) satisfy the Kramers-Kronig relations or Hilbert transformations 

written as. 

Re[ x(t)] = _1 j Im[ x(t' )] dl' 
rc (I' -t) 

-<>0 

Im[ x(t)] = _ oof Re[ X(/' )] dl' 
(I' -t) 

-<>0 

(3.36) 

When the second part of the Eq. (3.36) is rewritten in terms of the amplitude function 

A(t) and phase function $(t), it becomes 

A(t).sin(ifJ(t)) = __ 1 j A(t'),cos(ifJ(t')) dl' 
rc (/'-/) 

-00 

(3.37) 

Assuming initial sinusoidal data of the form 

y(t)=A(t) cos($(t» (3.38) 
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the conjugate of the sinusoidal data function 

y'(t)=A(t) sin (cj>(t)) (3.39) 

is obtained by numerically integrating the equation (3.39). Once the conjugate function of 

the original is available, the ampJilude function A(t) and the phase function cj>(t) can be 

separated from the original data function A(t) cos(cj>(t)) by using, 

A(t) = ~[y(t) f + [y' (t)] 

£/J(t) = tan -l[ y' (t) ] 
y(t) 

(3.40) 

where A(t) and <j>(t) are the instantaneous amplitude and phase of a given sinusoidal data 

function. The accuracy of this data analysis method depends very much on the validity of 

the assumption in Eq. (3.38). If the original sinusoidal function yet) has a D.C. or a 

linearly dependent term with respect to time t for example, the yet) violates the 

assumption that yet) does converge to zero faster than 1/111 as t ---7 00 i . So, it is 

necessary to compensate for any D.C. or linear time dependent terms in the original data 

function yet). Another source of errors could arise from the numerical Hilbert 

transformation in Eq. (3.37). Since the information in the original data set is taken over a 

finite interval, the definite integral in Eq.(3.37) is performed over a time interval ~t =[t-1', 

H1'] 

A(t). sin( ¢(t)) == __ 1 tT' A(/')· cos( ¢(t' )) dt' 
11: (t'-t) 

t-'C 

(3.41) 
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where t is normally chosen to be 3 sec in the present case. If the original function yet) 

oscillates many times in the time interval ~t =[t-'C, H1:] and if the center of the oscillation 

does not deviate significantly from zero, the approximation in Eg. (3.41) becomes a good 

approximation. Those two potential sources of error are not significant here and the phase 

functions of an original data set are calculated to within a standard deviation of rrIlOO. 

Fig. 3.20 and Fig. 3.21 show an example of the implimentation of a numerical 

Hilbert transformation. f(t) is an original data set. Fig. 3.20 shows a typical intensity 

fringe scan data. yet) in Fig. 3.21 is a data set normalized such that the average maximum 

amplitude of ly(t)1 is unity and the D.C. and linear terms in time are compensated to be 

zero. y'(t) is the Hilbert transformed data set calculated from the normalized data set yet) 

by using Eg. (3.47). A(t) and <P(t) are the calculated amplitude and phase by using Eg. 

(3.46). 
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Fig. 3.20 Example of an original fringe data function f(t). 
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Fig. 3.21 Calculated amplitude A(t) and phase <j>(t) from the original 
data y(t) and the Hilbert transformed data y'(t). 
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Note that the original data function f(t) has values from t = 0 to t = 10 seconds. whereas 

y'(t) , A(t), <I>(t) have values only from t = 3 to t = 7 seconds. This occurs because 1: = 3 

seconds was used for this particular Hilbert transformation integral in Eq.(3.41). 

3.7 Conclusion. 

This chapter provides a complete description of a nontraditional interferometric 

measurement method, called pulse-modulated Mach-Zehnder interferometry, for accurate 

measurements of nonlinear optical properties of bulk or waveguide materials. It started 

from the laser source and its intensity modulation methods. A detailed description of each 

component of the interferometer was presented. Next the method for taking the fringe 

scan data using a boxcar gated averager was discussed. Numerical Fourier analysis mode 

profile calculation was studied carefully in order to calculate mode profiles of an arbitrary 

shaped waveguide. Numerical simulations to relate the peak phase shift to the measured 

phase shift were presented to calibrate this measurement technique. Finally. a detailed 

numerical Hilbert transformation method was presented to separate amplitude noise from 

the phase noise in the fringe data. 
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CHAPTER IV 

DANS CHANNEL WAVEGUIDE 

DANS (4-dialkylamino-4'nitro-stilbene) moieties in the form of side chain 

polymers have proven very attractive for nonlinear optics [Marques 1991]. For example, 

the third order nonlinearities are of interest for all optical switching. It has already been 

shown that the nonlinear coefficient n2 defined in Eq.(2.66) is comparable to that of 

soluble polydiacetylenes like poly-4BCMU [Rochford 1992]. The key question is 

whether the two switching figures of merit (FOM) W>1 and T<1 are satisfied at a 

communications relevant wavelength such as 1.32 J.lm [Stegeman 1990]. The FOM, 

defined in detail later, quantify whether a 2n nonlinear phase shift is achievable over one 

linear (W) or nonlinear (T) absorption length. It has in fact proven difficult to find 

materials which do satisfy these FOM. In this chapter measurement of the linear and 

nonlinear properties of DANS are reported which show that this material is promising for 

all-optical switching applications at 1.32 J.lm. 

4.1 Linear Properties of DANS Channel Waveguide 

The DANS molecule was first developed for its high second order nonlinearity. 

When poled in channel waveguides, efficient electro-optical switching devices have 

already been demonstrated at 1.32 J.lm [Horsthuis 1992]. The DANS molecule and its 

solvent were provided by AKZO from the Netherlands. A spin-coating method was used 

to make a thin film. After dropping several drops of DANS solution on top of a glass 
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slide, was spun the glass slide at several thousand r.p.m. to make a uniform thin film on 

the glass substrate. The thickness of a film was controlled by the spinning speed and the 

viscosity of the molecular solution. The quality of the thin films depends very much on 

the proper choice of solvents. The thin film is composed of 35% side chain DANS and 

65% backbone polymer. 1.8 Jlm thickness films were prepared onto oxidized silicon 

substrates. 

Channel waveguides were fabricated by photobleaching, i.e. by supplying photons 

of sufficient energy and appropriate wavelength to induce cis-trans isomerization which 

leads to reduced nonlinear activity and refractive index in the bleached region [Diemeer 

1990]. The desired guiding region of high index (channel) is blocked from the 

photobleaching UV light (collimated mercury light source) with a mask . 

. 3 /J-m 
_"- 1 • ~ 1 

: ~ : 4. 11m 1 1.65 cm 1 

I 1 ~ 1 I~ >1 
II 1 ~ 1 

1.8 11m 

Oxidized Silicon. ~ - -~. 
Substrate 

Unbleached 
DANS 

Bleached 
DANS 

0.7 11m 

Fig. 4.1 Illustration of DANS channel waveguides formed by the 
photobleaching effect. 
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The UV bleached part of DANS has a refractive index 1.567 while the unbleached part of 

DANS has a refractive index 1.601. These values were established by direct 

measurements on thin films. The estimated depth (based on a series of calibrations of 

films of different thickness) to which the DANS is bleached is about 0.7 Jlm after 6 hours 

of UV exposure with a 30 m W /cm2 intensity. As illustrated in Fig. 4.1, 1.6 cm long 

channel waveguides with different widths were prepared in order to measure nonlinear 

effects in the DANS material. The end surfaces were cleaved for a maximum coupling 

efficiency of 5 -6% . 

