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ABSTRACT 

This dissertation begins with a study of some of the linear and nonlinear 

optical properties of composite materials consisting of CdSxSe l _x microcrystallites 

embedded in a host glass matrix. These studies investigate changes in absorption. 

refractive index and nonlinear response time under a variety of experimental 

conditions. 

The data demonstrates that this class of materials exhibit: a strong saturation 

of absorption due to band filling; a large n2 which also saturates; response times 

which range from <lOOps to many nanoseconds; and a permanent darkening and 

change of n2 induced by extended exposure to high energy pulses. 

These measurements were used to identify the optimum sample of the 

semiconductor doped glasses to demonstrate an efficient degenerate four-wave mixing 

process within a planar waveguide. High quality single mode waveguides were 

fabricated from the semiconductor doped glass by K+-ion exchange. Four wave 

mixing was performed in the waveguide that produced a peak reflectivity of :::.003. 

which is 8 orders of magnitude larger than that achieved previously in a similar 

experiment where CS2 was used as the nonlinear medium. 
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CHAPTER I 

INTRODUCTION 

Advances in fiber-optic communications have been astounding in the last 

decade. Fiber technology is inherently capable of much higher speeds and 

bandwidths than current. equivalent electronic systems. The limiting factor is that 

the signal modulation and processing are performed by electronic components. In 

order to realize the full potential of optical communications. equally capable signal 

processing components are required. This defines a need for all-optical devices. 

The field of all-optical signal processing requires nonlinear optics. 

One example of an interesting and useful nonlinear process IS degenerate 

four-wave mixing (DFWM). This has been the subject of a great deal of study 

primarily due to its phase conjugating properties. which have applications in 

aberration correction in laser media and atmospheric beam propagation. It can. 

however. also be utilized in special geometries to form simple switches. logic gates. 

or do convolution/correlation operations. all of which are useful in modern signal 

processing applications and for future optical computing requirements. 

Nonlinear optics. by its nature. requires relatively large field strengths and 

significant interaction lengths for nonlinear processes to take place with a reasonable 

efficiency. Because of this. fiber optics is a natural medium to work with. 

Confining light in a fiber can provide 3 to 6 orders of magnitude increase in field 

strength over interaction lengths which are arbitrarily long (up to kilometers). The 

required collinear geometry. however. limits the application of some nonlinear 
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processes. Planar waveguides are more versatile. providing two dimensional 

interaction geometries. This results in large spatial bandwidth and thus a range of 

signal processing operations impossible to implement in fibers. Planar waveguides 

are also compatible with existing integrated circuit technology. providing small 

monolithic systems and efficient coupling of components. 

A major stumbling block in the field of all-optical signal processing is the 

availability of materials which exhibit a useful nonlinearity along with a reasonably 

short response time. Recently. a class of materials was identified which have the 

strong nonlinear response found commonly in semiconductors. but with 

uncharacteristic sub-nanosecond response times. These are semiconductor-doped 

glasses which consist of CdSxS I _x microcrystallites randomly distributed in a host 

o 
glass matrix. The fact that the nonlinear medium is confined to these small (~100A) 

microcrystallites gives these glasse::: some unique advantages over the bulk 

semiconductor. By adjusting the size and number density of the microcrystaIlites 

during the manufacturing process. the absorption coefficient can be adjusted from 

essentially zero to lO's of cm- I over most of the visible spectrum. Also. because 

they are so small and insulated from one another. the glass performs like an isotropic 

medium without carrier diffusion. The large surface to volume ratio and small 

diameter also increase the excited state decay rate by providing a significant surface 

recombination term. thus making the response time of the glasses much shorter than 

the corresponding pure. bulk semiconductor crystal. Because these materials are 

primarily glass. it is relatively easy to fabricate high quality waveguide structures 

and devices from them. These properties make these materials ideal candidates for 

experiments in nonlinear integrated optics and ultimately for potential application to 

all optical signal processing. 
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It is the goal of this work to demonstrate fast. efficient degenerate four-wave 

mixing in a planar waveguide. This requires the characterization of the nonlinear 

properties of some of the semiconductor-doped glasses to identify the material which 

will optimize the nonlinear response. It also requires establishing techniques for 

fabricating high quality waveguides in them. Then, the information gained will be 

applied to the implementation of efficient OFWM in the waveguide. 

The following chapter contains a discussion of the principles of nonlinear 

optics. Several mechanisms which cause nonlinearities and diagnostic techniques 

used to identify and characterize them are described. The theory of OFWM is also 

discussed in more detail. Chapter 3 contains a description of the experimental work 

performed on the bulk samples. It begins with a summary of the properties of the 

glasses. This is followed by a description of the experimental equipment and 

procedures used. Separate sections follow. each reporting the results of 

measurements taken of the absorption and its saturation. the refractive nonlinearity 

and its saturation. and the response time of the materials. The chapter is concluded 

with a discussion of the physical mechanisms responsible for the experimental 

results. and their implications. 

Chapter 4 contains the material pertaining to waveguides. It begins with an 

introduction of prior work which has led to' this study. The following section is a 

brief introduction to the basics of waveguide theory. There is a discussion of the 

fabrication and analysis of the waveguides. followed by the results and conclusions 

of the waveguide OFWM experiments. 

The final chapter summarizes the results of this work and their implications. 

Suggestions are offered for future studies to progress toward the goal of improved 

optical signal processing and communications. 
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CHAPTER 2 

NONLINEAR MEDIA AND PROCESSES 

Nonlinear Susceptibility and Kerr Media 

The polarization induced in a material by an electric field may be written as 

pew) <= fo x·E(w) • 2-1 

where X is the linear electric susceptibility tensor and E(w) is the total electric field 

at frequency w. Under extreme field strengths this linear relationship breaks down 

and the polarization is better described by a power expansion of P in E: 

P .,. fo ( X(I)·E + X(2):EE + X(3):EEE) • 2-2 

where X(2) and X(3) are the higher order. nonlinear susceptibility tensors. Usually. at 

low input powers. it is a good approximation for most realistic X(3) nonlinearities. 

This will be discussed in the next section. To make this expression more tractable. 

we will apply some simplifying constraints. First. in centrosymmetric or optically 

isotropic materials. all even order terms vanish (Zernike and Midwinter. 1973). 

Secondly. in most situations the higher orders require increasing field strengths to 

contributor significantly. A good lowest order approximation for isotropic media is 

then 

2-3 

Although X(I) is a second rank tensor. in the case of an optically isotropic medium. it 

will have only a single independent element (three nonzero and identical diagonal 

elements) and thus it reduces to a scalar. X(3) is a fourth rank tensor that describes 
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the degree of coupling between the four participating fields and whose indices 

indicate the polarization states of those fields. In the case of an optically isotropic 

medium. the 81 terms of the tensor reduce to 27 nonzero terms. only three of which 

are independent. These three terms are related by 

(3) (3) (3) (3) 
X II 11 <= X 1221 + X 1122 + X 1212 2-4 

In completely general terms the electric field in equation 2-3 is then the sum of the 

three input fields. 

2-5 

When the total field is cubed it generates 216 terms of all possible combinations of 

the input fields. Which terms will actually produce an output depends on the 

geometry. phase matching. field frequencies. and effective X(3) value at those 

frequencies. As examples. a polarization term involving only one field Ecx ==> Ecx 3. 

results in third harmonic generation. A polarization term given by a field and its 

conjugate Ecx(ECXEo. e). describes an intensity dependent refractive index. A term 

involving three different fields of the same frequency. Eo.EpE/. describes DFWM. 

Without loss of generality. all polarization states shall be assumed identical 

and the index shall be dropped so that X(3) may be treated as a scalar. 

(3) c- (3) (3) 
X ijkl -> XlIII <= X 

Equation 2-3 may then be rewritten as 

2-6 

where ee is the unit vector defining the direction of the electric field polarization. 

This can be viewed in two ways. First. as 

P ... p(linear) + P(nonlinear) • 2-7 
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where p(linear) simply yields the normal. constant index of refraction of the material. 

P(nonlinear) or P w (w for weak) on the other hand. is a source term created by the 

mixing of the three input beams. which may drive the fourth (output) beam if phase 

matching conditions are satisfied. For a polarization source field to drive a radiation 

field through some form of energy coupling. their relative phases must remain 

constant over a specified exchange time (or space) in order to maximize the net 

transfer. It is this requirement which is referred to as phase matching, If the 

relative phase changes during this integration process the energy will oscillate 

between the two systems resulting in a much smaller net transfer. 

When the polarization is the product of multiple input beams. it will take the 

form 

2-8 

which is a traveling wave of dipoles. The term. P w' is given by the product of the 

mixing field amplitudes. ep is the unit vector defining the polarization direction of 

the nonlinear polarization field. kp =k1±kz±k3• wp=w1±WZ±W3• and c.c. denotes the 

complex conjugate. 

Inserting this polarization into the wave equation as a source term and using the 

slowly varyir.g envelope approximation to linearize the equation for the output field. 

it can be shown that (Hopf and Stegeman. 1985; Yariv and Pepper. 1977) 

-- = i - t::. e'e P (z) ell-> 8Eo(z) W if " " '(Akz) 
8z 2 € 0 P W • 

2-9 

where Eo(z) is the amplitude of the output radiation field as a function of position in 

the direction of travel in the nonlinear medium. Jl is the magnetic permeability. t is 

the electric permittivity. eo is the unit vector defining the polarization direction of 
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the radiation field. Ak ... ke-kp • the difference between the polarization wavevector 

and that of the radiation field it is intended to be driving. The solution of equation 

2-9 in the limit of no depletion of the pump beams is found to be . 

2-10 

which describes the integration of the product of the polarization wave and the 

electric field of the output beam over an interaction distance L. To achieve perfect 

phase matching. Ak must be zero. This produces the maximum energy exchange for 

the given integration length. 

Another equally valid approach is to view the nonlinear term as a field 

induced change of index (Hopf and Stegeman. 1985) created by the interference of 

two of the input beams. Here the signal is caused by the scattering of the third 

input beam from the induced index grating. The electric displacement. D. within a 

medium is described by 

where Ptot '" fo Xtot E 

and Xtot '" X(I) + X(3)Ej Ek 

so that D "" fo ( I + X + X(3)Ej Ek ) E J 2-11 

where fo is the electric permittivity of free space. and the subscripts indicate from 

which beam the field is being taken. 

Through a Taylor's series expansion this may be rewritten as 

n '" no + n2Ej Ek 

where no '" (I + X)I/2 

and n2 '" 
X(3) 2-12 
2no 
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or in terms or intensity 

where 2-13 

A material which can be described accurately by these equations is referred to as 

being Kerr like. A rigorous derivation of the equations relating X(3) and n2 in both 

electrostatic and MKS units is presented in the appendix. 

In the above discussion pertinent to materials described by a X(3) or n2, 

certain idealized assumptions were made, which are often reasonable approximations 

but are never fully realized. One such approximation is the neglect of higher order 

processes. When field strengths are large enough. such terms certainly become 

important. Quite often. however. in order to keep the same number of terms, higher 

order terms are included within X(3) by treating it as a single term which itself 

depends on the field. A good example of this is the data presented later in this 

thesis. True Kerr media do not saturate. whereas most real media do. Another 

discrepancy involves spatial diffusion of the nonlinearity. Some nonlinear 

mechanisms which are due to heat or spatial carrier populations for example, can 

diffuse to other regions of the material. This means that the nonlinear index at a 

point in space is also a function of the fields at neighboring points. Such nonlocal 

effects are not Kerr like. Finally. all mechanisms require some time to respond to a 

field. or relax after interaction with it. Some, such as anharmonic motion of 

electrons. certainly respond almost instantaneously (~1O- 13 sec) but others such as 

thermal effects require relatively long periods to respond (10-7- 10- 1 sec). 

With all these complications to a Kerr medium one needs to be careful in 

claiming an absolute value of X(3) for a material. In reality. in all but very few 

situations. one can only describe an effective X(3) for the conditions of the 
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experiment. We see that a measured X(3) is a function of field frequencies. response 

time. pulse duration. experimental geometry. and pulse energy or intensity. 

In particular. the question of energy versus intensity dependence requires 

some discussion. When the polarization associated with a process such as DFWM 

can react to changing input beam intensities essentially instantaneously. the 

polarization at time t. will be a function of the intensity at time t. regardless of the 

history of the system .. This is a dynamic steady state condition which results in the 

DFWM process depending on intensity. However. as the difference between the 

response time of the process and the changes in input intensity is reduced. steady 

state is lost and the polarization becomes increasingly dependent on the history of the 

system. When the process is much slower. the polarization corresponds directly to 

the integral of the input intensity. In the case of a pulsed DFWM process using a 

material with <l. long response time. this means that the reflectivity becomes a 

function of the total pulse energy. Therefore. in evaluating the value of X(3) for a 

material from experimental data in or near this regime. one needs to keep in mind 

that the value obtained is an effective X(3) which is proportional to the pulse 

duration. 
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Nonlinear Mechanisms 

There are many physical mechanisms which give rise to nonlinear optical 

responses in a material (Jain. 1982). Each material has its own set of characteristic 

mechanisms. This section describes the physical nature of several mechanisms and 

materials which exhibit them. 

