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ABSTRACT 

The incentive for conducting Degenerate Four Wave Mixing (DFWM) 

within guided wave devices is two-fold: 1) By coupling the optical beams 

into guided wave devices, the optical power densities can be increased 

orders of magnitude due to the tight confinement of the beams. Such an 

increase in power density means a concomitant incease in conversion 

efficiency of the signal beam. 2) The potential signal processing 

applications of DFWM (logic gates. switching, correlation/convolution). 

particularly for ultra-fast serial processing, would be better exploited, 

and adjoined to existing integrated circuit technology, by such an 

integrated optic/guided wave approach. 

In this dissertation we describe experiments and present data 

confirming the pres~nce of DFWM within a planar glass thin film with 

carbon disulphide as the nonlinear cover medium. Optical pulses from a 

4-switched. frequency doubled Nd:YAG laser are coupled into the giass 

film. The nonlinear polarization required to produce the desired 

conjugate signal is generated within the CS
2 

by the evanescent tails of 

the guided input beams as they probe the nonlinear cover medium. The 

signals measured agree well with theory. but because they were so small 

in magnitude. signal-to noise ratios were small due to stray background 

radiation scattering from beamsplitters and other associated optics. 

Additionally. recent studies (Jain & Lindt 19~3) indicate 

nonlinear responses in semiconductor (CdS/Se) doped glasses. 

x 
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commercially available as color glass fil ters. that are orders of 

magnitude higher than corresponding nonlinearities within CS
2

• in addition 

to possessing subnanosecond response times. We have performed 

experiments upon such glasses in an effort to fabricate nonlinear 

optical waveguides within them via ion-exchange techniques. We have 

successfully fabricated single mode planar guides. but they are 

currently too lossy to allow demonstration of any guided wave 

nonlinearities. Also, we describe experiments in which we nave measured 

(bulk.) DFWM grating lifetimes with greater precision than previously 

reported. Results indicate a fast (20 to 50 pico-seconds. depending on 

the particular glass) electronic response. superimposed upon. but clearly 

distinguishable from, a slower (lO's of nanoseconds) thermal response. 



CHAPTER 1 

INTRODUCTION 

Degenerate four wave mixing (DFWM) has received considerable 

interest over the years due to its potential applications to optical 

signal processing (O'Meara, Yariv, 1982). Nonlinear signal delay lines. 

time reversal of optical pulse profiles (Miller, lY82), optical logic 

(Fleuret, 1984), bistability (Winful, 1980), and bandpass filters (Pepper, 

Abrams, 1980) are among the numerous processing applications that have 

been discussed. 

The DFWM signal efficiency is proportional to the product of the 

electric field amplitudes, and thus to the power densitie's, of the three 

input optical beams overlapping within the nonlinear medium. For this 

reason, guided waves provide an ideal vehicle for DFWM: Hy coupling the 

input optical beams into guided wave devices, the optical power d~nsities 

can'be increased by orders of magnitude due to the tight confinement of 

the beams. Such an increase in power density means a concomitant 

increase in conversion efficiency of the beam. To date, this idea has 

been demonstrated via several different approaches: in multi-mode 

optical fibers (Dunning. 1982; Yariv, AuYeung, et. al., 1~8U), within CS1 

filled stainless steel capillary tubes (Jensen, He11warth, 1~78), as well 

as in surface plasmon configurations (Nunzi, et. al., 1984). Specifically, 

in the area of integrated optics, convolution and time reversal have both 

been suggested (Stegeman, 1983), and cross-sections have been derived 

(Karaguleff, Stegeman, 1984). 

1 



2 

Thin-film/integrated optic approaches are of particular interest 

because of the additional advantages that they provide: namely, that 

many of the signal processing applications listed above could be better 

exploited, and adjoined to existing integrated circuit technology by such 

an integrated optic/thin-film approach. In addition, greater spatial (i.e. 

angular) bandwidth is available in thin film devices than in fiber optic 

devices. 

While we haven't yet demonstrated any of the more exotic signal 

processing features described above, we have performed experiments which 

we feel make a significant contribution toward more practical device 

implementation in the future. 

In the first experiments performed, we have demonstrated what 

we believe is the first observation of DFWM in a thin-film waveguide. 

Figure 1.1 shows the sample and beam interaction geometry used. The 

glass thin film was not used directly to provide the required nonlinear 

response, since X(3
), the third order susceptibility, tor glass is so low. 