Linear Loss 

After light is coupled into a waveguide, the intensity of the light decreases as it 

propagates through the waveguide because of linear loss of optical power. The linear loss 

of a waveguide is evaluated by measuring the stray light scattering intensity along the 

propagation direction of the waveguide. This linear loss is mostly due to linear 

absorption by the guiding materials or scattering losses inside a waveguide. The 

measured linear absorption of DANS at a 1.32 Jlm wavelength is negligible, of order 0.2 

db/cm. If there is either linear or nonlinear absorption, the waveguide could deteriorate 

after some time because the guiding region of the DANS waveguide could be 

photobleached. 

A frame grabber and a camera were used to capture an image of the propagation 

streak in the waveguide from the top of the waveguide. By doing a line scan along the 

waveguide an exponential decay in the scattered light was measured, as shown in Fig. 

4.2. The linear loss due to scattering along the waveguide is estimated to be 1.7 dB/cm or 

0.4 cm- I . 
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Fig. 4.2 Linear scattering loss measurement for a DANS channel 
waveguide. 
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Fig. 4.3 Refractive index profile of a DANS channel waveguide for 
a Fourier Analysis of the mode profile. 
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Mode Profile Calculation 

The nonlinear phase change experienced by a waveguide mode is a function of the 

optical beam intensity which varies over the waveguide cross section and the pulse 

duration. The spatial averaging over the waveguide field profile is taken into account by 

using the concept of effective area defined in Eq.(3.28) where the relation between the 

peak nonlinear refractive index change and the effective area is Ilnpeak = 112 • P(O)/ AeJ! 

from Eq.(3.27). The transverse mode profile is calculated by the Fourier analysis method 

explained in section 3.4. Here Lx = 21 !lm and Ly = 6.8 !lm. 

0.4 
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0.3 Field Amplitude [a.u.] 
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o 
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Fig. 4.4 Calculated field profile E(x,y) for the TEoD mode for the 
DANS waveguide with a refractive index profile n(x,y) shown in Fig. 4.3. 
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The number of harmonics used in the field expansion along the x and y axis was 30 each, 

so that the size of matrix M and X defined in Eq. (3.28) and Eq.(3.29) is 900 by 900. The 

refractive index profile n(x,y) used is shown in Fig. 4.3. Notice that the distance along the 

y-axis is not plotted with the same scale as the distance along the x-axis. From the field 

distribution E(x,y) obtained above, the effective area for the DANS channel waveguide 

was calculated from the definition of neff in Eq. 3.35. The calculated effective area for the 

waveguide is 8.02 J.1m2 with an effective waveguide index Neff = 1.570. 

4.2 Measurement of n2 

The intensity dependent refractive index n2 of the DANS waveguide was 

measured by placing the waveguide in the Mach-Zehnder interferometer described in Fig. 

3.1 of section 3.2. High intensity pulses were selected with a 2 kHz repetition rate. The 

input beam was polarized along the horizontal to excite a TE wave for the waveguide. 

The input and output waveguide configuration is described in Fig 4.5. 

20X 20X 

.q-8 ~I 
a=O.4 em-1 

-r( 8-
3.8% out !4 ;>! Pave=1.27 W 

I 

L=1.65 em 
I 

I I 

Fig. 4.5 Illustration of coupling into the DANS channel waveguide. 
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The 3.8 % throughput and the 0.4 cm-1 linear loss with 1.27 W average input power 

indicates that the peak power difference between the high and low intensity pulses is 12.1 

W. Two sets of fringe scan data were taken, shifted by t:,.¢>NL, as shown at Fig. 4.6. 

Converting these sine wave sets into data sets for t:,.¢>NL was not trivial because there are 

phase and amplitude fluctuations in the data due to laser noise and vibration of optical 

components in the interferometer. As discussed in the section 3.5, to maximize the 

information a Hilbert transformation instead of a Fourier transformation was performed 

on each fringe pattern [Kim 1993]. Then, the phases were compared point by point for the 

high and low intensity data sets. The calculated standard deviation of the 300 phase 

differences which constituted a data set were used to estimate the measurement error, less 

than 1[/1 00 for most cases. The average phase shift for the high and low intensity fringes 

is 0.39 1[. Since the field intensity is decreased as it propagates through a waveguide, the 

nonlinear phase shift accumulated over a length L with linear loss a. present is given by, 

NL 2n L

f ~¢peak =T n2 ·I(z)·dz 
o 

27r 
== -n2 ·Io .Leff A 

where the effective length of the waveguide is defined as, 

L l-aL 
Leff == f e -cxz dz = _-_e __ 

o a 

Here, the effective length of the DANS waveguide is 1.21 cm. 

(4.1) 

(4.2) 
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Fig. 4.6 Measured fringe scan data for both high and low intensity 
pulses. Lower graph shows the Hilbert transformed phase data from the 
upper fringe data sets. 
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The nonlinearity of the material does not affect the phase of a mode locally when light 

propagates through a waveguide, i.e. the phase change does not vary with position along 

the transverse beam profile. The propagation constant of the mode as a whole is changed 

instead so that the phase change is the same across the mode profile and corresponds to 

an averaged value. The change of effective index due to an intensity dependent index 

change can be derived from coupled-mode theory [Stegeman 1982]. Using the effective 

area calculated in the previous section, Acff = 8.02 J.lm, the maximum field intensity 

difference between the high and low intensity pulses was 2.37 x 108 W/cm2• The 

measured nonlinear refractive index for the waveguide with 35% DANS doping is 

n2 = (0.8 ± 0.2) x 10-13 cm2 I W . The main source of the uncertainty comes from 

estimating the intensity inside the waveguide. The second graph of Fig. 4.6 shows the 

calculated phase differences between the high and low intensity pulses. Increasing the 

ratio of the high to the low intensity power leads to a linear (with intensity) increase in 

phase differences between the pairs of fringe data sets. 

4.3 Measurement of a2 

The nonlinear absorption coefficient <X2 was measured with the setup shown in 

Fig. 3.21. From Eq.(2.65), the intensity of an optical field along the propagation direction 

satisfies the differential equation below when there is an intensity dependent absorption. 

( ~~ ) = -lX . 1- lX2 . P (4.3) 

The solution is 



I . e-a ·z I . e-a ·z 
I(z) = 0 =_--'O~ __ _ 

( 
1- e -a·z ) 1 + 10 . lX2 • LeJf 

1+ 10 ' lX2 
lX 
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(4.4) 

where an initial condition of I(z = 0) = 10 was used. When there is almost no linear loss 

i.e. lX == 0 , then the above equation becomes 

I(z) = 10 
1+/0 · lX2· L 

(4.5) 

and the effective length defined in Eq.(4.2) is replaced by the actual waveguide length L 

in this case. 
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Fig. 4.7 Single selected pulse with background pulses. The slow 
envelope is the QS pulse envelope. 
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No changes in the throughput were observed at the maximum intensity of 0.28 

[GW/cm2] inside the waveguide available with CW-ML laser operation. It was necessary 

to use QS-ML (Q-Switched Mode-Locked) operation which gave about a factor of 80 

more peak power. With the pulse slicer system described in the section 3.2, one of the 

peak pulses at the center of each QS-ML pulse train was selected, as shown in Fig. 4.7. 

When the intensity of these selected pulses was increased, we destroyed several 

waveguides at intensities larger than 1.1 GW/cm2, about one-tenth of the maximum 

intensity that could in principle be coupled into the waveguide, based on the available 

power. Typical data are shown in Fig. 4.8. However, no nonlinear absorption was 

observed up to the damage threshold intensity. The result gives the upper bound of 

From this data, it is also possible to estimate the maximum three 

photon absorption coefficient 0.3 . It is defined by 

( dl) 2 3 dz = -a . 1- a2 . I - a3 . I (4.6) 

Assuming CX2 = 0 and substituting the intensity I, one obtains 

I(z) = 10 ·e-
a

·
z 

( 
1 -2a·z J 2 -e 

~1+a3'Io' a 

(4.7) 

When there is negligible linear loss i.e. a == 0 , then the above equation becomes 

(4.8) 
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Based on this equation the estimated upper limit for the three photon absorption 

coefficient 0.3 with Eq. 4.15 is 0.3 < 0.34 cm3/GW2. 
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Fig. 4.8 Measured transmission change with QS-ML operation of 
the YAG laser. 