The least exotic and usually most troublesome contribution to a change in 

index can occur simply if a material is heated. Nearly all materials have a 

temperature dependent density which directly affects its index of refraction. If any 

absorption is present. a material may be heated by light incident on it. If the change 

in index as a function of temperature. dn/dT. is known. as it is for most optical 

materials. the change in index caused by the incident light may be calculated from 

~n = ~~ AT • 2-14 

where ~ T is given by the solution of the diffusion equation 

2-15 

where I is the intensity of the beam. Ol is the absorption coefficient. V is the volume 

of the region of absorption. C p is the heat capacity. T d is the dissipation rate which 

is affected by the thermal conductivity and the boundary conditions imposed on the 

material. and D is the diffusion coefficient. In the case that these parameters are 

specified. equation 2-14 may be set equal to n2I. in order to solve for an effective n2 

value. This is not a true n2• however. because thermal effects are non-local. This 

type of thermal nonlinearity is seen in every material and in insulators it is usually 

characterized by a large negative value. 

In ·the case of semiconductors. there is also a more dominant thermal effect 
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present. Heat imparted to the crystal lattice will lower the band gap energy. 

therefore changing the absorption properties of the material and thus. through 

Kramers-Kronig relations. modifying the index. In this case 

dn an aEg 
dT 0= aE

g 
aT • 2-16 

where Eg is the band gap energy. and the calculation proceeds as before. Figure 2.1 

shows how this process affects the absorption coefficient and refractive index of a 

semiconductor. Note however. that this thermal term is typically positive for most 

semiconductor materials of interest. Also. thermal contributions are usually quite 

large because of their slow diffusion rates (long integration times). For the same 

reason. they have very long response times (lO-I-IO-6sec) and are usually identified 

on that basis. As a result they can be a nuisance when trying to measure a faster 

and weaker contribution and require careful experimental design to eliminate them. 

The response time and the non-locality of thermal effects make these nonlinearities 

far from Kerr like and require care in applying a Kerr response formalism. 

Another useful nonlinear mechanism is reorientation of anisotropic molecules 

10 a liquid. This mechanism is described here because it is responsible for the 

nonlinear response of CS2 which is used as a reference material. A CS2 moecule is 

long and thin. and has radically different polarizabilities along the long and short 

axes. Without an electric field present. the molecules in the liquid phase are 

randomly oriented. hence the liquid is a normal isotropic medium. When an electric 

field is applied. a torque is exerted on skew molecules in an effort to align the 

molecules with the field. The isotropy is then broken as the material becomes 

birefringent with the extraordinary index axis of the induced birefringence assuming 

the same axis as the electric field. The change in index is related to the induced 
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Figure 2.1. (a) A plot of absorption versus frequency of a typical semiconductor 
near the band gap. A higher temperature acts to lower the band gap energy. 
(b) A plot of the change in absorbtion. (c) A plot of the corresponding 
change in refractive index versus frequency. The a(w) and n(w) functions 
are related through the Kramers-Kronig relation. 
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change in polarizability along each axis of the system. When the field is removed 

the molecules disorient themselves with a relaxation time TE!: 2.2ps (Kenney-WaIl ace 

and Wallace. 1983). Not requiring absorption for a change in index (a catalytic. 

nonresonant effect). and having such a short relaxation time. this material is very 

well described by the Kerr formalism right up to its damage threshold. 

The rest of the possible mechanisms of interest to this thesis pertain to 

electronic transitions. real and virtual. within the band structure of a semiconductor. 

Virtual transitions do not require absorption. i.e. they are nonresonant. and respond 

nearly instantaneously. These transitions are more intuitively described in a 

different context; simply in terms of the motion of the electrons. One such 

mechanism is the anharmonic motion of bound electrons. Any nonparabolicity in the 

the potential well of an electron (a condition which occurs for all electrons for a high 

enough energy level) will result in higher harmonic terms in its equation of motion. 

and thus higher order susceptibilities. In a similar manner. free electrons in the 

conduction band of a semiconductor may experience nonlinear motion due to 

nonparabolicity of the conduction band. which is a result of a momentum dependent 

velocity. 

Real transitions are those in which an electron has changed its energy or 

excitation level from one stable state into another. relatively stable state. Such a 

transition requires the absorption of a photon which puts it in the class of resonant 

mechanisms. There are over a dozen possible transitions in a typical semiconductor. 

The most commonly observed are direct gap transitions from the valence band to the 

conduction band. which are a strong source of changes in the dielectric function. 

One way to model this change is as the generation of free carriers. Elementary 

consideration of an electron gas leads to (Hecht and Zajak. 1974) 
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2-17 

where N is the number of free carriers. q is the charge of an electron. m is the mass 

of an electron. and I is the intensity of an incident beam. Additional carriers 

generated by absorbing energy from an optical beam will therefore have a negative 

contribution to the dielectric function. 

An alternate way of modelling direct transitions is to consider the effective 

modification of the conduction band due to state filling. A conduction band consists 

of a finite number of siates at each energy level. the number of which increases 

quadratically with energy. When a large number of carriers are generated they 

immediately fill the lowest states of the conduction band. which effectively shifts the 

band edge higher in energy to the first unfilled state left. By increasing the useful 

bandgap. subsequent absorption near the band edge is reduced. By integrating over 

the change in absorption near the bandgap the change in index as a function of w 

may be calculated through the Kramers-Kronig relation. 

00 

An(w) = £ P.v.J dw' Ao:(w') 
TT 0 W'2 - w2 2-18 

One finds (Olbright and Peyghambarian. 1986) that the An is negative below the 

bandgap and positive above it. Another way to treat bandfilling is to directly 

integrate over the index contributions from each of the lost states and subtract the 

result from the original index (Miller et. al.. 1980). 
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Techniques for Measuring n2 

In the recent literature. several techniques for measuring a value for n2 have 

been employed. Each has advantages and disadvantages depending on the specific 

parameters to be evaluated in an experiment. Four widely used techniques are 

briefly described with their advantages and disadvantages in the following 

paragraphs. 

One approach which has become popular in the last eight years is that of self 

focussing/defocussing (Weaire et al.. 1979; Miller. 1979). As a Gaussian beam 

propagates through a nonlinear material its intensity distribution will cause a 

Gaussian gradient index to form. This gradient is a consequence of n = no + n2I. 

and therefore follows the spatial profile of the input beam. The gradient index will 

then act as a lens. either positive or negative for self-focussing and self-defocussing 

respectively. Hence the far field diffraction pattern of the beam becomes power 

dependent. By modelling the optical path length as a function of position in the 

beam. using the parameters n2 and the beam profile. a modified far field pattern may 

be calculated and matched to experimental data to produce a value for n2• An 

important advantage of this technique is the simplicity of the experiment. Also. 

transient experiments with short pulses do not significantly change the nature of the 

results. and .6.nmax and the sign' of n2 can be deduced. Disadvantages include the 

fact that no time response measurement is possible. and that measurements can only 

be made for X(3)1111' Finally the measurement is not very sensitive and is used 

primarily for material with large values of n2 (>:!!10-9 m2/W). 

Another simple direct measurement technique utilizes the nonlinear Mach

Zender interferometer (Bliss et al .• 1974; Veduta and Kirsanov. 1974. albright and 
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Peyghambarian. 1986). The nonlinear material is placed in one arm of an 

interferometer and fringe position measurements are made for low and high 

intensities. An is easily calculated from the optical path change determined by 

standard interferometric analysis. Again. this is a relatively simple experiment to 

implement. Difficulties do arise. however. if pulses are used. Capturing a fringe 

image at various times during the pulse requires sophisticated (pronounced 

"expensive") equipment. To measure the fringes shift. and then return during the 

pulse is even more challenging. The other characteristics of self focussing also apply 

here. although the sensitivity is much better (can measure n2 values :!!;10-16 m2 jW). 

A far less direct approach is that of a pump-probe measurement of the 

change in transmission induced by a strong pump beam (Olbright and 

Peyghambarian. 1986). This technique is designed specifically for investigating 

resonant nonlinearities in any medium. An intense pump beam whose energy is 

greater than the bandgap is used to generate free carriers in the conduction band. 

Before this excited state decays. a weak broad band probe pulse is propagated 

through the material. The transmission of this pulse is compared to that of another 

pulse which had no corresponding excitation pulse. AOr!(w) is then obtained. which is 

is integrated over frequency via the Kramers-Kronig relation (equation 2-18) to 

obtain An(w). Note that this experiment obtains the additional information on the 

wavelength dependence of n2 over the bandwidth of the probe pUlse. It is also very 

sensitive (can measure An:!!;IO-6) and allows the time response of the process to be 

resolved to about the probe pulse width. This is a difficult experiment. however. 

being equipment intensive. By using long excitation pulses. an intensity dependent 

(dynamic steady state) fl2 may be calculated. Using short pulses results in an energy 
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dependent (static steady state) effective X(3~ III measurement. In either case. if An 

saturates to a max value. Anmax• the functional form of the saturation can be 

determined by multiple experiments at different intensity levels. 

The most versatile technique is degenerate four wave mixing (Yariv and 

Pepper. 1977. 1983; Bloom and Bjorklund. 1977; Abrams and Lind. 1978). This 

approach consists of mixing three input laser beams from the same source. When 

the geometry is correct a fourth beam is generated whose amplitude is proportional 

to n2 and the amplitudes of the input beams. This technique is very sensitive (can 

measure An:!!; I 0-7). can give time responses in the static or dynamic steady states. 

resolved by the coherence length of the pulse. not just the pulse width (Smirl. et. 

al .• 1983; Golub and Mossberg. 1986; Trebino. et. al .• 1986; Hottari and Kobayashi. 

1987). Also. because independent control of beam polarization is automatic. all 

elements of X(3) can be examined. not just x(3l
lll

. Thermal effects can be measured. 

or suppressed. if desired. even for long pulses. There are some disadvantages. 

however. DFWM cannot determine the sign of n2 and because the geometry is more 

complicated. alignment is more critical. Because of its greater versatility and easy 

adaptation to a slab waveguide configuration. this was the technique of choice for 

our studies of nonlinear processes within waveguides fabricated from semiconductor 

doped glasses. 
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Degenerate Four Wave Mixing 

DFWM can be described as a form of real time holography because the 

processes are physically quite similar (Fisher. 1983). Figure 2.2 shows the basic 

arrangement consisting of three input beams. two of which are counterpropagating. 

forward and backward pumps of equal intensity. The third beam. a weak probe. 

may enter the medium from an arbitrary angle. The forward pump is that which is 

most closely copropagating with the probe. Given that all three are copolarized. and 

the material is isotropic. every pair may produce an interference pattern. showing up 

as individual terms in an expansion for the nonlinear polarization. 

2-19 

namely 

2-20 

where Ef • E1,. and Ep are the optical field amplitudes of the forward. backward and 

probe beams respectively. A. B. and C are coefficients corresponding to the relative 

contribution of each grating term. As shown in figure 2.3. the first term 

corresponds to an intensity grating formed by interfering Ef and Ep. Through n2 an 

index grating is formed in the material from which &, is scattered into the direction 

opposite to that of the probe. The second term corresponds to a grating formed by 

E1, and Ep and it scatters Ef • also into the direction opposite to that of the probe. 

The third term is due to the interference of the two pumps in which spatial 

dependence vanishes resulting in a temporal grating oscillating at twice the 

frequency of the incident light. This last grating has the ability to scatter the probe 

back onto itself. The total scattered field is the coherent addition of the fields 
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Figure 2.2. A conventional experimental arrangement for degenerate four-wave 
m1x1ng. Two strong pumps, Er and ~. are aligned parallel to one another 
incident from opposite directions and overlaping with a weak probe, EP 
incident from another direction. The signal beam is the phase conjugate of 
the probe and is separated from it by beamsplitter 3. 
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(e) (b) 

Figure 2.3. The two spatial gratings formed by DFWM. a) is a coarse grating 
formed by the interference of Er and Ep. b) is a fine grating formed by the 
product of E1, and Ep. 
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reflected by these different gratings. 

Because the polarization of two beams must be parallel in order for them to 

interfere in an isotropic material. by making the polarization of one beam orthogonal 

to the other two. two of the grating terms are eliminated. thus isolating the third 

grating so that it may be studied. 

The DFWM process may be treated formally by the method of Yariv and 

Pepper (1977). We begin with the third order polarization term. 

2-21 

where the first index denotes from which beam the field is derived and the index 

indicates the polarization direction of each electric field. where summation over the 

indices is implied whenever they appear twice. Again. for the purposes of this 

discussion. consider the case in which all of the beams are copolarized. In that case 

the polarization index may be dropped and x(3l
111 

will be defined as X(3). Inserting 

equation 2-21 into equation 2-20 and expanding results in a plethora of terms. only 

six of which have the correct frequency and wave vector to drive a phase conjugate 

of the probe wave. They are 

2-22 

where tl. = 6 is a' degeneracy factor which arises from the sum of the six terms. 

This then becomes the source term for the conjugate wave. If we now apply the 

Slowly Varying Envelop Approximation to the wave equation and insert the source 

term. the result is a linear differential equation relating the growth of the conjugate 

field in the direction of propagation to the source term 

--=1- t:pe e BEe . w If i(k or) 
Bz 2 E 

2-23 
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where the z-axis is parallel to ke and P is defined in equation 2-22. For phase 

matching to be satisfied. the combined phase term must equal zero. This requires 

that ke "" -kp (the conjugate beam is contrapropagating with the probe beam) and 

that we = wp. i.e .• the frequency of the conjugate beam is equal to that of the probe. 