(3) -20 Instead, a small quantity of CSt' whose X is 2xlU (MKS), was used 

as a nonlinear cover medium for the waveguide, held in place by a 

hollowed out glass cell, poliShed and optically contacted to the thin 

film surface. Around this cell the high index coupling prisms are 

arranged so that the guided wave pump and probe beams would intersect 

within the CSz cladding region. The weak nonlinear polarization 

responsible for generating the conjugate signal is thus excited by the 

evanescent tails of the pump and probe beams as they probe the nonlinear 

cover medium. 
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HOLLOWED GLASS 

CELl. TO HOLD 

THIN-FILM WA VEGUIOE 

CONJUGA TE ~ PRoee 
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- -
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TOP VIew 

Figure 1.1. Waveguide/cell set-up for CS~ experiment. The cell is 
optically contacted to the thin film in order to hold the C~~ in place, 
and away from the coupling prisms. The c::;~ is injected into t:he ceLL 
through the rubber tubes emanating from it aiter optical alignment: is 

completed. 
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The above experiment was successful insofar as demonstrating 

that DFWM can indeed be conducted within a thin film, and that the 

theory developed in Chapter 4 is accurate. Unfortunately, the intensity 

of the conjugate beam emitted from the waveguide was quite small, and in 

fact comparable in magnitude to the stray, background radiation that is 

scattered from the surfaces of beam splitters, coupling prisms. and 

other associated optics. So pronounced was this background contamination 

that the only way the presence of the DFWM signal was confirmed was by 

plotting signal output as a function of input laser intensity, and 

subsequently decomposing such a plot into its linear, undesired 

background component, and the cubicly increasing UFWM signal via a least 

squares power series analysis. Clearly, conjugate signals of much 

greater intensities are required if they are to be used for any signal 

processing applications. 

One way to improve the conjugate signal intensity would be to 

replace CS with a more highly nonlinear material, such as a 

semiconductor (Jain, Opt. Eng., 1982), or an organic dye (Buck, et. al., 

1983). Both types of material exhibit nonlinearities much greater than 

that of CS2, but, likewise, are much slower. The large nonlinearities of 

such materials are due to real electronic transitions (valence band to 

conduction band, valence band to exciton, or molecular orbital 

transitions). Consequently, their speeds of response are slowed down by 

the excited state lifetimes of the transition excited. 
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Secondly, the conjugate signal response can be improved if the 

thin film medium itself consists of a nonlinear material, since it is in 

this region where most of the optical energy is contained. Unfortunately, 

Kerr liquids like CS~ don't lend themselves well to convenient thin film 

fabrication. 

Ideally, we would like an easy method of fabricating optically 

nonlinear thin films out of materials that possess a higher nonlinear 

response than Kerr media, and that also retain some degree of the speed 

of response that Kerr media have. We feel that such a material may exist 

in the form of inexpensive, commercially available semiconductor 

(CdS Se 1 ) doped glasses. These glasses are sold by several x -x 

manufacturers (Schott, Corning) for use as long wavelength pass 

absorptive color filters. Their transmission vs. wavelength 

characteristics, shown in figure 4.2, are tuned by adjusting the relative 

concentration of sulphur to selenium. 

The relatively large nonlinear response of these glasses was 

first recognized by Ja:in and Lind in 1983. They measured nonlinear 

susceptibilities that were 3 to 4 orders of magnitude higher than that 

of CS~ Even more intriguing, though, was that the response time of this 

nonlinearity was less than a nano-second. This is a thousand times 

faster than what they found for the free carrier lifetime of bulK CdS 

(Smith, 1951), and twice as fast as reported excitonic relaxation times 

(Jain, 1982). 

In addition to such a remarkable combination of nonlinearity and 

speed, the glasses also offered the possibility of being a material that 
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would lend itself well to the formation of in-diffused waveguides. Low 

loss waveguides are commonly fabricated in soda-lime glasses by 

immersing the glass into a hot melt of AgNO (Walker, et. al., 1983). 

Sodium, a prominent ingredient in such glasses, exchanges with Ag from 

the melt. The region into which Ag diffuses experiences an increase in 

its refractive index, due to the greater mass and polarizability of the 

Ag atoms. 

Subsequently, several experiments were performed on the glasses 

in order to learn more about what promise they would hold for the 

fabrication of fast nonlinear guided wave devices. The aim of these 

experiments was two-fold: 

1. To measure with greater precision (than that reported by Jain 

and Lind in 1983) the nonlinear response time of the glasses. 

This was done by (bulk) DFWM with 30 pica-second pulses from a 

high power mode locked Nd :YAG laser. Using the same laser, 

separate experiments measured the photoluminescent decay time 

of the glasses. The results from both experiments indicate 

response times in the glasses of 20 to 30 pico-seconds. 