No degradation of the sample due to GWlcm2 pulses was observed over the duration of 

the experiments ( about 10 hours ). The damage observed originated at the cleaved input 

facets which could probably be improved by better preparation techniques. Previous 

experience in sample preparation in this lab is that the damage threshold for DANS films 

at normal incidence onto a film surface is in excess of 5 GW /cm2• 
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4.4 Nonlinear opticalfigure of merit 

It is now possible to evaluate the two nonlinear figures of merit, Wand T. In 

order to have reasonable throughput as well as switching, W > 1.0 [Stegeman 1988] is 

required where 

till w=-
A·a 

(4.9) 

This W parameter defines the ratio between the nonlinear refractive index change and the 

linear absorption. W > 1 is necessary to have large enough nonlinear phase shifts before 

linear absorption effectively limits the usable length of the waveguide. Since.1n is n2I 

this parameter can be evaluated at the damage threshold intensity. At the input intensity 

of 1.1 GW/cm2 W > 1.6. However, with better input facets so that the material and not 

the end-face damage threshold can be assumed, the W parameter will be increased by a 

factor of five. 

Even without any significant linear loss, two-photon absorption can reduce the 

waveguide throughput and spoil switching. The T parameter defined in Eq.(4.18) needs to 

be smaller than unity [Mizrahi 1989]. 

(4.10) 

Unlike the W parameter, this T parameter is independent of the input intensity 1. T < 

0.26 was found for DANS. Therefore, both figures of merit Wand T are easily satisfied, 

malting this material a prime candidate for all-optical switching applications. An intensity 

of 3.5 GW/cm2 and a peak power of 140 W would be required to switch a nonlinear 
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directional coupler, comparable to the best results recently implemented in AIGaAs 

waveguides below half the band gap [Villeneuve 1992]. 
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CHAPTER V. 

DAN SINGLE CRYSTAL CORED FillER 

Organic materials with conjugated p electrons have drawn considerable attention 

in the past decade because of their large nonlinear optical properties at the molecular 

level [Zyss 1994]. Those belonging to the paranitroaniline-like family with optimized 

packing in crystal form have demonstrated phase matchable second-order susceptibilities 

30 times higher than those of LiNb03. The origin of large second-order molecular 

hyperpolarizabilities lies in their conjugated 1t-electron systems where electron 

delocalization is asymmetrically enhanced by substituting donor and acceptor groups at 

the opposite sites of the bridging structure. Several outstanding noncentrosymmetrical 

crystals with molecular ordering optimized toward efficient second harmonic generation 

at the crystal level, have been grown and characterized during the last decade. Some of 

them, such as N-(4-Nitrophenyl)-(L)-Prolinol (NPP) [Ledoux 1986, 1987], and 4-(N, 

dimethylamino)-3-acetamidonitrobenzene (DAN) [Kerkoc 1990] have been successfully 

used for the demonstration of parametric amplification, parametric oscillation, etc. In 

addition, by careful choice of the refractive indices of cladding materials and control of 

the transverse dimensions, efficient phase matching and Cerenkov radiation have been 

achieved in planner waveguides and single-crystal-core fibers [Vidakovic 1987, Chikuma 

1990]. 

On the other hand, these types of materials and devices have been largely 

overlooked for third-order applications because of their modest second-order molecular 

hyperpolarizabilities. Contrary to this expected trend, one of the largest off-resonant 

nonlinear effects attributed to a third-order nonlinear process has been reported in a DAN 
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single-crystal-cored fiber with a cladding of dense flint glass (SF4, SFI5) [Yamashita 

1990, 1991]. Such fibers, originally designed for efficient second-harmonic generation, 

showed surprisingly large spectral broadening effects when femtosecond pulses near 625 

nm were launched into them. Yamashita et ai., comparing the observed spectral 

broadening with that of a standard fused silica fiber, reported an intensity dependent 

refractive index 1.7 x 104 times larger than that of fused silica. However, based on 

electric-field-induced second-harmonic generation and third-harmonic generation 

experiments on the DANS molecules, DAN single crystals should show positive third 

order nonlinear coefficients only 100 times those of fused silica [Cheng 1991]. 

In this chapter a series of experiments is reported, performed with the purpose of 

identifying the origin of these large nonlinearities. These include interferometric 

measurements and self-phase-modulation (SPM) measurements both at 1.32 !lm, SPM at 

1.55 !lm and a Z-scan measurement at 1.06 !lm. 

5.1 Linear Properties of DAN Single Crystal cored Fibers 

DAN single crystals of reasonable quality were first grown by slow cooling of a 

saturated methanol solution and from a melt by the Bridgeman method [Vidakovic 1987]. 

The crystal structure [Kerkoc 1990] of DAN is monoclinic with space group P21 and cell 

parameter Z = 2, a = 0.4786 nm, b = 1.3053 nm, c = 0.8736 nm, and P=94.43° [Baumert 

1987]. The crystal is therefore optically biaxial. DAN single crystal cored fibers were 

grown at CNET from the melt by a modified Bridgman-Stockbarger method. Different 

Schott flint glasses (from the SF-series) were used for the fabrication of the capillaries 

with core diameters ranging from 2 to 10 micrometers. The crystal quality of the core 

examined between crossed polarizers was found to be very good. Fig. 5.1 shows 
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schematically the crystal orientation in the DAN fibers. The y-axis of the crystal is 

perpendicular to the propagation direction. The angle between the x-axis and the 

propagation direction is 36°. The orientation of the crystal in a fiber is reported to be the 

same when the same growing technique is used [Vidakovic 1987]. 

X-axis 

Z-axis 

Fig. 5.1 Orientation of DAN single crystal in a fiber. 

Fortunately the wavelength dispersion of the refractive indices has been previously 

reported, see Fig. 5.2. The refractive indices along the x, y, z, axes at a 1.32 micron 

wavelength are [Kerkoc 1990], 

nx=1.51619 

ny=1.63282 

nz=1.82709 
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Defining 9 as the angle between the x-axis and the propagation direction, the refractive 

index n(9) can be written as, 

1 sin 2 (0) cos2 (0) 
--::-- = + ---:::~ 
n2(O) n} n/ 

(5.1) 

The refractive index in the x-z plane with 9 = 360 is n = 1.69921 at the 1.32 /lm 

wavelength. As can be recognized from Fig. 5.2, the refractive indices of the cladding 

materials are larger than the core materials for light polarized along the y-axis. Therefore, 

only light polarized in the x-z plane of the crystal is guided at the 1.32 /lm wavelength. 

Shown in Fig. 5.3 is a DAN / SF1 sample (DAN crystal cored fiber with SFI cladding 

material) with core diameter of 7.2 /lm. 
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Fig. 5.2 Refractive index dispersion for polarization along the y
axis and in the x-z plane is shown in Fig. 5.1 for DAN crystal core fibers. 
The dispersion of the refractive indices for SFl and SF15 glass materials 
are shown also. 
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q> = 7.2 Jlm llx_z = 1.699 

lly = 1.633 

Fig. 5.3 Cross section of DAN crystal cored fiber with its refractive 
indices at 1.32 Jlm. 

3 

0 2.5 ..... 
CI} 

s:: 
Q) --s:: 2 ~ 

'"0 
Q) .... 