Note that once Ee is non-zero. it too can mix with the other three fields and 

produce source fields for the polarization and in turn regenerate the input beams. 

This necessitates. for example a second equation for the growth of Ep. 

2-24 

where. in this case. 

2-25 

Assuming that I Er I "" I Et, I. Ep « Er. that all frequencies are degenerate. and that 

there is no pump depletion. we have 

aEp •• = -i K. E az e 
2-26 

In all of the cases of interest in this thesis. maximum reflectivity of the probe beam 

into the conjugate beam is ~IO%. Since Er » Ep to start with. and since one photon 

from each pump beam is involved to produce one photon in the conjugate and probe 

beams. there is no depletion of the pump beams due to the DFWM process. There is 

pump depletion due to absorption. however. which is treated later. 

When the boundary conditions for a typical DFWM experiment are applied 

(Ee(L)=O. Ep(O)=Epo) it can be shown that the outputs are. 



32 

Ec(O) .,. -i [ (:1 tan (I "I L) 1 Epo 

2-27 

Ec(O) is the solution for a conjugate beam field which shows a cubic dependence on 

input field strength. assuming that all input fields are derived from the same laser. 

The results of many experiments. however. are reported in terms of the reflectivity. 

R == Ic/lp. which has a quadratic dependence on the laser power. For small values 

of reflectivity (l"IL«l). tan(1 "I L) ::!!: 1 "I L. the reflectivity becomes 

2-28 

and with the correct conversions from the appendix. 

R L2 4712 A 2 2 I I 
== V'-l. n2.1 r b 2-29 

which may be applied directly to the experimental data to obtain n2 • 

Unfortuna~ely. in many situations the above conditions are unrealistic because 

most materials are not Kerr like. In the case of a resonant nonlinearity. the 

absorption of each of the beams must be accounted for. Equations 2-26 become 

8E _c ... l' u· E 0 e-{QL/2) _ 0/ E 
8z '" p '2 c 

8Ep ... -i ". E • e-{QL/2) - ~ E 
8z c 2 p' 

2-30 

The additional factor e-{QL/2) arises due to the fact that 

Er ~ ==> Er(O) e-{Qz/2) ~(L) e-{Qz-L/2) = Er(O) ~(L) e-{o:L/2) 

and the field amplitudes are already contained in K.. For strictly linear absorption. 

these equations may be solved analytically (Abrams and Lind. 1978) but in real 

situations 0/ can saturate and is a function of I;otal' This also applies to the 
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nonlinear susceptibility. Numerical calculation with known forms of saturation is 

the only solution. 

In the spirit of the holographic description of DFWM. an alternate formalism 

may be applied to solve for the DFWM signal: a coupled wave theory for thick 

gratings (Kogelnik. 1969). In principal. two of the beams form a volume grating from 

which the third beam is reflected. The efficiency of the reflection depends on the 

modulation depth of the grating and on how close the third wave is to the Bragg 

angle of the grating. This is the analog to the phase match condition discussed in 

the polarization analysis. The backward DFWM geometry shown in figure 2.1 has 

the convenient property that it is automatically Bragg matched. Given a modulation 

of index and/or absorption in a material it can be shown that the relationship 

between an incident and scattered wave is given by 

8EJ8z + O!Ej = -jIGEs 

2-31 

which are the coupled wave equations. and where the coupling coefficient. IG. is 

given by 

IG = rri::J.n/A - ji::J.0!/2 . 

where An and i::J.0! are the modulated deviations from the spatially averaged values of 

refractive index and absorption respectively. As with the previous analysis. these 

equations can be solved analytically for a number of different geometries and 

material parameters. but again. saturation of any quantity forces the use of numerical 

methods. This approach is used extensively later to determine functional forms for 

the properties of the materials we are studying. 
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CHAPTER 3 

CHARACTERIZATION OF SEMICONDUCTOR DOPED GLASSES 

Description and Selection of Materials. 

This research has focused on a group of glasses containing crystallites of the 

semiconductor CdSxSel_x' which give them their linear and nonlinear properties. 

The fraction, x, can be adjusted from 0 to I to modify the band gap of the 

semiconductor and hence tune the linear and nonlinear properties to desired spectral 

regions. The band gap increases with increasing sulfur content, resulting in a 

lighter, yellow appearance. Toward higher selenium concentrations, the glass 

assumes a deep red appearance. They are sold commercially in the form of color 

filters. Figure 3.1 shows the transmission characteristics of glasses available 

commercially from Corning Glass Works. These glasses have been available for 

many years as inexpensive, commercially produced, "sharp cut" optical filters. The 

recipes for these filter glasses were originally developed by essentially a trial and 

error process. As they evolved, many different chemicals were added to the "pure" 

base glass to enhance certain qualities desired in a commercial optical filter. The 

complexity of the resulting chemistry makes the physics of the optical processes in 

these materials also quite complex. Jain and Lind (1983) pointed out that these 

glasses demonstrate large nonlinearities characteristic of semiconductors and are quite 

fast (<Ins). In this form, however, properties not typical of the bulk semiconductor 

could be utilized to optimize nonlinear optical processes and fabricate practical 

guided wave devices. 
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The glasses have been based on both borosilicate and soda-lime compositions. 

The choice of the host material has significant implications with respect to the 

optical performance of the composite. These will be discussed in detail later. The 

composite material is formed by adding a few percent by weight of the 

semiconductor constituents in the form of oxides in the desired ratios. When the 

melt is cooled. a clear optical quality glass is formed. The crystallites are then 

grown during a "striking" process which consists of annealing the glass at a 

temperature below the softening point of the glass (575°C-750°C) for a short period 

(1/2 - 4 hours). The duration and temperature of the striking process determine the 

average size and number density of the crystallites. In the commercial glasses the 

° crystallites are :?!!IOOA and constitute :?!!.l % of the material by volume as determined 

by transmission electron microscopy (private communication with Corning Glass 

Works). It should be noted that in the commercial glasses the crystallite size and 

number density are not well controlled. resulting in variation of both linear and 

nonlinear properties from melt to melt of the same filter designation as well as from 

point to point in the same melt. The thickness of the filter is then adjusted to match 

the catalog for optical density. These variations make it impossible to establish 

reproducible numbers for physical properties of a specific filter number. allowing 

only relationships between physical properties in the same filter to be established. 

While reading the following sub-chapters. the reader should keep in mind 

that the choice of material for which data is presented is motivated primarily by one 

goal: optimized degenerate four wave mixing in a waveguide. The data is 

presented based on its relevance to the waveguide experiments. The data is either 

associated with the material selected for the waveguide experiments or is presented 

as the basis for the elimination of a material from the available choices. Samples 

from both Schott and Corning were studied. 
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Equipment 

There are a variety of experiments presented in the following chapters. 

Several of the major pieces of equipment used in these experiments are described in 

this section to improve continuity in the experimental sections. 

Many experiments were done in the ten nanosecond regime with a Quantel 

YG 481 c Y AG laser. This laser was modified from its original configuration into an 

actively Q-switched. unstable resonater configuration. which uses polarization 

extraction to couple the energy out of the cavity. A schematic diagram is shown in 

figure 3.2. This limits the beam to effectively two passes through the oscillator rod. 

The gain medium is a 15cm long YAG rod in a water cooled housing with two 

flashlamps for pumping. A Pockels cell performs the Q-switching and a Glan

Taylor prism extracts the beam. The oscillator output then goes through a single 

pass amplifier which is identical to the oscillator flashlamp/Y AG rod assembly. A 

KDP crystal is used to double the Y AG 1.06Jlm output up to .532Jlm. 

Operated in this mode and properly aligned. the laser emits a 15nsec pulse at 

10pps with an average maximum energy of 280mJ at .532Jlm. The quality of the 

pulses. however. is quite poor. Several longitudinal modes of the oscillator cavity 

are present. resulting in a pulse with a great deal of fine structure which varies in 

form from one pulse to the next. This also results in a coherence length 500 times 

shorter than that associated with a single-longitudinal-mode pulse. Figure 3.3 shows 

some examples of typical temporal profiles. Figure 3.4 shows a field autocorrelation 

of a pulse using a technique to be described later in the section on material response 

time. Spatially the beam filled a circle with a diameter of Icm. It also had 

nonuniformities within the circle but these were entirely dependent on the mirror 
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Figure 3.2. Schematic layout of the Quantel YO 48lc YAO laser. The cavity is 
actively Q-switched. The beam is outcoupled from the cavity by polarization 
extraction. amplified in a single stage. and doubled to .S32JLm by a KDP 
crystal. 



39 

Figure 3.3. Two examples of the temporal profile of the YG 48lc output pulse. 
The horizontal scale is Sns per division. The pulses have a great deal of 
structure which varies greatly from pulse to pulse. 
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Figure 3.4. The electric field autocorrelation of the Quantel laser. The multi mode 
output results in a coherence FWHM of e:30ps. The data was obtained by a 
procedure described in chapter 3. 
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Figure 3.5. A plot of energy of 300 consecutive pulses from the YO 48Ic. Its 
instability results in low signal to noise ratios in experiments. 
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adjustments and were fairly stable from shot to shot. The shot to shot energy 

stability of the laser is also quite poor. Figure 3.5 shows the spread in energy of 

300 consecutive pulses. All of these poor qualities introduce potentially large errors 

in the experiments. and required the use of long term averaging when taking data. 

The repetition rate and energy range of the Quantel laser allowed DFWM 

signals to be measured by a Laser Precision Rj-7100 energy meter. This meter 

could be used with either the RjP-735 pyroelectric detector head whose sensitivity 

ranged from I to 10-7 joules per pulse. or the RjP-765 silicon detector head. which 

was useful from 10-6 to 10-12 joules. One should note. however. that this instrument 

gives the values for the integrated signal energy over the duration of a pUlse. as 

opposed to the instantaneous response at some point within the pulse. 

Many of the experiments to be described later were done with much shorter 

pulses in order to obtain information about the dynamics of the nonlinear material 

response. These pulses were provided by a Quantronix 416 Nd:YAG laser. This 

laser was Q-switched and mode-locked in order to achieve high enough energies for 

DFWM. The output was a short train of pUlses. repeating at 500Hz. The 1.06/lm 

pulses were again doubled to provide an average power of 2!:300m W at .532/lm or 

2!:35/lJ peak energy. The envelope of the pulse train has the near-gaussian shape of 

a typical actively Q-switch laser with an envelope width of f:!:220ns. The individual 

pulses within the envelope are 80ps wide separated by 13nsec. 

In this case direct energy measurement of a single pulse was not possible. 

The energy meters were replaced by either a fast silicon photodiode or a 

photomultiplier tube. The electrical signals from these were selected and 

accumulated by a Stanford Research Systems Model SR250 boxcar averager. The 

resolution of the detectors and the averager permitted a single. maximum energy 
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pulse to be selected from the middle of the pulse train every 2ms. The only 

significant difference in the experiment with this laser and the nanosecond laser is 

an additional calibration step converting integrated voltage values to pulse energies. 

This was done by measuring the average beam power with a Scientech thermopile 

power meter and dividing out the number of pulses per second and their relative 

fractions of total energy. 

In all experiments using the Quantronix and the boxcar averager. the 

experiment was controlled by an IBM PC XT computer. The computer was 

connected to a SR245 Computer Interface Module which acquired the data from the 

boxcar averagers. The computer also controlled servo motors to two delay lines and 

an attenuator used in time dependence and intensity dependence experiments. The 

details of the setup will be described in the experimental section. 

Because the pulse energy in the 80ps pulses was quite small. some of the 

experiments could not be performed at the energy densities necessary to investigate 

the saturation effects in the picosecond regime. In order to extend the range of the 

picosecond results. these experiments were repeated with 30ps pulses of up to 25m] 

per pulse. These pulses were provided by a Quantel YG SOle laser. This laser was 

also Q-switched. mode locked and frequency doubled. As with the nanosecond 

Quantel laser. it ran at a 10Hz repetition rate. which allowed the use of the Laser 

precision meters. 
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Absorption 

In the course of the initial DFWM experiments. there was evidence of a form 

of laser damage in some of the samples. The glass had visibly darkened when 

exposed to a large number of high intensity pulses. Because of this. the absorption 

properties of the glasses at low and high intensity were more carefully monitored. 

The samples were tested with a Cary 2415 Spectrophotometer to measure the spectral 

variation in the absorption of fresh and darkened glass. and to determine an accurate 

low power. non-saturating. absorption coefficient in the exponential tail of the band 

gap. i.e. where ()( changes from E!:.lcm- 1 to >15cm- 1• This value was used as a 

reference for the transient saturation and permanent darkening observed at high 

intensity. 

The spectrophotometer data for two Corning samples is presented in figure 

3.6. A region of each sample was exposed to 3000 shots of 20MW /cm2 light in order 

to thoroughly darken it. The result of this extended exposure to high intensity light 

is a slight decrease (E!:1-2%) of transmission which occurs uniformly across the 

spectrum. The Schott samples were markedlty worse. with changes as large as 6%. 