1.5 Q) ----ro 
u 

CZl 1 '"0 
Q) 
N ....... ..... 0.5 ..-ro 
§ 
0 0 Z 

a • • • 
.111 ... 11 •• ' •••••••••• 11 .... "1 ••• 11 •••• ' •••• 11 ........ 11 ••• : ...... 11 ............. " •• 111.:." •••••••••••••• 111 ........ ?, .. , ..................... I •• 

I Lossl= 0.62 dbl/ mm I .. · ........................ ·t ............................ 1 ........ · .................. ·1 ........................ ·· .. 1 .......................... .. 
~ ~ ~ i .. ...................... · .. ·+ ................ 0 .. · .. 0'·10' ........................ ·+ ........ · .................. f .......................... .. 
: : Vi : 

<> l 0 l 00 0 l l 

~-Q'J:'·\.u;. .. J~~l .... ·;g .. · ...... ·~ .... ·l.CI ........ ~ ...... o .. l .......... ·~ .... .$>. .... ·t ...... 0 ............ · .... .. 
<>~o iO<::>ooo""ot1-.,.,o ... 8"" ... ~~oO...... i 

~ 0 0 : 0 0 : ...... w """N ",,0 <> A ! o! A ! 0 0: 0 
V • • V • oQ ............................ t .... · ...................... ·t .................. ·~ ...... ·! ...... ·~·o·~ .... O .... ( .. 'O"· ...... • .......... · 

! ! ! ! ........................ · .. ·I ............................ r .................... · .. · .... r .. · .. · ........ · .......... ·1 ............ · ............ · .. 

-0.5 
: : : : 

o 0.5 1 1.5 2 2.5 

Distance [ mm ] 

Fig. 5.4 Linear scattering loss due to imperfections in the interface 
between the core crystal and the cladding glass materials. 
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Fig. 5.5 Mode patterns at 1.32 Jlm for the DAN / SF 1 sample which 
supports three modes TEOO, TE 10, TEO 1. 
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An IR camera and a frame grabber were used to measure the linear loss of the DAN / SF1 

fiber at 1.32 Jlm wavelength. As shown in Fig. 5.4, the fiber has a 0.62 dB/mm loss. The 

losses are due to scattering because of imperfect surfaces between the crystal and the 

cladding glass. With about 5.6 % throughput, the coupling efficiency is estimated to be 

10.4 % at the input face. Fig. 5.5 shows the picture of the two lowest-order modes 

supported by the DAN crystal cored fiber with polarization in the x-z plane of the crystal 

core. 

Mode Profile Calculation for DAN I SFt Fiber 

The mode profile of the DAN / SF! fiber was calculated approximately with the 

Fourier analysis method described in section 3.4. 

1 Lx=20 Jlm 
~ _____________ ~_____________ 1 
r<:: :>1 
1 1 

nc1ad=1.68756 

1 
1 
1 

,I 
---'---~ 1 I 

d T 7.2 Jlm 
1 

'--h,--

L--____ --,-I _____ -1 __ 1. __ 

Fig. 5.6 Refractive index profile of a DAN / SFl fiber for numerical 
mode profile calculation. 
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The rectangular refractive index profile mesh used for this analysis is shown in Fig 5.6. 

Here Lx=20 Ilm and Ly=20 Jlm and the diameter of the core was 7.2 Ilm. The number of 

harmonics used along the x and y axes was 30 each, so that the size of the matrix M and 

X in Eq.(3.28) and Eq.(3.29) is 900 by 900. The calculated mode profile is shown in Fig. 

5.7. It turns out that with the given refractive index profile in Fig. 5.6, the fiber SUppOlts 

up to three low modes, TEOO, TEIO, and TEo1. The effective refractive index defined in 

Eq.(3.26) for these three lowest modes are 
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Fig. 5.7 Calculated field profile E(x,y) for the TEOD mode of the 
DAN / SF1 fiber with a refractive index profile n(x,y) of Fig. 5.6. 
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The calculated effective area defined in Eq.(3.28) for the fundamental mode TEoD is 44.0 

Jlm2. This calculated results agree very well with the experimentally observed mode size 

obtained with the camera (shown in Fig. 5.5). 

5.2 Cerenkov type 2m generation with DAN single crystal coredfibers 

Whenever the refractive index of the second harmonic light in the cladding 

material is larger than the refractive index of the fundamental light in the core material, 

there can exist Cerenkov type second harmonic generation. The phase matching condition 

is automatically matched by the output angle of the radiated second harmonic light ex by 

neff(m) = ncladdillg(2m)' cos(a) 

1) /00 '(/ 
P ",<I(l 

, " , $:fA . ' , , }..[. 

U OO 
P 

Fig. 5.8 Diagram for Cerenkov type second harmonic generation in 
the DAN / SF! single crystal cored fiber. 

(5.2) 



r 
) 

Fig. 5.9 Mode patterns of the second harmonic generated light from 
the 1.32 /lm wavelength fundamental light. These modes are polarized 
along the y-axis of the crystal. 
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Cerenkov type second-harmonic generation was observed with a type I phase matching 

condition, i.e., the fundamental light is polarized along y-axis of the crystal and the 

second-harmonic generated light is polarized in x-z plane perpendicular to the y-axis of 

the crystal. The conversion efficiency was about 3% with most of the harmonic appearing 

in the cladding. In addition to the Cerenkov type radiation, some guided second-harmonic 

was observed, as shown in Fig. 5.9. Its variation with the fundamental intensity was 

checked and the quadratic intensity dependence characteristic of second harmonic 

generation was confirmed. This guided light was also polarized along the y-axis of the 

crystal. However, as can be seen in Fig. 5.2, the refractive index of the crystal along the 

y-axis is smaller than the refractive index of the SFI cladding material at the second

harmonic generated light wavelength, 0.66 J.lm. So, the only wave which can propagate 

with a polarization along the y-axis is the bound wave driven by the second order 

polarization. Such a wave cannot be extemally launched [Torruellas, 1994]. 

5.2 n2 Measurements at 1.32 Jim 

First, this 4.28 mm long DAN 1 SFI fiber was placed in the interferometer 

described in the section 3.3. The effective length defined in Eq.(4.2) was calculated to be 

3.19 mm. With 1.2 W average input power and 5.6 % throughput, this gives 66 MW/cm2 

optical input intensity. By taking the difference between the high and low intensity fringe 

scan data sets, phase shifts ranging from -re/8 to -re/4 for relatively small input intensities 

of 30 to 60 MW Icm2 were measured. A pair of high and low intensity fringe scan data 

sets are shown in Fig. 5.10. From these phase scan data sets an intensity dependent 

refractive index of 112 = -(9 ± 4) x 10-13 cm2JW was evaluated. It is very large and 
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negative. The sign has been calibrated by shifting one of the mirrors of the interferometer, 

resulting in a well defined direction of the fringe displacement. 
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Fig. 5.10 Interferometric measurement of intensity dependent 
nonlinear phase change for the DAN / SF! fiber. 
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Since this negative large number was not expected for this DAN crystal, either the 

physical model for a third order nonlinear process in this material or the reliability of the 

interferometric nonlinear phase measurements became suspect. 

In order to verify this interferometric measurement, a self phase modulation 

measurement was also performed. With QS-ML operation of the 1.32 /lm laser, an 

optical intensity of 0.65 GW/cm2 could be used without destroying the sample. The self 

phase modulated spectrum broadening is shown in Fig. 5.11. A 1.32 /lm wavelength laser 

with 90 psec pulses is supposed to have about 0.02 nm spectral bandwidth if the pulses 

are transform limited. The measured 0.17 nm spectral bandwidth of the reference pulse 

shown in Fig. 5.11 is limited by the resolution of the monochrometer used. By 

deconvolving the output pulse spectrum with the monochrometer resolution of 0.17 nm, 

the bandwidth of the output spectrum of 0.084 nm was obtained. From Eq.(2.80) the 

relation between the peak nonlinear phase shift and the relative increase in the output 

spectral width is 

By assuming the wavelength bandwidth of the fundamental light to be D.Ao = 0.02nm, 

(D.W)rms _ (D.A )mls 

(D.m)o - (D.A)O 

_ (0.084) _ 11+_4_", 2 
- 0.02 - ~ 3.f3 'Ypeak 

which results in ¢peak = 1.5 rad. From the relation 
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Fig. 5.11 Spectral broadening of the laser output because of self-
phase modulation at 1.32 J.lm wavelength for DAN / SFI sample. 
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(5.3) 

the nonlinear refractive index I 1121 = 5 x 10.13 [cm2
/ W]. This result confirms that the 

magnitude of the interferometric measurement result is correct to within the 

measurement error. 
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5.3 SPM Measurements at 1.55 J1m 

Next a SPM measurement was performed at a wavelength of 1.55 J.lm with the 

same fiber. An additive pulse mode-locked color-center laser operating at 1.55 J.lm was 

used for this self phase modulation measurement. It generates 600 fsec pulses at a 76 

MHz repetition rate. The experimental setup is shown in Fig. 5.12. 1150 chopper was 

used to reduce the average power of the laser launched into the sample waveguides. Here, 

two DAN crystal fibers with two different cladding materials, SF! and SF15 were 

investigated. Since the end surface of the DAN / SFI sample was damaged, it was 

necessary to prepare the end surface of the sample again. Because of this, the length of 

the SFI sample was 1.3 mm only, but the throughput was increased to 9%. As can be 

seen in Fig. 5.2, the refractive index of the SFI material at the 2nd harmonic wavelength 

of 0.775 J.lm is larger than the refractive index of the fundamental at 1.55 J.lm. So, 

Cerenkov type 2nd harmonic generation is possible. 

Chopper 

Fig. 5.12 

Crystal Fiber 

Spectrum 
AlIlIaHyzer 

Self-Phase-Modulation measurement setup 

Mirror 

Output 
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However, no 2nd harmonic light was observed at the output surface of the DAN I SFI 

sample. And no spectral broadening due to self phase modulation was observed. Using 

Eq.(5.4), one can estimate the upper bound of the nonlinear refractive index at this 

wavelength. It is In2 1:::; 2.2 x 10-13 cm2 /W at the 1.55 J.lm wavelength. This implies 

strong dispersion of the nonlinearity with wavelength. 

For the DAN I SF15 sample, the refractive index of the cladding material SF15 at 

the 2nd harmonic wavelength is smaller than the refractive index of the DAN fiber at the 

fundamental. 

llSFl5 (0.755 J.lm) = 1.6850 < llx-z (1.55 Jlm) = 1.6958 

llSFl (0.755 Jlm) = 1.7045 > llx-z (1.55 J.lm) = 1.6958 

As expected from the Eq.(5.2), there was no Cerenkov type second harmonic radiation 

observed. However, guided second and third harmonic light was observed for this DAN I 

SF15 fiber. Contrary to this observation, there should be no guided 2nd harmonic light 

along the y-axis of the crystal because the refractive index of the DANISF15 fiber along 

the y-axis of the crystal [ lly (0.755 Jlm) = 1.6585 ] is smaller than the refractive index of 

the cladding material SF15 [ llSFl5 (0.755 Jlm) = 1.6850 ] from Fig. 5.2. To make sure 

that there is a nonlinear interaction, the spectrum of the output light was measured, 

which confirmed that the outputs were exactly at the 2nd and 3rd harmonics of the 

fundamental light. The intensity ratios of the fundamental ( 1.55 J.lm ) to the second 

harmonic ( 0.775 Jlm ) and to the third harmonic ( 0.517 Jlm ) outputs were 

100: 1.22:0.07 . There was some spectral broadening also with this DAN/SF15 sample as 

shown in Fig. 5.13. This DAN I SF15 fiber is 2.6 em long and has a 5 J.lm core diameter. 

A factor of 1.75 broadening corresponds to a 1t I 2 peak phase shift from Eq.(5.3). A 

2.5% coupling efficiency into the fiber was achieved in this case. Hence, the estimated 
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nonlinear refractive index of this fiber at 1.55 flm was of the order of 

I 6 ± 3 I x 1013 cm2/W at a 0.3 GW / cm2 input intensity. 
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Fig. 5.13 Spectral broadening due to self phase modulation observed 
in DAN / SFl5 sample. 

Since the only differences between the DAN / SFl sample and the DAN / SF15 sample 

are the cladding material and core diameter rather than the core material itself, the result 

of the SPM measurements on DAN / SF! and DAN / SF15 fibers are not consistent with 

a third order nonlinearity as the source of the spectral broadening. The correlation 

between the existence of second harmonic generation and the observation of a large 

nonlinear refractive index is the clue to explaining this inconsistency. 

Recently the observation of a large nonlinear phase shift obtained from cascading 

of two second order process, SHG followed by down conversion, was reported with the 
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Z-scan technique for a bulk KTP crystal [DeSalvo 1992, Stegeman 1993] and with self

phase modulation in a quasi-phase-matched KTP waveguide [Sundheimer 1993]. When a 

second-harmonic field is generated away from the perfect phase -matching case, a change 

in phase is induced in the fundamental when down conversion occurs. Such an effect 

could produce large effective third-order processes in organic materials with inherently 

large second-order properties. 

5.4 Z-Scan Measurements at 1.06 f.1m 

By measuring nonlinear phase shifts near the phase matching condition for second 

harmonic generation it is possible to verify whether the interaction which generates the 

large nonlinear phase shift in the DAN crystals is due to a cascaded second order process 

or a pure third order nonlinear process. If the nonlinear phase shifts observed are due to a 

cascaded second order process, large values will only occur near a phase matching point 

and the sign of nonlinear phase shift will change as the wavevector mismatch is tuned 

through the phase matching point. So, in order to verify the hypothesis of a cascading 

process in the DAN single-crystal-cored fibers, the nonlinear phase shifts around a phase 

matching point of the DAN crystal were investigated. Since the orientation of a DAN 

crystal inside a fiber cannot be changed, the Z-scan technique was applied to a bulk DAN 

crystal. 

Z-scan Measurement Technique 

Z-scan is a technique developed to measure self-focusing or self-defocusing 

effects due to intensity dependent nonlinear refractive index changes [Sheik-Bahae 

1989,1990]. As illustrated in Fig. 5.14, the Z-scan technique can be used to measure 

transmission of optical power through an aperture by moving a sample back and forth 
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through the focus of the input beam. If the sample has a positive nonlinearity, the beam 

will have a smaller waist at the detector when the displacement Z is positive resulting in a 

larger signal at the detector point and vice versa. By simulating the propagation of a 

spatially well defined beam, the data which consists of transmission as a function of 

displacement Z can be analyzed to extract the nonlinear refractive index H2 .. Unlike 

interferometric or wave mixing methods, this approach requires a very simple setup, as 

shown in Fig. 5.14. 

Reference 
Power Meter 

I Z I 
l--c>t 
I I 
I 
I 

Aperture 

~n=J --------t[J-
~ MainPower 

Meter 

Fig. 5.14 Schematic of the Z-scan experimental setup. 

Z-scan measurements were performed on a bulk 770 Ilm thick DAN single crystal 

at 1.06 Ilm wavelength. A mode-locked, Q-switched, and cavity-dumped Nd:YAG laser 

operating at 10 Hz was used to produce 35 psec FWHM single pulses. The crystal 

orientation of the single crystal of DAN is shown in Fig. 5.15. The measured type I phase 

matching external angle 8' with respect to the surface normal in the X-Z plane of the 

crystal is 41°, which agrees well with the previously reported results [Kerkoc 1990], Note 

that, this kind of type I phase matching is the same phase matching configuration as in the 

DAN crystal fibers. With a 10 em focusing lens, 10 cm along the Z axis was scanned. 
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Fig. 5.16 shows two Z-scan data sets, one on each side of the phase matching condition. 