This is presumably caused by color center formation or solarization of the host glass 

in the filter (Cook and Stokowski. 1986). Color center formation is caused by 

electrons being ejected from the valence band of some constituent of the glass and 

then trapped by a structural defect site in the glass matrix. Solarization is caused by 

ejected electrons being trapped by dangling bonds from constituents of the glass 

other than the source of the electrons. In a glass as complex as the CdSxSel_x filter 

glass. both may be occuring. The broad band increase in absorption is the result of 

holes which are left by the ejected electrons becoming availible for transitions from 

lower states. Although the trapped states have nearly indefinite lifetimes (greater 
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Figure 3.6. Transmission measurements of the Corning (a) 3-68 and (b) 3-69 filter 
glasses versus wavelength. both before and after exposure to 3000 20MW /cm 2 

pulses. The .S32JLm transmittance is 18% and 72% respectively for the fresh 
samples. 
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than several months) at room temperature. they do not have g~od thermal stability. 

As a result. the original characteristics of a filter may be restored by heating it to a 

temperature somewhat below the softening point of the glass (Corning catalog; Cook 

and Stokowski. 1986). This was attempted for one hour at 400°C with several of the 

Schott and Corning samples. all of which recovered 80% or more of the transmission 

lost due to the darkening. 

Solarization or color center formation is usually a consequence of exposure to 

UV radiation. In this case of high intensity .532Jlm light. it is a result of two photon 

absorption. Comparative studies of solarization effects in a variety of glasses (Hagan 

and Snitzer. 1968) established that the fundamental property of a glass which is most 

closely correlated to solarization is its dispersion. The greater the dispersion (lower 

Abbe number). the greater the degree of solarization. This is understandable on the 

premise that large dispersion implies the proximity of a resonance and the greater 

probability of a single photon UV absorption or a two photon visible absorption 

occuring. Observations on our samples were consistent with this trend. The 

Corning samples had the lowest dispersion and the smallest amount of darkening. 

A diagram of the setup used for high intensity measurements is shown in 

figure 3.7. The Quantel laser was used as the source for the .532Jlm light. The 

beam intensity was controlled by a half-wave plate followed by a CVI thin film 

polarizing cube. specifically designed for very high energy pUlses. The beam was 

then transmitted through the sample which was held in position by an NRC 

kinematic mount allowing removal with accurate replacement. The beam was 

subsequently expanded with a single lens in order to minimize the energy density on 

the detector at higher pulse energies. and detected by the Laser Precision energy 

meter with the pyroelectric detector head. Neutral density filters were also used 
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Figure 3.7. Experimental arrangement for measurements of the saturation of 
absorption of the filter glasses at high intensities. The I.06Ilm radiation was 
removed by several dichroic mirrors. The transmission of the sample was 
determined from the ratio of the pulse energies with and without the sample 
in the system. 
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directly in front of the detector. as needed. to keep the energy density within the 

limits of the detector head. However. because the beam was quite large. a 3mm 

diameter aperture was used to select the most uniform portion from the beam and 

define it's diameter. Great care was taken to remove the 1.06JLm radiation from the 

beam by reflecting the beam from four green-reflecting. dichroic mirrors and then 

transmitting it through a 99%+ @ 1.06JLm reflecting window. These precautions 

proved necessary when the beam was strongly attenuated by the polarizers for the 

lower energy region of the experiment because the polarizers worked only for the 

.532JLm light. 

Instead of using a more elaborate arrangement involving a reference channel. 

direct measurements were made with and without the sample. This insured accurate 

measurements by reducing possible errors in calibration or the nonlinear response of 

the separate arms of the experiment. The major disadvantage of this approach is 

that single shot ratios are no longer possible. Each data point consists of an average 

of 100 shots with the sample (integrated internally by the energy meter) divided by 

the average of 100 shots without the sample. 

The results for the two samples of primary interest are shown in figure 3.8. 

We see that the fresh sample of 3-68 glass shows very little change in transmission 

up to about .1 MW /cm2 at which point a strong bleaching sets in. The bleaching is a 

result of band filling. At high intensity the generation rate of free carriers is 

greater than the excited state decay rate. As a result. so long as the pulse is incident 

on the sample. a population of carriers builds in the conduction band. filling the 

lower states. This effectively shifts the bottom of the conduction band to a higher 

energy. hence reducing the absorption coefficient for photon energies near the band 

gap. The onset of the saturation and its rate of increase depend primarily on the 
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Figure 3.8. The transmission curves for fresh and darkened samples of 3-68 and 
3-69 filter glass as a function of the intensity of the pulses incident from the 
Quantel laser. The horizontal lines are the low intensity values obtained 
from the spectrophotometer. 
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excited state lifetime. It should be noted that the roll off of the curve at high 

intensities is believed to be an artifact of the experiment. At these high intensities 

only a few shots are required for the glass to begin to darken. 

A portion of the sample was exposed to 3000 shots of 20MW /cm2 radiation to 

completely solarize it so that its properties no longer changed during the transmission 

experiment. As shown by the curve marked "darkened". the response was quite 

different from that of the fresh sample. The threshold intensity for the onset of 

bleaching is higher and the rate of bleaching has been significantly reduced. whereas 

the low intensity absorption has only changed slightly. The excited state population 

may be described by the Debye type equation 

3-1 

where N is the population. T is the decay time. and I is the incident intensity. 

Assuming that the pulses are long enough for this to be a pseudo-steady-state 

process. a given population is described when aN/at is set to zero. Solving for N. 

one finds that at a given intensity. a reduction in population implies a decrease in 

decay time and. therefore. a decrease in the response time of the material. The 

mechanism behind this change is not apparent at this point and hence will be 

addressed later. 

The effects in the 3-69 sample are much less pronounced. Having a much 

lower initial absorption coefficient at .S32JLm. there is less energy contributing to the 

saturation process for the same power densities as for the 3-68 glass. In addition. 

there is less absorption to bleach out in the first place. Note also that the darkening 

in this case draws the saturation down in similar proportion to the 3-68 sample. 

The experiment was repeated on the same darkened region and a new fresh 
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area of the 3-68 sample with the Quantronix laser (80ps pulses). The saturation 

curves look identical in form to the nanosecond results. In this case, however, the 

intensity at which saturation occured was higher by several orders of magnitude. 

This is due to the fact that the time scale of the saturating process is on the order of 

the pulse length which results in a more energy dependent than intensity dependent 

process. The data in figure 3.9 has therefore been plotted on an energy scale. 
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Figure 3.9. Transmission curves for fresh and darkened samples of 3-68 filter glass 
as a function of pulse energy for the 80ps pulses incident from the 
Quantronix laser. 
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DFWM Measurements 

DFWM was chosen as the most appropriate technique for measuring the 

nonlinear changes in index in the semiconductor doped glasses. Initial experiments 

were done with l5ns long. high energy pulses from the Quantel 418c YAG laser. 

This left some areas of interest inadequately explored and several questions 

unanswered. Certain experiments were then repeated or extended with the shorter 

80ps and 30ps pulses. The following section describes the setup. experimental 

procedures and results from the first set of experiments. The next section describes 

the modifications required for the picosecond work and the results obtained from it, 

Nanosecond Experiments 

The experimental setup. shown in figure 3.10. is quite similar to the basic 

DFWM configuration used by Jain and Lind (1983). Some features have been added 

to increase versatility by providing for more control over experimental parameters 

such as relative beam intensities. polarization. and pulse delay. As with the 

absorption setup. the 1.061lm energy is removed from the beam with several dichroic 

mirrors. The most uniform portion of the remaining .5321lm beam is selected by a 

3mm diameter aperture. Its intensity is varied by a halfwave-plate/polarizer 

combination. 5% of the beam power is then separated out for the weak probe beam. 

The remaining energy is divided equally between the two pump beams. A variable 

optical delay line is included in both the probe and forward pump beam paths to 

insure control over the three way pulse overlap in time. The delay lines have a 

range of 50mm which proved quite useful. despite the fact that the pulses are 2!:5 

meters long. This will be discussed later. Halfwave-plate/polarizers were used to 

vary the intensity of each beam as needed. For these studies a pump/probe ratio of 

20: 1 was selected. The incidence angle of the probe beam relative to the forward 
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Figure 3.10. Experimental layout used for the nanosecond DFWM experiments. 
Halfwave-plate/polarizer combinations were used as a primary attenuator as 
well as a control of the relative intensities and polarizations of the three 
beams. Optical delay lines were used to control the relative arrival times of 
the pulses from each beam. 
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pump beam was set to 6°. An extra 50% beam splitter was inserted into the probe 

beam path to extract the counterpropagating. conjugate beam and direct it to a 

detector. A reference measurement of the input intensity was made from the probe 

energy lost at this beam splitter. 

The sampled probe and conjugate beams were detected by a pair of Laser 

Precision Pj7100 energy meters; one each for the reference and conjugate signals. 

The laser was set to run at 10Hz at a constant pulse energy and checked for long 

term stability by comparing 100 shot averages for several minutes. Single shot 

variation ranged between 10% and 20% depending on how well the laser was tuned. 

The experiment was calibrated as follows: 

I. The attenuator was set for low intensity and held constant throughout the 

calibration. 

2. 100 shot averages of the energy of each beam were measured at the 

position of the sample. The halfwave plates in each of the beams were 

adjusted for maximum transmission through the polarizer for obtaining 

equal pump energies and a probe a factor of 20 lower. 

3. An accurate measurement was made of the ratio of the probe and 

reference beams. 

4. A mirror was inserted In place of the sample so that the forward pump 

could be redirected back along the probe beam simulating a conjugate 

beam. The pump energy was then measured at the beginning (the 

sample) and end (after the optics used to separate the conjugate beam 

from the probe beam) of the conjugate path. the ratio of which was used 

as a loss calibration factor. 

5. A sample was placed in the position where the three beams nominally 
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intersect. The three beams were adjusted to spatially overlap on the 

sample. determined by maximizing the conjugate signal. 

6. Finally. the delay lines were adjusted to maximize the conjugate signal. 

The first type of experiment performed was to scan the intensity of the input 

beams to demonstrate the cubic response of the DFWM process from which a value 

of n2 could be calculated for the given conditions. The intensity of the beams was 

set to a level such that the conjugate signal was approximately equal to the stray 

scattered light seen by the detector (a linear process). 100 shot averages were made 

of the reference signal. the total signal. and the linear background signal at 

increasing incident pulse energies up to the limit of the primary attenuator. To 

establish the credibility of the setup and procedure. a well known reference material. 

CS2• was the first sample measured. The results are shown in figure 3.1 I. The data 

exhibits the required slope of 2 when plotted in the log-log format. The best 

quadratic fit corresponds to an n2.1 value of 6.4 x 10- 18 m2fW. a factor of 1.38 larger 

than the accepted value of 4.65 x 10-18 (Yariv and Pepper. 1983). The difference is 

attributed to an error in the value of intensity used. It was based on the 

approximation of a uniform field over the 3mm apperture and any deviation in 

uniformity would increase the reflectivity for the same average intensity. For the 

purpose of determing n2• this is not a concern. however. because the experiments will 

be done as a direct comparison of known and unknown materials. which ratios out 

any such errors. 

The results obtained from several fresh Corning filter samples are shown in 

figure 3. 12. We find that the reflectivity is indeed not quadratic. but exhibits strong 

and increasing saturation right from the lowest value of power used which was 

limited by stray. scattered light in the conjugate beam measurements. The 
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Figure 3. I I. DFWM reflectivity versus pump intensity for the reference sample of 
CS2• Uncertainties in values of input parameters resulted in the calculated 
value for n2 being a factor of 1.38 too large. This result is used as a 
calibration factor. 



57 

10 -1~ __________________________________________ ~ 

-P .-> :.;:; 10 -3 

o 
Q) 

~ 
Q) 

fr: 
10-4 

10 -1 1 10 
Input Intensity (MW/cm 2 ) 

Figure 3.12. DFWM reflectivity vs. pump intensity for three different Corning 
filters. Note the strong saturation even at low intensities and that the largest 
signal was produced by the sample with the mid-range absorption coefficient 
at .532Jlm. 
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reflectivities did approach 1 % at ~ 1 MW /cm2
• however. which is a much larger 

response than in CS2 at the given power densities. The significant features of this 

experiment are that the nonlinearity is strongly saturating. and the reflectivity has a 

maximum value. One should also note that the strongest signal is obtained from the 

glass with the mid-range absorption coefficient (18% transmission). 

During these experiments we observed that the conjugate signal strength 

would change over time as it is exposed continuously to successive high energy 

pulses. This occurred simultaneously with the darkening. and it also occured to 

different degrees in each sample. Figure 3.13 shows the severe loss of conjugate 

signal found. and how rapidly it occurs when a typical sample of Schott filter glass 

is exposed to 7MW /cm2 . pulses. Initially the signal is comparable to that from a 

Corning filter with the same characteristics but degrades before any experiment can 

be completed. This was the primary reason that the Schott filter glasses were not 

pursued further as a potential device material. 

The Corning filters. however. were far less sensitive to this effect and 

require far more exposure (cumulative energy) to show it. To demonstrate this. 

portions of the 3-68 and 3-69 samples were exposed to ~3000 shots of 20MW /cm2 

pulses prior to four wave mixing. The measurement was made at a constant input 

intensity of ~7MW /cm2• During the run the samples were moved abruptly from the 

darkened spot to a fresh region. The results are shown in figures 3.14 and 3.15. 