Different signs of n2 (effective) occurred on different sides of the phase matching angle 

Surface 
Normal 

Horizontal 
Polarization 

Type I Angle 
Phase matching 

=n~ I / ~==-~ \lV\ / #' ~ 
8'=41 0 '>// Power 

// Top view Meter 
/ . 

Fig. 5.15 Orientation of the DAN bulk crystal for Type I phase 
matching condition in the Z-scan measurement setup. The Y-axis is 
coming out of the top surface of the crystal. By rotating the crystal with 
respect to the Y-axis of the crystal a type I phase matching condition was 



achieved for the DAN single crystal. The external phase matching angle 
was 41°. 
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Fig. 5.16 Z-scan results for the DAN single crystal described in Fig. 

5.15. Upper graph shows n2=+O.25xlO12 [cm2 /W] and 

a2 = 8.3 [cm/GW] at an incident angle 9' = 41.56° . Lower graph shows 
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n2 = - 0.86 x 1013 [em 2 I W] and a2 = 2.6 [em I GW] at the incident angle 

S' = 38.75°. 
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An open aperture scan was used for the equivalent of two photon absorption 

measurements which in this case quantifies the conversion to second harmonic. A 50% 

closed aperture was used for the n2 measurements. The effective nonlinear refractive 

index and the corresponding detuning from the exact phase matching condition is shown 

in Fig. 5.17 for a 2 GW/cm2 peak input intensity. The measured effective nonlinear 

refractive index at the peaks was ~ = ± (0.25 ± 0.5) x 1O-12 cm2/W and the effective two 

photon absorption coefficient was a 2 = 8.3 emlGW [IGm 1994]. Considering the large 

walk-off between the fundamental and harmonic beams, the measured nonlinearity 

compares favorably with that obtained from the interferometric measurements at 1.32 

/lm, as well as the self-phase modulation measurement at 1.55 J.1m. 

3.5 

,.--, 2.5 
~ c.:; 1.5 -C'l 

S 0.5 (,) 

"1 
0 -0.5 ..... 
.......... 

1!:: 
-1.5 v 

C'l 
t:: 

..................... "' .................................................. y ....................... "' ••••••••••••••••••••••• y ••••••••••••••••••••••• \ 

................... -1--............. - . ...1.......... ········ .. ·1······ .. ············1 .. · .... ··········· .... -1--· .. ····· .. · .. ···· .. 1 

..................... 1. .................................... l ....................... l ....................... l ....................... j 
. ~ ! ~ l 

.......................................... (10 ............... ••• •• ·00 ........ ·· .... ··•· ..... 00·········· ...•. · .. ··.1100 ....................... c 

~ ~ ~ ~ ~ 
.t ................... .;. ....................... ! .................. ... ~ ..... I ................. !.......... ......... . ..................... ! 

I I I I i I .. · .................. r .... · ...... · .......... f ...... · ........ · .... · ..................................... · .. · .. ·f .. · ...... · ...... · ...... } 

-2.5 ~ ~ ~ E ................ · .... f .... · .................. J .......... · ............ r·...... .. ........ f .... · .. · ...... · .... · .. ·r .... · ................ ·l 
-3.5 

-30 -20 -10 0 10 20 30 
Phase Mismatch Llk L 

Fig. 5.17 Experimentally determined effective nonlinear refractive 
index versus phase de tuning for DAN single crystal. 
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The curves in Fig. 5.17 show the typical behavior of a cascading nonlinearity 

close to a phase matching point. Far away from phase matching the effective nonlinearity 

is considerably reduced and no nonlinear phase was measured. The resolution of the Z

scan experiment far from phase matching indicated that, for the optical intensities and 

length of the single crystal used, the pure third order nonlinear refractive index is less 

than 1O-14cm2/W . For type I phase matching in the x-z plane, which is the only phase 

matching possible for the DAN fibers, it was demonstrated in the crystals that the sign of 

the nonlinearity changed rapidly as the beam direction passed through the phase matching 

angle. Such behavior is characteristic of nonlinear phase shifts obtained by the cascading 

of two second order processes, SHG followed by down conversion [Stegeman 1993]. In 

the case of cascading of the second-order polarizability, an effective intensity-dependent 

refractive index can be derived in the small depletion limit [DeSalvo 1992] as, 

4n: L deff
2 1 

c EO A. 1l2(J)· 1l(J) 2 /)Jc. L 
(5.4) 

1 r2L2 
:;;; 

2n:·I(J) . L/ A. /)Jc. L 

where L is the crystal length, A is the fundamental wavelength, deff is the second-order 

nonlinear coefficient ( 27 pm N for DAN crystal at 1.06 /lm wavelength ), r is the 

parametric gain coefficient, and ~kL is the accumulated phase mismatch between the 

fundamental and the second harmonic waves [Stegeman 1993]. As can be seen, both 

positive and negative large nonlinear coefficients, depending on the sign of ~kL, can be 

obtained with optimized organic nonlinear materials such as DAN when cascading is 

present. These large coefficients, coupled with the presence of SHG whenever large 
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phase shifts were measured, strongly suggest cascading as the origin of the large phase 

shifts observed in the crystal cored fibers. 
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CHAPTER VI. 

Ti DIFFUSED LiNb03 WAVEGUIDE 

3.1 Introduction 

It has recently been predicted and demonstrated that cascaded second order 

nonlinearities can lead to nonlinear phase shifts which can be several orders of magnitude 

larger than those obtainable from the best available third order nonlinear materials 

[Desalvo 1992, Stegeman 1993, Shiek 1993]. This implies that phenomena such as all

optical switching and soliton propagation can be implemented with Watt power levels in 

a waveguide geometry. To date the only reported measurements of cascaded second 

nonlinear interactions in waveguides has been a self-phase modulation experiment in a 

quasi-phase-matched KTP waveguide, from which the magnitude of the nonlinear phase 

shift was calculated from the measured spectral broadening [Sundheimer 1993]. In order 

to obtain a comprehensive description of the cascaded nonlinear interaction, an extended 

SHG experiment has to be done. The distinctive property of a cascaded second order 

interaction is its sign change when a phase matching condition is crossed. In order to 

distinguish a cascaded nonlinear interaction from a pure third order nonlinear interaction, 

it is necessary to measure the signs and magnitUdes of the corresponding nonlinear phase 

shifts as well as the fundamental depletion and second harmonic intensity when the 

detuning from phase matching is varied. 

Since their discovery in 1973, titanium-diffused optical waveguides in crystal 

LiNb03 [Schmidt 1973] have found wide applications as active integrated optical 

devices. Of particular interest for cascading is that a large number of interesting devices 

have been predicted and realized based on several very favorable physical properties of 
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the crystal such as low linear loss, large electrooptical, piezoelectrical, and elastooptical 

coefficients and high second order nonlinearity. Temperature phase matching is possible 

at around 336AoC for a LiNb03 waveguide at 1.32 Jlm wavelength. Therefore, a LiNb03 

waveguide was chosen to demonstrate a cascaded nonlinear interaction in a channel 

waveguide geometry. 

3.2 Linear Properties of a LiNb03 Waveguide 

The waveguide fabrication process starts with the deposition of Ti metal on a 

polished Y -plate LiNb03 crystal as shown in Fig 6.1. 

Ti Diffused into 
LiNb03 Crystal 

y 

Fig. 6.1 Orientation of the waveguide in the LiNb03 crystal. 

x 

This 43 nm thick Ti film is patterned into 4"25 Jlm wide stripes by a photolithographical 

liftoff method. Then the Ti film is diffused into the crystal at 1060 DC for 9 hours. The 
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light propagation direction is the X-axis for this 47 mm long Ti-diffused LiNb03 

waveguides. The temperature dependence of the refractive indices along the ordinary (X 

and Y axes) and extraordinary axes (Z axis) is known to be [Edwards 1984] , 

2 _ 419130 0.1173+ 1.65 x 10-
8 

·T
2 

no -. + 2 
/\.2 - (0.212 + 2.7 x 10-8 . T2) 

ne 2 = 4.5567 + 2.605 x 10-7 . T2 + 0.097 + 2.7 x 10-
8

. T2 2 2.24 x 10-2 . /\.2 
/t,2 - (0.201 + 5.4 x 10-8 . T2) 

where A. is in microns and T in degrees Celsius. 
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Fig. 6.2 Temperature dependence of the refractive indices for a 
LiNb03 crystal. The fundamental light is polarized along the ordinary 
axis of the crystal and the second harmonic light is polarized along the 
extraordinary axis of the crystal. 

(6.1) 
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Mode Profile Calculation for Ti : LiNb03 Waveguide 

When the Ti metal strip is in-diffused, the Ti ion distribution spreads out more 

along the Z-direction than along the Y -direction. The Ti-diffusion profile along the Y

axis can be approximated by a Gaussian function, assuming that the diffusant thickness is 

negligibly thin compared to the diffusion depth. The Ti-diffusion profile along the Z-axis 

can be described by an error function for an extended diffusion source of limited extent 

[Fukuma 1978]. 
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Fig. 6.3 Refractive Index profile calculated by a Fourier analysis 
method for a Ti diffused channel waveguide on a LiNb03 crystal. 
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Assuming that the refractive index change is proportional to the Ti ion concentration, the 

refractive index change can be described as, 

A._( ) rr 1 _(yID)2 [rf((W/2-X)) rf((W/2+X))] 
LlIt X,Y = "'0'"2' e . e D + e D y > 0 (6.2) 

where D is the diffusion depth of Ti4++ ions into the LiNb03 crystal, which in turn is a 

function of the diffusion temperature and diffusion time. W is the width of the Ti strip 

before diffusion. 

Because the values of the lateral diffusion coefficient [Burns 1979] and deviations 

between the assumed and real index profiles, the width of the Ti strip before diffusion, W, 

and the diffusion depth, D, are not known with sufficient accuracy, these parameters are 

used to scale the theory to the experiment. Assuming D = 5 J.Lm and W = 15 J.Lm, a 

refractive index profile was calculated using the Fourier analysis mode profile method 

described in section 3.4. The maximum refractive change assumed was 

fuzMax = Co . erf( ;~ ) = 0.004 [Burns 1979]. The mode profile of the Ti : LiNb03 

channel waveguide was calculated and is shown in Fig. 6.4. The refractive profile is 

shown in Fig. 6.3. Lx = 50 J.lm and Ly = 25 J.Lm were used. The number of harmonics 

used along the x and y axes was 31 each so that the size of the matrix M and X in 

Eq.(3.28) and Eq.(3.29) is 961 by 961. The calculated mode profile is shown Fig. 6.4. 

The waveguide supports only a single mode, TMOO, at the 1.32 J.Lm wavelength, whereas 

it is a multimode waveguide at the 0.66 J.Lm wavelength. The calculated effective area 

defined in Eq.(3.28) for the fundamental mode TMOO is 94 J.Lm2. 
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Fig. 6.4 Calculated field profile E(x,y) for the TMOO mode for the 

15 Jlm wide, Ti diffused LiNb03 crystal waveguide at 1.32 Jlm 
wavelength. 
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The intensity of second harmonic light generated was measured as a function of 

the oven temperature in order to calibrate the phase matching condition. As illustrated in 

Fig. 6.5, at a temperature of 336.4 °c the fundamental TMOO mode is phase matched to 

the second harmonic TEOO mode. The temperature which phase-matches the fundamental 

TMOO mode to the second harmonic TE20 mode was found to be 343.8 0c. The third 

resonance is a mixed resonance because the TMOO mode is phase matched to both the 

second harmonic TE40 and the TEa2 modes at nearly the same temperature of 349.5 °C. 

The forbidden resonances to the even order second harmonic modes are not detected. 

They are "forbidden" because the overlap integral is very small. Based on the known 

temperature dependence of the propagation constants, the calculated phase matching 

temperature at which the effective indices of the nonlinear coupled modes are equal was 

calculated, as shown in Fig. 6.2. 
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Fig. 6.5 Second harmonic generation intensity as a function of oven 
temperature 

The absolute values of the calculated phase matching temperatures are always 

approximately 20 °C higher than those observed experimentally because the Sellmeier 

equations in Eq.(6.1) predict too large a birefringence. All the calculations associated 

with temperature were modified to fit the observed phase matching temperatures. Fig. 6.5 

shows the actual mode pictures for a 15 J.l.m Ti diffused LiNb03 waveguide. 



(a) 

(b) 

(c) 

(d) 

Fig. 6.6 Actual mode pictures for a Ti diffused LiNb03 waveguide. 

(a). Fundamental TMOO mode (b). Second harmonic TEOO mode phase 

matched at T = 336.4 °c (c). Second harmonic TE20 mode phase matched 

at T = 343.8 °c (d). Second harmonic TE40 and TE02 modes phase 

matched at T = 349.5 °c 

160 
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3.3 Fixed Temperature Measurements 

The fundamental and second harmonic intensities at the output of the waveguide 

are shown in Fig. 6.7 on an expanded scale as a function of phase matching temperature. 
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Fig. 6.7 Fundamental output intensities of the (a) and second 
harmonic intensity (b) light for pulses with peal( power of 60 W inside the 
LiNb03 waveguide. 
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As explained before, the peak around 336.4 °C is due to the phase matching between the 

TMOO mode of the fundamental and the TEOO mode of the second harmonic. The 

maximum depletion of the fundamental wave was more than 80% at the phase matching 

point. After including the temporal averaging effect for the 90 psec gaussian pulse, the 

actual peak conversion efficiency was more than 95 %. The secondary peaks appearing at 

higher temperatures are asymmetric due to the nonuniformity of the oven temperature 

which hosts the waveguide, as illustrated in Fig. 6.8. The temperature profile which is flat 

in the center over a distance of 25 mm falls towards the oven openings by a few degrees. 
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Fig. 6.8 Temperature profile inside the oven which hosts the 
LiNb03 waveguide. 

Intensity dependent nonlinear phase changes were measured for several fixed 

temperature points around the phase matching temperature by placing this LiNb03 

waveguide into the Mach-Zehnder interferometer described in Fig. 3.16 of section 3.3. 
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Measurements were made at temperatures below the phase matching temperature and at 

three temperatures above the phase matching temperature. By performing Hilbert 

transformations on the high and low intensity fringe data sets as explained in section 3.5, 

the nonlinear phase shifts were deduced at these fixed temperatures. As can be seen in 

Fig. 6.9, the nonlinear phase change is not symmetric with respect to the phase matching 

point, just as the variation of the second harmonic generated light is not. The solid line is 

a numerical simulation of the nonlinear phase shifts based on the oven temperature 

profile [Schiek 1994]. 

r""""'I 0.2 
l::! 

f.+.,( 
0 0.15 tJ:) ..... ...... 
~ ::s 0.1 '--' 

~ ..... ..c:: 
0.05 CI.) 