We find that the darkened 3-68 sample actually has a larger conjugate signal than 

the fresh sample at this intensity. The complete intensity scan of these samples 

(figures 3. 16 and 3.17) also show that the difference in signal level between the 

darkened and fresh regions is intensity dependent. At low intensities. the 

reflectivity is reduced. but so too is the saturation (i.e. deviation from a slope of 2). 
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Figure 3.13. An example of the sharp loss of DFWM signal with exposure to high 
intensity (~7MW /cm2

) pulses in Schott filter samples. This filter is based on 
Schott 7183 glass and had a 50% transmission at .534tLm 
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Figure 3.14. A demonstration of the degree and the rate of change of the DFWM 
signal in a Corning 3-68 filter at ~7MW /cm2

• A portion of the filter was 
thoroughly exposed prior to the test. During the measurement. the sample 
was abruptly moved from the exposed area to a fresh portion of the glass. 

darkened fresh 

Figure 3.15. A demonstration of the degree and rate of change of the DFWM signal 
in a Corning 3-69 filter at ~7MW /cm2

• A portion of the filter was 
thoroughly exposed prior to the test. During the measurement. the sample 
was abruptly moved from the exposed area to a fresh portion of the glass. 
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Figure 3.16. DFWM reflectivity versus pump intensity for both a fresh and 
darkened region of the 3-68 glass sample. Note the significant reduction of 
the unsaturated X(3) for this material. 
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Figure 3.17. DFWM reflectivity versus pump intensity for both a fresh and 
darkened region of the 3-69 glass sample. 
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As in the previous section. these observations can be attributed to an increase in the 

excited state decay rate when the samples have been darkened. A corresponding 

reduction in population at a given intensity would have the effect of scaling the 

process along the intensity axis to higher values. The fact that the darkened sample 

has a larger signal indicates that at very high intensities the OFWM signal for the 

fresh sample begins to decline again. At this particular intensity the curve for the 

darkened region is nearer to the peak response than the curve for the fresh region. 

The quasi-steady state. reflectivity data shown in figures 3.11. 3.16. and 3.17. 

were used to calculate a low intensity (non-saturated) value of nz for the darkened 

samples. The data at lower intensities approach a line of slope=2 whose vertical 

displacement on the graph is proportional to (nzL)2. Comparing the appropriate lines. 

normalizing to the sample thickness. and using the accepted value of nz for CSz• the 

nz values for 3-69 and 3-68 are calculated to be 124 x 10- 18 mZ/W and 2500 x 10- 18 

mZ/W respectively. 

Picosecond Experiments 

The setup used for the experiments with the 80ps pulses required minor 

modifications which were described in a previous section. The laser beam has a 

gaussian spatial profile which was focused down to 230J,Lm as measured by a 

Fairchild linear CCO array. The angle between the forward pump and probe was 

reduced to 1°. This was necessary because the samples used were of different 

thicknesses. and. to obtain an accurate comparison of two samples. the conditions 

must either be identical or be easily normalized out. The problem addressed here 

was to maintain beam overlap through both the 2mm and 4.7mm thickness of the 

samples with a beam only 230J,Lm wide. At large angles the beams are not nearly 
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collinear, so that a simple L2 dependence would not apply. In a 10 configuration, the 

variation in the overlap is only a few percent. 

The reflectivity data for CS2, and darkened 3-69 and 3-68, are shown in 

figure 3.18. In this case the unsaturated response of the materials is readily 

achieved at low energy densities. Calculations of n2 err similar to those done for the 

nanosecond data were made for these samples, yielding the n2 err values for the 3-69 

and 3-68 glasses of 65.1 x 10-18 m2/W and 725 x 10-18 m2/W respectively. It should 

be noted again that with the short pulses these results are energy dependent for the 

glasses. n2 err is therefore proportional to the pulse duration. 

In order to investigate the characteristics of the DFWM signal further into the 

saturation regime, the experiments were repeated with 30ps pulses which were much 

higher in energy than the 80ps pulses obtainable from the Quantronix laser. The 

response of the reflectivity versus energy density is shown in figure 3.19. Two 

separate experiments were necessary to obtain data from well below saturation. up to 

just short of the glass damaging. In this case the data at the lower energy densities 

has the same functional form as the curves obtained with the 80ps pulses. However. 

at the higher energy densities there is significant departure from the roll-off 

exhibited by the steady state results. The dynamics taking place during these short 

times and at these large energy densities are not understood. 

The effective n2 values for these conditions were again calculated from the 

non-saturated portion of the data taken with the same samples as before. In this 

case the values for n2 err for the 3-69 and 3-68 glasses are 6.6 x 10- 18 m2/W and 109 

x 10- 18 m2/W respectively. 
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Figure 3.18. DFWM signal versus pulse energy for the 3-68 and 3-69 filters and the 
CS2 reference for the 80ps pulses. The data is plotted as a function of pulse 
energy because the material response time is comparable to the pulse width 
resulting in the experiment being in a transition regime between intensity and 
energy dependence. Using the CS2 response as a reference. the effective 
X(3)'s for the 3-68 and 3-69 filters are 725 x 10-18 and 62 x 10-18 m2/W 
respecti vely. 
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Figure 3.19. The reflectivity response of the darkened 3-68 glass as a function of 
energy density using the 30ps pulses. The higher energy pulses allowed the 
experiment to be extended further than possible with the 80ps pulses (to the 
point of the glass damaging). Two independent runs were made with 
different beam diameters in order to achieve the desired dynamic range in 
the experiment. 
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Material Response Time 

In order to be very useful in future device applications. a material must have 

a response time in the tens of picoseconds or less. A number of studies have been 

done to characterize the response time of the semiconductor doped glasses (Jain and 

Lind. 1983; Cotter. 1986; RoussignoI. et. al .• 1985. 1987; Yao. et. al., 1985). The 

overall conclusion from. the spectrum of results reported is that the response time of 

these glasses is a function of several experimental parameters. Responses ranging 

from less than ten picoseconds up to hundreds of nanoseconds have been reported 

for the same material. but under different experimental conditions. Despite the 

relatively long pulse lengths of the equipment available for this task. some 

experiments were performed on our samples in order to establish order of magnitude 

information under our current conditions. and to establish the trends obtained under 

a variety of conditions. A novel technique utilizing the short coherence length of the 

Quantel laser is utilized. allowing time resolution limited by the coherence time 

instead of the pulse duration. 

The principle behind this technique of "incoherent" DFWM is to compare the 

response of a material in an experiment where the write beams are mutually 

coherent to the response where. the beams are not mutually coherent. When two 

write beams from the same source are delayed such that they are mutually 

incoherent. the beams will interfere with a constant phase only over the period of 

the coherence time. 1 c. If the pulse duration. 1 p' is much longer than 1 c the pulse 

may be modelled as a train of coherent packets where the number of packets is 

'i:!!1p/Tc. If there is no delay between the beams. each packet will interfere with itself 
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with the same phase. If there is delay beyond the coherence length. each new set of 

interfering packets will have some different random phase. If the material response 

time. T1• is much shorter than Te. then the material will respond as the grating phase 

changes due to the incoherence of the laser. which occurs at a rate of ~l/Te' If. on 

the other hand. Tl is longer than Te' the material will sum the gratings over its 

response time. the result of which is a large. uniform change in index with very 

little modulation. In an experiment where the delay of one beam is adjusted so that 

the beam overlap is varied over its full range. a weak signal is obtained over the 

entire range. and a strong. coherent peak is superimposed on it when the relative 

delay is zero. The ratio of the coherent peak to the incoherent "background 10 is a 

measure of the material's response time relative to the coherence time of the laser 

used. Using a simple model of slicing up a pulse into packets. the relationship 

between the ratio of the coherence peak to the background as a function of Tl/Tc. is 

shown in figure 3.20. 

Using the computer to scan the delay of the probe beam. and the boxcar 

averager to record the relative signals. the experiment just described was performed 

on CS2, in order to verify the validity of this method. The data is shown in figure 

3.21. Using Te=30ps and Tpcl5ns for the Quantel laser. figure 3.20 was used to 

evaluate T1• The small (1.27: 1) signal ratio from the CS2 is expected based on its 

response time of ~2.2ps. The chart actually indicates a longer time. but the error in 

the calculation becomes significant for TdTe less than ~1. With our laser. this will 

be the case for the glasses also. under conditions where a fast response is expected. 

As a result. the response times measured should be considered upper limits. The 

results from this technique may be improved by using a laser with a much shorter 

coherence length than the Quantel laser. 
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Figure 3.20. Coherent to incoherent signal ratio versus the ratio of excited state 
decay time to the coherence length of the laser pulse. Gaussian pulses are 
modelled with a T piT c ratio of 500 which corresponds to the Quantel laser. 
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Figure 3.21. OFWM signal from CS2 versus the delay of one of the pulses which 
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corresponds to a response time of =:!:2ps. 



~~~( - coharcnt 

-.., .. "'-~ ~ Incohoron 

-100 -so 0 50 100 1SO 

Fresh 

Darkened 

Delay (ps) 
(a) 

Intensity 

Low 

1.56ns 

.72ns 

(b) 

High 

II Ips 

87ps 

70 

Figure 3.22. (a) An example of the DFWM signal from the 3-68 filter glass versus 
the delay of one of the pulses which form the grating. (b) Results of the 
measurement for various conditions of low intensity (~IOOKW /cm2

), high 
intensity (~7MW /cm2) and prior exposure. 
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An example of the same experiment performed with a sample of 3-68 filter 

glass is shown in figure 3.22, along with the results under different extreme 

conditions. In the glasses we observe variations in 11 consistent with the prior 

studies. At low intensity (~lOOKW /cm2), darkened glass exhibits a response time 

about factor of 2, or more, shorter than that for fresh glass. The most significant 

change occurs with changing intensity; the exposed sample is about 8.2 times shorter 

at high (~7MW /cm2) versus low intensities. For a fresh sample, the difference is 

about a factor of 14. 

For comparison, a more conventional pump-probe experiment was performed 

with the 30ps pulses on the darkened sample of 3-68 glass. For this type of 

experiment two (write) beams. whose delay was held constant, form a grating. A 

probe (read) beam is cross polarized relative to the others to prevent it from forming 

a grating with either of them and delayed over the course of the measurement. The 

result is a series of signal pulses which are scattered from progressively weaker 

gratings. The results are shown in figure 3.23. At low energy density (.7 mJ/cm2
) 

the decay constant 1 is measured to be .89ns. At high energy density (40mJ/cm2) the 

results exhibit the non-exponential behavior of a carrier density dependent lifetime. 

The first portion of the curve may be approximated by an exponential decay with a 

time constant of 1~IOOps. These results are in fairly good agreement with those 

obtained by the previous method. 
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Figure 3.23 (a). A Plot of signal versus read beam delay for a darkened sample of 
3-68 glass at low energy density (.7mJjcm2). The calculated grating lifetime 
was .89ns. 
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Figure 3.23 (b). A plot of signal versus read beam delay for the same sample as 
above at high energy density (40mJjcm2

). The initial grating lifetime is 
approximately lOOps. 
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Summary and Conclusions Derived from Bulk Material Studies 

From the data in the preceding sections. we may conclude that there .{lre two 

different processes occurring in the filter glass samples after exposure to high 

intensity visible light: solarization and a modification of the excited state decay 

processes. The solarization observed is a property of the host glass matrix and is 

observed in a variety of glasses which do not contain crystallites. It is believed to 

be the result of defects or dangling bonds in the glass acting as electron traps. 

Although the presence of the crystallites may increase the number or the effect of 

the defects in the glass matrix. the solarization is not a property of the crystallites 

themselves. 

The apparent increase in recombination rate may have a similar origin. 

These materials already have reasonably short response times (nanoseconds) when 

they are fresh. This is attributed to surface recombination dominating the decay 

process because of the small diameter of the crystallites. This decay apparently has 

intermediate steps. Studies of the photoluminescence of the filter glass (Borrelli. et. 

al .• 1987; Roussignol. et. al., 1987) have revealed that. in addition to a narrow peak 

at the band gap energy. there is also a broad. large peak in the red and near 

infrared. One possible explanation for this additional peak is that a broad band of 

intermediate states have been formed in the glass by defects. At the surface of the 

crystallites. the energy (Le. the excited electrons) is preferentially transferred from 

the crystallite to the nearby recombination sites which have a lower energy. and 

from which they radiatively decay. 

When the filter glass is exposed to high intensity pulses. however. the 

intermediate state no longer participates in the decay process and this low energy 

peak vanishes. Apparently. the properties of the recombination process are 
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consequently changed, because the structure of the defects have been changed. The 

decay becomes non-radiative and faster than before. A faster decay process would 

account for both the reduced effective X(3) and the reduced sensitivity to saturation 

in the DFWM reflectivity and absorption. Because the nonlinearity is primarily a 

result of a population of electrons filling higher energy states, a faster decay 

mechanism would result in a reduced steady state population at a given intensity. 

The net conclusion is that the device designer is faced with the usual trade-off of a 

stronger X(3) or a material with a shorter response time, and may have some control 

over this by the appropriate selection of a host glass. 

There is an additional factor to be considered since the decay rates In 

semiconductors are population dependent, that is 

TO 
T(N) = I + AN 3-2 

where N is the excited state population, To is the low intensity (low carrier density) 

response time, and A is a material dependent coefficient. As was noted in the 

previous section, this increase is quite dramatic at intensities nearing the peak 

DFWM response for these glasses. This affords the device designer both a large X(3) 

and a short response time for certain applications. 

De Rougemont, et. ai., (1987) reported on a possible additional contribution to 

a decrease in the response time by Auger recombination. When there is a high 

density of excited electrons, the probability of one electron transfering its energy to 

another excited electron becomes significant. The result is one electron decaying 

non-radiatively to the ground state and another being excited higher into the 

conduction band, which immediately thermalizes back to the bottom of the band. 

The net result is a faster process and a lower steady state population. Auger 
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recombination is a higher order population dependent process for which 

3-3 

Although de Rougemont et. ai .• modelled this process and claim good agreement with 

their data. Auger recombination is usually only a concern in very narrow band gap 

materials such as InSb. Additional modelling has been done by Ken DeLong in our 

group to establish the significance of this contribution. 

The material is modelled as an isotropic medium exhibiting a nonlinear 

refractive index and absorption. The model assumes a quasi-equilibrium condition 

described by. 

aN = _..li... + O!(v.N)I 
at T(N) hv 3-4 

where N is the number density of excited carriers. T is the decay time of the excited 

state. O! is the absorption coefficient. and I is the beam intensity. This equation 

establishes the carrier density achieved for a given light intensity for known values 

of T and O!. o!. however. is saturable and therefore is a function of N. as is ~n. 

Both O!(N) and ~n(N) are generated from the plasma theory code developed by Banyai 

and Koch (1986). This code is based on a linear response theory for the many 

particle Hamiltonian in a two band approximation of a semiconductor. The 

nonlinear response is obtained by replacing the attractive Coulomb potentia! with a 

screened potential whose screening length depends on the carrier density and the 

temperature. The equations for O!(N) and N(I) are then solved numerically to obtain 

the values of o!. N. and I. which will simultaneously satisfy each equation. The 

functions are then converted to an intensity dependence to obtain ~n(l) and ~O!(I). 

These are then used as inputs to Kogelnik's volume grating theory discussed 

previously. which is numerically integrated over the interaction length to obtain a 
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value for the reflectivity. 

Returning to the original question. the dependence of the state lifetime on the 

carrier density needs to be investigated. Equation 3-2 was calculated using the 

measured. linear a for the 3-68 filter glass. to of lOOps. and several test values for 

A. The experimental results in figure 3.24 show good agreement with the model 

when A~2. The data is shown for the 3-68 glass taken with the Quantel laser. This 

preliminary result indicates that the additional higher order term. proportional to 

(AN)2. introduced for describing Auger recombination. is not necessary to obtain 

agreement between experiment and theory. 

In terms of device application. one needs to know how large n2 is. These 

experiments indicate that an answer may only be given for very specific operating 

conditions. Otherwise. X(3) may be "several orders of magnitude" larger than CS2. as 

has been stated (Jain and Lind. 1983). which is true nearer to the band gap. or above 

it. where the absorption reduces its usefulness. Below the band gap. at sufficiently 

low intensities so that n2 is a constant. the change in index. An == n21. is too small to 

be useful. At high intensities. saturation of the nonlinearity sets in and places 

ultimate limits on the applicability of these materials. Therefore a device designer 

must know what the maximum achievable change of index. Anmax • is. 

Unfortunately. OFWM does not directly measure the total change in index. 

Antot• but only a spatial modulation of An. Usually. OFWM is implemented so that 

it produces a grating by interfering two beams of greatly different intensity. This 

results in a low visibility modulation. Anp_p (peak to peak). on a strong. spatially 

uniform change of index. Antotal' The process of coupling waves through DFWM 

involves only the modulation term. If n2 is independent of intensity and the 
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A=10 
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Figure 3.24. A plot of nFWM reflectivity versus pump intensity. The circles 
represent data from the 3-68 filter glass. the curves represent the results of a 
steady state model of nFWM which includes saturating absorption and a 
carrier dependent excited state decay rate. 1 = 10/( I + AN). where A is a 
material dependent coefficient. and N is the carrier density. A 10 of lOOps 
was used in these calculations. 
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intensities are known. ~ntotal may be determined from the interference equation. 

I(x) "" 11 + 12 + 2 j1J;" cos (21TX/'A + ~¢) 3-5 

to give 

3-6 

where x defines a direction within the medium and ~¢ is an arbitrary phase 

difference between the two interfering waves. If n2 is saturating. however. equation 

3-6 is no longer valid. and ~ntotal may only be determined if the form of the 

saturation is known. If the saturation function is approximated by a two level atom 

model. the maximum achievable value of ~np_p. which occurs at an intensity where 

the DFWM signal has peaked. is ~IO% of the ~ntotal which occurs as the intensity 

approaches 00. 

Another problem mentioned is the effect of absorption on the efficiency of a 

nonlinear process. Although maximizing ~n maximizes device response. the total 

response is proportional to ~n times the interaction length of the process. An 

absorptive medium prevents the use of long interaction lengths. In the case of the 

semiconductor doped glasses. the nonlinearity and the absorption are manifestations 

of the same process. An appropriate material figure of merit would then be 

The minimum value required for this figure of merit has been 

established for a nonlinear directional coupler fabricated from a saturating material 

(Trillo. et. al .• 1986). Using the estimate of ~nmax from the DFWM measurements 

and the two level model sets ~nmax/'Aorx very near this minimum value. indicating a 

strong potential for such an application. However. in the case of a device based on 

DFWM for convolution or time reversal processing operations. the figure of merit for 

these glasses is well within operational limitations. 
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The maximum reflectivity observed in the picosecon4 four-wave mixing 

experiments was about 10%. Applying Kogelnik's volume grating theory. and a 

factor of 10 for the conversion from .anp_p to .anmax• this works out to a change in 

index of =1.5 x 10-5 for our sample of 3-68 filter. It would increase the usefulness 

of these glasses if this characteristic could be improved. As mentioned. n2 can be 

increased at the expense of greater absorption. but in DFWM. for example. the trade

off is detrimental. Because band filling by an excited state population is the primary 

contribution to the nonlinearity. X(3) is proportional to ct when experiments are 

performed near the band gap. Given also that in DFWM the strengths of the 

participating fields deminish as e-QL/2• leads to the proportionality 

R = (X(3)L)2 e-2QL .... > (ctL)2 e-2QL 3-7 

which is a function that peaks fairly sharply near aL .. 1 (figure 3.25). When this 

condition is satisfied. no better efficiency (reflectivity) is attainable. Of the samples 

shown in figure 3.12. 3-68 most nearly satisfied this condition. and it indeed had the 

largest reponse. Any trade-off of interaction length. power density. speed. and 

absorption. only play against one another. to reduce the efficiency below this 

optimum value. 

The only further improvement in the DFWM signal can come from increasing 

the ratio of .anmaJ'Aoct. For operation at a specific wavelength. it has been suggested 

(Rustagi and Flytzanis. 1984) that an increase in the band gap (reduced ct per 

crystallite) together with a compensating increase in fill fraction of the crystallites to 

maintain the original value of ct. will allow more excited electrons to be generated. 

thereby increasing .anmax ' Unfortunately. the chemical balance of these composite 

glasses is such that the crystallite density is very near its fabrication limit (private 

communication with Corning Glass Works). This problem may only be solved by 
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Figure 3.25. A plot of f(~L)=(~L)2e-2o:L which represents a DFWM signal response 
for a material in which X(3) is proportional to~. Note that it peaks at ~L= I . 
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extensive experimentation with other potential host glasses. 

As stated in chapter one, the purpose of these experiments was to identify the 

material characteristics which would effect the choice of material for a device 

application. The present experiments have established that the Corning glasses 

maintain their X(3) better than the Schott glasses after exposure to high energy pulses. 

Since a device should be designed for its exposed and stabilized state, a Corning 

sample was used for the·waveguide experiments. 
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CHAPTER 4 

DFWM IN SLAB WAVEGUIDES 

Introduction 

Nonlinear processes in optics typically need large optical fields to be 

efficient. This can be achieved either with intense laser radiation. usually available 

only from pulsed lasers. or by the confinement of moderate laser power to very small 

cross-sectional dimensions. or by a combination of the two. In "plane wave" optics. 

a laser beam can be focused with a lens to produce high intensities. but the 

interaction length over which large intensities can be maintained is diffraction 

limited. To obtain simultaneously high power densities and long interaction lengths. 

waveguide structures are needed. 

A slab waveguiding structure. one which confines light in one dimension 

only. is typically a film on the order of 1-IOJLm thick. When a lmm beam is 

coupled into a waveguide. its field strength increases by 102_103 • This field 

enhancement can be increased to 104_106 if the application utilizes fiber or channel 

waveguides. to confine the light in 2 dimensions. 

Since the ultimate goal of this branch of research is to achieve all-optical 

signal processing at as low power levels as possible. guided wave or integrated optics 

has become a very important research area. Other researchers have studied. 

designed and/or demonstrated a variety of linear devices in slab or fiber structures. 

usually as a means of producing a device which replaces a larger. discrete 
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Recently. Karaguleff. et. at .. (1985) studied DFWM in a slab waveguide. In 

their case the guide was used to produce an intense field inside a nonlinear liquid. 

CS2• which was used as a cover medium. Unfortunately. the geometry used was 

very inefficient because only a small portion of the field interacted with the CS2• 

Two of the obvious improvements to this experiment are to increase the X(3) of the 

nonlinear material and to improve the overlap of the optical field with the nonlinear 

material by forming the guide directly from that material. A comparison of the two 

geometries is shown in figure 4.1. 

In the previous chapter. we investigated a class of materials with much larger 