. . . . 
............. 1100 ........... 0 .............................. )......... .. . .......... I~II ............ "'''"''.'' .. QI'ttlll ......... t .. IIII''.1I 

: : l: : 

"'::: ~:. : : . ! ! .... · ...... · .... · ...... ·· .. ·1 ...... · ............ · .... ·1 .. · ...... · ...... · .. · .. · .... ·1" ........ · .. · .............. 1 ........ · .... · .. · .... · .... .. 

t -0.0: :::::::::::::::::::::::-:[:::::::::::::::.:::::[::::::::::::::::::.::E£ 
~ iii 1 ~ -0.1 

335 335.5 336 336.5 337 337.5 

Temperature [0 C] 

Fig. 6.9 Fixed temperature nonlinear phase measurements. 
The solid line is the result obtained from numerical modeling. 

3.4 Temperature Scan Measurements 

As can be seen in Fig. 6.8, in order to measure the nonlinear phase change 

correctly, it is necessary to control the temperature of the waveguide sample to within 
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0.05 °c because the nonlinear phase shifts between the high and low intensity pulses 

change sign and magnitude over a 0.05 °c temperature interval. It was very difficult to 

maintain the temperature fluctuations in the waveguide sample below this criteria. The 

other alternative is to scan the temperature of the sample while taking the intensity fringe 

data. Since we can extract the phase information for each data point by doing a Hilbert 

transformation as described in section 3.5, the nonlinear phase of the fringe scan data can 

be obtained as a function of temperature when the temperature of the waveguide sample 

is ramped. This might be an ultimate challenge for the application of the Hilbert 

transformation. After scaling the temperature, more than hundred cycles of fringe 

oscillations were scanned for more than five minutes while ramping the temperature 

about two degrees centigrade around the phase matching temperature. The phase of the 

high and low intensity fringe data sets was calculated to the phase differences between 

these two data sets as a function of temperature of the sample waveguide. Fig. 6.9 shows 

a typical set of low intensity fringe scan data. In contrast to this case, there is an 

amplitude modulation in the high intensity fringe scan data due to the depletion of the 

fundamental light, as shown in Fig. 6.10. After a Hilbert transformation was performed 

for each high and low fringe scan data set, the phase differences shown in Fig. 6.10 were 

obtained. This nonlinear phase shift data agrees well with the individual fixed 

temperature results shown in Fig. 6.8. 
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Fig. 6.12 Nonlinear phase shifts between the high and low intensity 
fringe scan data as obtained from the Hilbert transformation. 

This nonlinear phase modulation is due to the cascaded effects of two second order 

interactions (cascading) because the pure third order nonlinear coefficient of LiNb03 has 

been reported to be [Desalvo 1993] only of the order of 10-15 cm2 / W, which would have 

generated only about a 1t/lOO nonlinear phase shift in our experimental setup. This result 

indicates that all-optical switching devices can be realized by cascaded second order 

processes with a suitable choice of phase matching conditions. Since the sign and even 

the magnitude of nonlinearities seem to be controlled by choosing proper phase matching 

conditions, other applications such as temporal and spatial soliton effects can also be 

used for applications. 
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CHAPTER VII. 

CONCLUSIONS 

This thesis has established the value of a hybrid nonlinear interferometer for both 

measuring Kerr nonlinearities and the effects of cascaded nonlinearities in waveguides. 

Described here are details of the interferometer and the analysis procedures used. 

1. In terms of hardware, new methods for single pulse extraction from the usual 

mode-locked pulse train and precision scanning of the fringe the fringe pattern were 

introduced. 

2 Most important, however, was the complete analysis of how the interferometer is 

used to deduce the nonlinearity from the fringe data. This turned out to be very important 

since the output pulses are distorted due to pulse break-up, strongly affecting the details 

of the observed fringes. The relationship between the measured nonlinear fringe shift and 

the nonlinear phase shift at the peak of the pulses was numerically simulated, including 

the pulse break-up. The relationship was found to be linear for phase shifts of mUltiples 

of 1t and the proportionality constant was found. 

3. A Fourier analysis method for calculating the guided wave mode profile was 

introduced. It was used to evaluate the effective modal cross-section areas and hence the 

local guided wave intensity. 

4. Numerical Hilbert transformations were introduced to reduce the noise in the data 

and facilitate evaluation of nonlinearities. 

All of these developments were necessary in order to reduce the experimental 

uncertainties in the value of n2. 
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With this apparatus it was possible to show that channel waveguides made from 

the side-chain polymer DANS satisfy the two nonlinear figures of merit required for high 

throughput all-optical switching. The DANS channel waveguides were fabricated by 

photobleaching effect. The nonlinear refractive index coefficient was measured to be 0.8 

X 10- 13 cm2/W. The upper bound of the two photon and three photon absorption 

coefficients were measured to be 0.08 cmfGW and 0.34 cm3/GW2 respectively. Based on 

these measurements, the two nonlinear figures of merit T and Ware satisfied because T is 

less than 0.26 and W is larger than 1.6 at 1.32 Jlm wavelength. Using this same 

interferometer it was possible to measure the magnitude of the thermo-optic effect in 

DANS. 

This interferometer was also used to study the physics of the large nonlinearities 

in DAN single crystal core fibers. Earlier work by Japanese scientists has shown large 

nonlinearities in these fibers, too large to be attributed to the usual Kerr effect. A 

nonlinear refractive index n2 of -9 X 10-13 cm2/W was measured at the 1.32 Jlm 

wavelength. Spectrum broadenings due to self-phase modulation were measured both at 

1.32 Jlm and 1.55 Jlm wavelengths to verify the interferometric measurement result. No 

self-phase modulation was observed when there was no second harmonic generated light 

associated with the fundamental light. This observation was the clue that cascaded 

nonlinear interactions were dominant in these DAN single crystal cored fibers. This 

conclusion was verified by a Z-scan measurement on a bulk DAN single crystal. Also 

verified was that both negative and positive large nonlinear phase shifts can be achieved 

only around the phase matching point of the material. 

These results in fibers could have some far-reaching implications. Because the 

Cerenkov geometry was used for second harmonic generation, this nonlinearity is 
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relatively insensitive to factors such as temperature, core diameter uniformity, etc. And it 

was as large as the largest non-resonant nonlinearities reported previously in conjugated 

polymers. Given that this geometry was not optimized, clearly this Cerenkov / cascading 

approach can lead to the largest nonlinearities available. This possibility needs to be 

pursued further. 

A second but radically different approach to cascading nonlinearities was 

investigated in Ti : indiffused LiNb03 channel waveguides. It corresponds to 

temperature-tuned Type I phase matching. In these waveguides it was possible to control 

the detuning from the phase-match by changing the temperature. For measurements at a 

fixed temperature, both large negative and positive nonlinear phase shifts were observed 

across the phase matching point. After that, the temperature of the waveguides and the 

fringe patterns were scanned simultaneously. Both of the fixed temperature and scanned 

temperature measurements agreed well with each other and they fall into the expected 

values within measurement errors. These experiments were the first to establish the 

change in sign of the cascading nonlinearity in waveguides at phase-matching. These 

LiNb03 experiments also need some follow-up. The distortion in the phase shifts and 

SHG efficiency because of the change in the phase-matching condition along the 

waveguide is very interesting. For example, it led to large phase with negligible 

conversion to the second harmonic. This suggests that the phase shift, and perhaps the 

temporal profile of the output pulse can be controlled by "apodizing" the wavevector 

matching condition. 

Based on the experience gained from performing the experiments reported here, 

the interferometer can still be improved as follows. 



170 

1. Because of the polarizing beamsplitter after the pulse slicer, the spatial field 

profiles of input light are not the same for the high and low intensity pulses, causing 

changes in coupling efficiencies into waveguide samples. Placing a spatial filter just after 

the polarizing beamsplitter will solve the problem. 

2. The re'solution of phase shift measurements can be improved by externally 

stabilizing the output of the laser. 

3. Measurement of real-time fringe shifts can be interesting and possible by using a 

streak camera since the pulse width of the 1.3 J.1.m laser (90 psec.) is much longer than the 

resolution of state-of-the-art streak cameras. 
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