X(3) values than CS2• In this chapter we discuss the feasibility of forming 

waveguides from these glasses. First. background information on waveguides is 

presented. Then the techniques used for making and characterizing the guides are 

discussed. Finally. the results and conclusions from DFWM experiments in the 

guides are presented. 
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Figure 4. I. A comparison of the overlap of the optical field and nonlinear medium 
for (a) ~, prior CSz• waveguide experiment and (b) the current waveguide 
configuration. The larger nonlinearity and the greater overlap result in a far 
more efficient process than previously achieved. 
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Waveguide Background 

This chapter presents the techniques for. and the results of performing 

DFWM in a waveguide fabricated in the semiconductor doped glass. First. however. 

it will be instructive to briefly describe some characteristics of guided waves with 

the ray-optic picture of guided wave modes. This will be helpful in obtaining a 

physical and intuitive understanding of waveguides. Then. because of the 

incompleteness of the ray-optic approach. the application of electromagnetic field 

theory to waveguides will be described. Finally. experimental results will be used to 

illustrate the complete process of analysing real waveguides. 

Ray Optics 

A simple slab waveguide is typically formed by a thin layer of material of a 

given index. nr. deposited on a substrate of lower index. ns. The cover or 

superstrate must have an index. nco less than that of the layer. Air is usually the 

cover material. so this condition is readily satisfied. Thus there are 2 interfaces 

from which light may reflect. When light is incident on an interface from the high 

index side it can be totally internally reflected if the angle of incidence exceeds the 

critical angle. ecrit ' defined as 

4-1 

All light launched into this layer at angles greater then 0crit may become trapped or 

guided. bouncing back and forth between the interfaces as it traverses the length of 

the guiding layer. There is another constraint. however. Each time a ray is 

reflected at an interface a new wavefront is formed. After a full cycle of 

reflections the new wavefront must be in phase with the original un reflected 

wavefront. The difference in optical path between them is 2dcose. as shown in 
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figure 4.2. The reflected wave has also experienced phase shifts. 2¢c and 2¢s. at the 

interfaces given by 

4-2 

where 

~ r= I for TE modes 

For the wavefront phases to match. the "transverse resonance condition". 

2knfdcose - 2¢c - 2¢s .. 2V1T 4-3 

must be satisfied. where v is an integer. This is the dispersion relation for the 

guided modes. It yields the propagation constants. (31) = knfsine. and minimum film 

thickness required when the index values of the three media are used as input 

variables. There are only a few discrete values of e for which light will propagate 

and satisfy the dispersion relation. Calculations based on this approach are correct. 

but not useful for describing the fields. If instead. Maxwell's equations and the 

known boundary conditons are used. both the modal propagation constants as well as 

the field profiles for each mode may be calculated. 

Wave Optics 

As an example. consider the TE modes for the slab configuration. which is 

uniform in the y direction (figure 4.I(b». The starting point is the usual Maxwell's 

equations. namely 

v x E = -aB/at 

V x H .. aD/at 

where all of the fields have the form 

4-4 
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2Knf d cos e - 2'fc - 2'fs = 2v1l' 

Figure 4.2. The geometry of the "transverse resonance condition" for obtaining a 
modal solution in a slab waveguide. The ray-optics approach requires that 
an unreflected ray (A) and a reflected ray (B) must be in phase after a full 
cycle of reflections. The difference in optical path between the rays is 2knrd 
cose. Adding the phase changes due to reflection defines the modal 
dispersion relation shown. 



88 

E E i(wt - kz'z) .,. e + c.c. 

Suppressing the time dependence and reducing the equations to just two field 

variables. 

v x E c: -jwJLH 

v x H c jWEE 4-5 

Specifically for TE modes which have an electric field component in the y direction, 

~Ey .,. -wJLHx 

aEy/ax -= -jwJLHz 

aHz/ax + j~Hx ... -jwEEy 

Eliminating the magnetic field components leads to the wave equation. 

k c w/c 

This equation can be solved in each region to give 

where 

Ey 0: Ec e -'Y c(x-d) 

Ey -= Er cos("rx - <Ps) 

d<x 

O<x<d 

x<O 

These equations are subject to the usually dielectric boundary conditions 

en . (B1 - ~) .,. 0 

en x (E1 - ~) ... 0 

en . (D1 - D2) c: 0 

en x (HI - "2) .,. 0 

4-6 

4-7 

4-8 

4-9 

where en is the unit vector normal to the boundary. Solving gives the field 

amplitudes and phase shifts. 

tan <Pc,s'" 'Yc,s/kr 4-10 
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and the dispersion relation 

4-11 

which is equivalent to that obtained from the ray-optic approach. A diagram for the 

field distribution of the lowest order guided mode is shown in figure 4.3. The 

details of the approach may be found in Kogelnik (1979) or in a more complete 

discussion in Kapany and Burke (1972) and Marcuse (1974). 

The next problem is how to couple light into a waveguide structure. There 

are several methods (figure 4.4). the most obvious of which is to focus a beam onto 

the end of the slab. The light that has a field distribution which matches a modal 

field of the waveguide will couple into the appropriate mode. This technique does 

not result in high coupling efficiency nor effective mode selection in a slab 

waveguide. 

The most versatile technique. especially in a research situation. IS prism 

coupling (Tien and Ulrich. 1970; Ulrich. 1970. 1971). A prism. as shown in figure 

4.4. with a refractive index greater than nr is placed in close proximity (on the order 

of the wavelength of the light used) to the guiding layer. The input beam angle. ej • 

is adjusted so that the z component of the k vector in the prism matches the 

propagation constant. f3v • of the mode of interest. As long as the air gap between the 

prism and guide surface is comparable to the wavelength. the evanescent tail of the 

light reflecting from the bottom of the prism can excite the mode and energy will be 

transferred from the beam to the guided mode. This is a coherent process governed 

by a coupling coefficient. which depends exponentially on the air gap thickness. In 

theory. with the correct input field profile and gap taper. coupling efficiencies can 

approach 100%. However. outcoupling occurs simultaneously with incoupling and so 

the interaction region must be terminated (usually by the end of the prism) when the 

maximum amount of mode energy is excited. In practice. one can achieve 40% - 50% 
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Figure 4.3. Electric field profile of the lowest order TE mode in a slab waveguide 
obtained from a wave-optics approach. 
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Figure 4.4. (a) The technique of end-fire coupling light into a slab waveguide. A 
beam is focussed to a diameter comparable to the thickness of the waveguide. 
(b) The technique of prism coupling into the guide. The evanescent tail of 
the optical field reaching from the prism into the waveguide excites a mode. 
The mode energy builds with distance until the source is terminated or the 
outcoupling process begins to dominate. 
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when nonlinear effects are not present. This technique was used in the waveguide 

nFWM experiments described next. 
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Waveguide Fabrication and Analysis 

The waveguides used in these experiments were fabricated using the well 

characterized technique of ion exchange (Stewart. et. al.. 1977; Yip and Albert. 

1985~ Gortych and Hall. 1986~ Cullen. et. al .• 1986). A substrate material. usually a 

glass containing some amount of sodium (7-14% by weight) is placed in a bath of 

melted salts. AgN03• KN03• or LiS03 for example. In time the anion (Ag. K. Li) of 

the salt migrates into the glass matrix replacing some fraction of the sodium. The 

change in composition. of the surface layer results in an increase of refractive index 

linearly related to the density of the new constituent. This fabrication technique has 

many advantages over the other common approach of depositing a high index layer 

on a substrate of a different material. It is fast. simple to implement. and very 

inexpensive. requiring very little in the way of equipment. unlike layer deposition 

which requires a vacuum chamber and associated equipment. Because the guide is 

formed from the substrate itself by a minor chemical change. the quality of the 

waveguides is quite good and repeatable when the right salt is used and the simplest 

attention to detail is applied. Assuming that absorption in the guiding layer is not 

caused by the new ion in the matrix. the waveguide quality depends on the bulk 

optical properties of the substrate and the quality of the surface polish prior to ion 

exchange. In the case of vacuum deposited films. there are two interfaces to scatter 

from and. because the deposition process exhibits a great deal of anisotropic 

structure. surface and bulk defects form in the layer and act as sources for stray 

scattering. 

There are. however. a few disadvantages to the ion-exchange process. First. 

this technique is only useful for a small variety of materials. basically a few types of 

glass. However. a similar approach has been used to fabricate Ti:LiNb03 indiffused 
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waveguides. extending the applicability of a diffusion approach to other materials. 

Thermal evaporation or sputtering on the other hand may be used with nearly any 

inorganic material. as well as many organics. Secondly. depositing a guiding layer 

produces 2 regions of uniform index with a step change between them. As shown 

in the previous section. this situation is easy to model. Such modelling can be easily 

verified by direct measurement of the key parameters: the refractive indices and 

layer thickness. In the case of ion exchange. the index of the material varies 

monotonically as a function of depth. The resulting index profile requires a far 

more involved characterization process to determine the paramenters used to design 

guides. The methods used to characterize the samples for these experiments were 

thoroughly described by Walker (1981). The basic process for semiconductor doped 

glasses was described by Cullen. et. al .• (1986). 

First. a sample of glass is ion-exchanged for a long period of time to produce 

a multimode guide. The mode index data is fitted to an inverse Wentzel-Kramers

Brillouin (WKB) (Finak. et. al .• 1982) model to obtain the surface index value and a 

best fit curve for the index profile. The form of the profile is determined by 

solving the nonlinear diffusion equation (in one dimension) 

ac a [01 ac) -c- ----
at ax l-~c ax 

4-12 

where Co is the initial ion concentration in the glass. c is the normalized 

concentration of the in-diffused ions and 0 1 and 0 0 are the self diffusion coefficients 

of the new ions and the sodium respectively. By adjusting ~ and 0 1 a spatial index 

profile is found which best matches the WKB profile produced by the measured 

data. thus establishing the diffusion parameters. ~ and 0 1, of the glass at a given 
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temperature. One may now use these values to design or analyse single mode 

waveguides. 

The procedure is as follows. ct and Dl are used as inputs to a program 

which calculates a normalized index profile for a guide. A scaling coefficient for 

the depth of the index profile is assigned as an initial estimate. A varitional 

technique is then used to calculate the field profile which satisfies the Helmholtz 

equation. 

4-13 

and which provides {3's equal to those experimentally measured or desired in a 

particular design. The technique requires restating the equation as an integral over 

all space and then numerically minimizing {32 by adjusting the the form of the field 

profile. The field profile is approximated by the first ten Hermite-Gausian basis 

functions. The minimization is performed by setting the derivatives of {3 with 

respect to the basis function coefficients to zero. and then solving for these 

coefficients. Since the program requires a starting point from the user and can only 

supply a single minimum. this process must be repeated with different initial 

conditions to find the solutions for other modes if the guide does have more than one 

mode. If the final calculated {3 does not match the measured value. a new scaling 

coefficient for the depth of the index profile is input and the process is repeated. 

Once the calculated and measured {3's do match. the analysis (or design) is complete 

and all quantities of interest (ri. D1• n(x). Ev(x). (3) are known. 

In prior studies the use of Ag+ as the in-diffused ion was quite common 

(Stewart. et. at .• 1977). In most cases. however. it was found that the glass would 

turn black as the silver oxidized. The oxidation would take place either during the 

ion-exchange process or over months thereafter. depending on such conditions as the 
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temperature of the exchange or the purity of the melt. This made for very poor. 

highly attenuating waveguides. Subsequently the potassium ion was used since it 

did not affect the glass in any observable way other than changing its index. KN03 

was used as the melt throughout the current study. 

As expected. the ease of fabrication (i.e .• how short a period was required to 

do the exchange) was closely correlated to the sodium content of the untreated glass. 

The soda-lime base Schott glasses (E!!14% sodium) will show a single mode after 5-10 

minutes of ion-exchange at 400°C. The borosilicate Corning glasses (E!!7% sodium) 

exhibit only a single mode after 24 hours. Initially it was believed that only the 

soda-lime semiconductor doped glasses would ion-exchange to produce waveguides. 

As a result. the Corning glasses had been ignored and many nonlinear waveguide 

experiments were attempted with Schott filters only. The discovery of many 

unsuitable linear and nonlinear features of these glasses prompted further 

examination of the borosilicates as candidates for ion-exchange. I then found that 

with enough patience the Corning borosilicate-based semiconductor doped glasses 

would indeed form waveguides. They immediately became the best samples for the 
/' 

nonlinear waveguide experiments. 

Our samples were treated for 30 hours in KN03 at 400°C. The resulting 

guides were analysed using Walker's (1981) computer programs to determine the 

turning point values of the index profile and the field profile of the waveguide. 

These values were found to be 3/Lm and 3.84/Lm respectively. 

The losses in the guide also had to be determined in order to maximize the 

DFWM signal. as well as to calculate the in-guide DFWM reflectivity. Losses were 

due to coupling losses. absorption. and volume and surface scattering. The 

absorption and volume scattering losses are known from the measurements on the 



97 

bulk glasses. The others require specific measurement in the waveguide structure. 

The total loss. including surface scattering. was measured using a technique 

developed by Himel and Gibson (1987). The apparatus is shown in figure 4.5. 

Light is coupled into the guide using a high index prism. The beam propagates 

along the guide showing a visible streak due to scattering. This light is collected by 

a coherent fiber bundle which leads to a scanning slit and a photomultiplier. The 

intensity of the scattered light is proportional to the light intensity within the guide. 

The result of the measurement is an exponentially decaying signal which may be 

directly translated into a loss coefficient in dB/em. An example of the decay 

observed is shown in figure 4.6. The loss measurement is completed by fitting a 

line to this data after it is plotted in log form and the noise is removed. as shown in 

figure 4.7. Subtracting the previously measured bulk losses from this measurement 

for the Corning 3-69 waveguide gives between .1-.3 dB/em loss due to the guiding 

structure alone. 

The coupling losses incurred at the prism-waveguide interface were also 

measured. This was accomplished by measuring the total throughput of a 

waveguide. The output coupling is assumed to be 100% efficient. The absorption 

and scattering losses were first subtracted from the total loss. The remaining loss is 

due to input coupling. Unfortunately. prism coupling is not as repeatable as other 

coupling techniques because the air gap and therefore the coupling coefficient is 

different every time the prism is placed against the guiding surface. As a result. 

several independent measurements of throughput. between which the prism was 

removed and replaced. were made with the same waveguide. These measurements 

were made with both the Quantel and Quantronix lasers and with various beam spot 

sizes at the coupling interface. The results are listed in table 4.1. The consistently 
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Figure 4.5. Schematic layout of the test equipment used to make waveguide loss 
measurements. The fiber bundle collects scattered light from the guide. the 
image of which is scanned by a PMT. The computer drives the equipment. 
collects the data. fits the data to an exponential decay. and presents a loss 
value in dB/em. 



99 

4000 

.-. 
c 
=! 3000 

..0 
L-
a 

'--' 

..... 

..c 2000 
Cl 

::i 
"'C 
QJ 

~ 1000 ..... ..... 
a 
0 

(f) 

00 2 4 6 B 10 12 

Position (mm) 

Figure 4.6. A plot of scattered light intensity with propagation distance obtained 
from a loss measurement scan. Note that the large upward peaks are due to 
greater than average surface defects and should therefore not be included in 
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in the fiber bundle and must also be removed. 
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Figure 4.7. A log plot of the scattered light intensity versus propagation distance 
with the best fit exponential curve to data after the noise spikes have been 
removed. The total waveguide losses for the 3-69 waveguide were found to 
be 4. I dB/em. only slightly larger than the bulk losses of 4.0 dB/em. 
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Quantronix Quantronix Quantronix Quantel 

Imm .5mm .26mm 3mm 

Trial 1 5% 5% 8% 4.7% 

Trial 2 3% 3.5% 7% 6.6% 

Trial 3 11% 13% 25% 3.1% 

Range 3-11% 3-13% 7-25% 3-7% 

Table 4.1. Results of prism coupling efficiencies based on several trials of 
transmission measurements for pulses from both the Quantel and Quantronix 
lasers. Several beam diameters were used in order to identify the optimum 
coupling spot size. 
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higher coupling efficiencies achieved with smaller beam diameters indicates that the 

air gap was relatively small, resulting in characteristic coupling lengths of less than 

or equal to .25mm. It should also be mentioned that measurements were made over 

a range of intensities from :l!IOkW /cm2 up to :l!7MW /cm2, at which point the prism

waveguide interface damaged. This was done in order to identify any significant 

nonlinear coupling effects which would affect OFWM calculations. The sample 

consistently damaged before any were observed. 
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DFWM in Waveguides 

The beam geometry used for waveguide DFWM required a small modification 

from the bulk experimental setup. The angle between the pump and probe was 

increased to 90°. Extra mirrors were required to allow beam adjustment to the 

required input coupling angle. which was approximately 22.6°. See figure 4.8. Each 

beam was adjusted separately to achieve maximum throughput (energy outcoupled by 

the second prism). Four prisms were required to align the experiment. only three 

are shown in the figure. The 90° configuration was employed to minimize stray 

light scattering from the pump beams (primarily the back pump) into the conjugate 

signal direction. This is a greater concern in a waveguide than in a bulk experiment 

because the coupling points introduce a great deal of forward scattering within the 

guide. resulting in a transmitted beam which looks more like a line than a spot. The 

divergence angle of the majority of the scattered light ranges from 15-30°. depending 

on how good the coupling spot is. 

The prism outcoupled DFWM signal was clearly visible to the eye. The main 

source of noise was backscatter from the probe beam input prism coupler. The 

conjugate beam was propagated through several apertures in order to minimize this 

stray light. However. a spatial filter was not used since absolute reflectivities were 

required and spatial filtering removes some unknown amount of the signal. Blocking 

any of the three beams caused the signal to disappear. as required. We did not 

attempt to put a phase aberrator in the probe beam to test for cancellation of the 

aberration. This standard test of phase conjugation was not applicable here since 

the spatial phase information of the probe beam is lost during the coupling process. 

This is due to the fact that during the incoupling process the field profile. along with 

its phase information. is integrated along the dimension of the field enhancement. 
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Figure 4.8. Experimental beam geometry for waveguide DFWM experiments. Four 
prisms were used in order to maximize the input coupling efficiencies. Only 
three are shown because only three are required for DFWM. Note that there 
was a great deal of forward scattering at the coupling interfaces. the 90° 
geometry was used in order to minimize the amount of stray light from a 
pump beam which was scattering into the conjugate beam direction. 
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The only case in which phase information may be retained is when the phase is 

independent of the dimension over which the integration occurs. 

The results in figure 4.9 for the externally measured DFWM reflectivity 

exhibit some interesting properties. The slope of the reflectivity curve is 0.56. rather 

than the value of 2 expected in DFWM from an ideal Kerr medium. This is 

indicative of strong saturation of the nonlinearity in the semiconductor doped glasses 

at the intensities present in the guide. as confirmed by independent DFWM 

experiments performed in the bulk glasses. The strong drop-off at very high 

intensities is due to burning of the prism couplers. which damage at these high 

incident power densities. This burning was obvious when the prisms and waveguide 

were examined after the experiment. 

The calculation of the absolute value of the waveguide DFWM reflectivity 

depends critically on several waveguide parameters. Measured input coupling 

efficiencies for our experimental set-up varied from 3% to 6%. To convert from the 

experimentally measured reflectivities and powers to our estimates of these quantities 

inside the waveguide. an input prism coupling efficiency of 3% and an output 

coupling efficiency of 100% was assumed. An effective beam area in the waveguide 

was also needed in order to calculate power densities. The effective field depth 

used was the turning point value determined earlier. 3.84/lm. The field/medium 

overlap integral is assumed to be 1. Additional volume and waveguide losses due to 

the longer propagation distances in the guide were taken into account to allow direct 

comparison with the bulk results. 

With these corrections. both the internal (in the waveguides) input intensities 

and reflectivity are significantly increased. A comparison of the responses is shown 

in figure 4.10. Assuming that the nonlinear properties of the material are unchanged 
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Figure 4.9. A plot of the externally measured DFWM reflectivity versus pump 
intensity incident on the 3-69 waveguide taken with the Quantel laser. The 
initial slope of .56 indicates strong saturation. The strong drop-off at higher 
intensity is due laser damage to the coupling interface. 



106 

10 -2~ _______________________________________________________________ ~ 

10 

-0 .-> .-
+oJ 
() 
(I) 

~ 

(1)10-4 n::: 

1 
Input 

10 
Intensity 

Internal 

10 2 

(MW/cm 2) 
10 ;3 

Figure 4. 10. A plot of the reflectivity versus pump intensity with the nanosecond 
laser of the externally measured reflectivity. the bulk response for the 3-69 
glass. and the calculated reflectivity internal to the waveguide corrected for 
coupling losses. waveguide losses. and change in beam dimensions. 



107 

by the ion exchange process (a difficult assumption considering the complexity of the 

chemistry of the glasses). one or more of the values assumed above appear to be 

incorrect. since the internal values should match the bulk values. Decreasing the 

value of the overlap integral or decreasing the waveguide depth will serve only to 

shift the internal curve parallel to the input intensity axis. towards the bulk data. In 

this way. some specific value of reflectivity from each curve could be made to 

coincide. but the slopes would not match at all. Clearly. this alone cannot explain 

the discrepancy. However. reducing the assumed value of output coupling from 

100%. shifts the curve directly upward. along the reflectivity axis. A reduction to 

6% would make this curve a reasonable extension of the bulk curve except for 

details of the saturation region. A decrease in the input coupling to .5% will shift 

the curve equally along both axes to overlap the curves such that the slopes of each 

curve in the middle of the overlapping region will match. Again. this is a 

reasonable approach to take. especially since the coupling efficiencies and DFWM 

reflectivities were measured in separate experiments between which the laser was 

repaired. However. the forms of the saturation cannot be made to match. In such 

case. simple factors such as coupling efficiency cannot achieve the required match. 

This raises the question of whether the material properties have changed 

during ion-exchange. Considering that some of the properties are derived from 

structural defects and impurities in the glass. some modification would be quite 

reasonable. Further experiments are required to confirm this hypothesis and 

distinguish such effects from errors in coupling. and other !mch paramenters. 

The experiment was also performed with the Quantronix laser as the light 

source. in conjunction with a high gain. high linearity photomultiplier tube. Because 

of the shorter pulses and lower energy per pulse. better isolation from stray scattered 
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light and a greater dynamic range were achieved than was possible with the 

nanosecond pulses. The results are shown in figure 4.11. Just as with the 

nanosecond experiment the signal was quite visible. It was better. in fact. due to the 

higher coupling efficiencies of the narrower beam. The lower integrated energy of 

these pulses was not. however. enough to damage the coupling interface. In this case 

also. there were no nonlinear coupling effects observed within the range of available 

pulse energies. 

In this case the DFWM reflectivity begins just prior to the onset of 

saturation. and rises almost to the peak reflectivity. The curve follows the exact 

same form as the bulk curves in figure 3.18 except that it is extended further into 

saturation. due to the higher power density available in the waveguide configuration. 

This would imply that no serious functional changes are occuring in the material 

during ion exchange. and that it would be beneficial to have more exact knowledge 

of coupling parameters. for example as available with grating couplers. 
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Figure 4.11. A plot of the reflectivity versus pump pulse energy in the 3-69 
waveguide taken with the gOps pulses. The response is identical to the bulk 
results. 
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CHAPTER 5 

SUMMARY AND FUTURE DIRECTIONS 

The prior chapters have described work which has led to promising new 

results in nonlinear integrated optics. The principal accomplishments are 

summarized below. 

I. Material properties were characterized for some samples of 

semiconductor-doped glasses which were relevent to DFWM and other 

nonlinear device applications. These properties include the absorption 

coefficient and saturation of the absorption at high intensity (or energy); 

the nonsaturated n2 err as well as the maximum saturated value of ..6.np_p 

of the darkened glasses for both short (30ps and 80ps) and long (lSns) 

pulses; 

2. It was shown that both at and n2 for the semiconductor doped glasses are 

not stable. With extensive exposure to high energy pulses ( e.g., 3000 

shots at 20MW /cm2), at may show a slight increase and n2 may show a 

marked decrease. Both changes occur to various degrees in different 

samples. 

3. It was shown that the material response time is carrier density dependent 

but the T in the DFWM model does not require the Auger recombination 

term for the model output to be accurately fit to the current data. 

Darkening of the glass also results in a shorter response time. 
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4. It was discovered that the Corning filters were actually chemically 

suitable for K+-ion exchange (a single mode in E!!:24 hours at 4000C). 

although with a far longer diffusion time than the Schott 7183 glass 

filters ( a single mode in E!!:10 munites at 4000C). 

5. Excellent single mode waveguides were fabricated from the Corning 

filters with. waveguide losses of .1-.3 dB/cm. 

6. Efficient DFWM was achieved in a waveguide structure. An external 

reflectivity of 3 x 10-4 was obtained which is E!!8 orders of magnitude 

greater than that obtained in a similar experiment where a CS2 cover 

layer was used as the nonlinear medium on a waveguide made of a 

linear material. 

The results of this work do. however. point out a more sobering conclusion. 

One of the reasons for using a waveguide configuration is that larger fields may be 

produced. thus achieving greater efficiency in nonlinear processes. The saturation of 

the nonlinearity in these glasses limits the efficiency of DFWM. The 10% reflectivity 

may be achievable at lower energy levels in a waveguide. but the maximum 

conversion efficiency will remain the same. In fact. the coupling and guiding losses 

unique to a waveguide configuration will reduce that limit even further. 

The results of this thesis have revealed several areas of interest which 

require further study. First. a more detailed understanding of the solarization 

process is needed. This darkening of the glass affects every aspect of the nonlinear 

nature of these composite materials. Whether it is an inherent property of the host 

glass or the composite needs to be established. This may be done with experiments 
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on samples of doped and undoped melts which have recently been made available. 

If the solarization is due only to the choice of host glass. these filter recipes may be 

redeveloped. guided by the new goal of controlling and utilizing this effect. 

Improvement in the X(3)/CJ. ratio for these glasses would be well received. 

This is also related to the problem of the chemistry of the glasses. and may be 

addressed by discovering new melting processes or chemical recipes which allow for 

higher number densities of the microcrystallites in the composite material. 

Alternatively. investigation of other semiconductors may identify one which saturates 

at a much higher .::lnmax ' 

A better understanding of the saturation of CJ. and n2 in the glasses is needed. 

A great deal of modelling of both the high intensity transmission meaurements and 

the reflectivity from the OFWM experiments has been done with limited success. 

The nanosecond results have shown good agreement with experimental data over the 

full range of the experiments. However. the picosecond results deviated significantly 

at high energy densities. after the maximum OFWM signal is reached. 

Finally. this work has shown that these materials have strong potential for 

use in nonlinear device applications. The next step to be taken is that of 

demonstrating practical signal processing operations in a waveguide. The experience 

gained by such device development work with the current materials could then be 

readily applied to new materials in the future. when the materials catch up to the 

applications already devised. 
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APPENDIX 

Conversion of X(3) to n2 

In the literature there are a variety of ways to quantify a nonlinearity. 

These include a nonlinear susceptability or a nonlinear refractive index. each in 

either electrostatic units or MKS units. Even then. there are different ideas about 

the definitions of quantities within each system. In this section. equations relating 

each of the above will be derived from basic principles. Then any differences in 

definitions or results with those reported by other authors will be pointed out. 

We start by defining the electric field as 

E(w.t) = ! E(w) ei(wt-kz) + C.C. 

The electric displacement is defined in MKS units as 

In the case of a significant 3rd order nonlinearity. 

where 

and 

or 

n tot cr ( I + Xtot )1/2 

Xtot = X(I) + X(3) E2 

no = ( I + X(I) )1/2 

We now rearrange and expand in a Taylor series. 

no + n2 E E2 ... no I + ~ [ 
(3) E2]1/2 

. no 

A-I 

A-2 

A-3 

A-4 

A-5 
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A-6 

which gives 

A-7 

In the more practical case. one is concerned with intensity dependence instead 

of E2 dependence. So 

A-8 

where A-9 

then 

and A-IO 

In electrostatic units one begins with a different definition of D and follows 

an identical procedure with the appropriate substitutions: 

D == ( 1 + 41T Xtot ) E == n2E A-II 

where equation A-3 and A-4 become 

n tot = ( 1 + 41T Xtot ) 1/2 A-12 

no '" ( 1 + 41T X(I) ) 1/2 

and ntot .. no + n2.E ~ == ( 1 + 41T X(I) + 41T X(3) E2 )1/2 A-13 

Again. expanding in a Taylor series. 

[ I + 
41T X(3) E2]1/2 

no + n2.E E2 c: no n
0

2 



and 

n + n E2 ... n + ....:..47T:;.-<lX~(3_) -=E::....2 
o 2.E 0 no 

27T X(3) (esu) 
n2.E (esu) ... 

lIS 

A-14 

A-IS 

At this point we start again at equation A-8 and equate quantities In 

different systems of units: 

A-16 

where we apply equations A-9 and A-IS. and rearrange to get 

(n2.E E2)(esu) = 
n2.1 (mks) = I 

(mks) 
A-I7 

where Ecmks) = 3 x 104 Ece5u) ( I statvoIt/cm ... 3 x 104 Vim ) A-I8 

so fO ... 
367T X 109 

or A-I9 

This constitutes the most important relationship since X(3)(esu) and n2.1 (mks) are 

the two most commonly used quantities in the literature. Yariv and Pepper (1983). 

however. do make some quantitative comparisons of X(3)(esu) and X(3)(mks) for CS2 in 

DFWM calculations. By equating A-IO and A-19. one obtains 

1 [47T]2 10-7 X(3) 3 no (esu) 

or (3) (47T) (3) X (mks) -= 32 X 108 X (esu) A-20 
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Yariv and Pepper's conversion differs from this by a factor of Eo because the 

polarization they use was defined as XtotE as opposed to EoXtotE as has been used 

here. Removing this factor from A-20 gives their conversion factor: 

X(3) 
X(3)(mks) .. (esu) 

34 X 1017 

When the electric field is defined without the 1/2 as done by Gibbs (1985). 

equation A -7 becomes 

and equation A-15 becomes. 

4 (3) 
1T X (esu) 

n2.E (esu) 1m no 

These factors of two balance each other when the equations are put in terms of 

intensity. so all other equations remain as derived. 
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