2. To locate a color filter glass whose host glass composition 

contained enough sodium that it could be used to effectively 

fabricate nonlinear waveguides via standard Ag in-diffusion 

techniques. To this end we have succeeded in making a planar 

guide, though they have been very lossy (3-4 dB per em). 

The chapters that follow are arranged in the following manner: 

Chapters 2 and 3 serve as an introduction to the basics of thin-film 
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waveguide analysis and fabrication techniques, and of nonlinear optics, 

respectively. In Chapter 4 we describe the physical mechanisms 

responsible for third order nonlinearities present in both Kerr media 

.(.viz. CSz), and within the semiconductor doped glasses. In Chapter 5 we 

derive expressions which are used to calculate the magnitude of the 

expected conjugate signal for the CSZ experiment. 

Finally, details regarding experimental procedures and results 

are presented in Chapter 6 (CSz) and Chapter 7 (color glass filters). A 

discussion of these results ensues in Chapter 8, as well as suggestions 

for future experimentation. 



CHAPTER 2 

THIN FILM OPTICAL WAVEGUIDES 

The simplest and most illustrative case of a planar optica.i 

waveguide and its properties is the planar slab waveguide illustrated in 

Fig. 2.1. Upon a substrate of refractive index ns is placed a thin layer 

of some other material whose refractive index, nf , is greater than that 

of the substrate. ("Thin" usually means a fraction of a micrometer to 

several micrometers.) One can easily conceive of a beam of light that 

is trapped within the film due to total internal reflections at both the 

film/cover interface and the film/substrate interface. Thus the beam is 

"guided" along its initial trajectory while tightly confined within the 

film and is allowed to diverge only within the plane of the film. 

There are two ways of approaching the analysis of light 

proposation through a thin-film waveguide: a ray-optic approach, and a 

wave-optic approach that is based on the laws of electromagnetic theory 

and the corresponding boundary conditions. 

Geometric Approach 

For the ray-optic approach, we consider a light beam traveling 

through the thin film, trapped as it is totally internally reflected 

from each interface. Light will effectively propagate through the 

waveguide in such a bound mode only at those "bounce" angles, a, for 

which the phase shift of the beam during one complete transverse round 

8 
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trip, that is in going from A to H to C (see Fig.2.2), is some integral 

mUltiple of 21T. This phase, which we call F, has three main 

contributions: 

(2.1) 

where kQ=w/ C, $12 represents the phase shift upon reflection at the 

cover/film interface, and 1j)23 represents the phase shift at the 

film/substrate interface (Born an~,Wolf, 1964). These quantities depend 

on the polarization. Here nc ' nf and ns are, the cover, film and substrate 

refractive indices, and h is the film thickness. For TE modes (E field 

in the plane of the film and orthogonal to the propagation direction) 

<llij 2 arctan 
r ,., ni i sin 2 e -

L ni cose 
(2.2) 

For TM modes (H field in the film plane and orthogonal 'to the 

propagation direction) 

2arctan (2.3) 

The third term in Eq. (2.1) represents the phase shift due simply to the 

transverse optical path length incurred in going from A to C. To 
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determine the angle a v that defines and characterizes the v'th mode of a 

given waveguide, we set F(a v) equal to 2rrv and find (usually with the 

aid of a computer) the value of a v that satisfies the dispersion 

relation. 

The ray optic approach provides an intuitive picture of how the 

discrete nature of the slab waveguide's modal structure arises, and also 

provides values for a \I and, consequently, the propagation cons tants 

a =nfk sina· However, to understand the actual amplitude and intensity v 0 \I 

distributions of the guided electromagnetic wave requires the slightly 

more involved wave optics approach (Yariv,1975). 

Electro-Magnetic Approach 

In the wave optics approach, we seek an expression for the 

electric field distribution, E(r), which satisfies the following wave 

equation, 

0, (2.4) 

as well as the usual boundary conditions: tangential components of E and 

H are continuous across any dielectric interface. Here, the refractive 

index nCr) is of the form 

nc for z < 0 

n(r) = nf for 0 < Z < h (2.5) 

ns for z > h 
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The solution is well known and is discussed extensively in many 

textbooks on the subject of optical waveguides (Kogelnik,1975; Kapany, 

and Burke, 1972). For a TE guided wave propagating in tne x direction 

the electric field will point in the y direction, and is written as 

E(r) (2 .• 6) 

This is a general solution to the wave equation of Eq. 2.4. The 

propagation constant aR is the real part of the complex wavevector a 

aR + iar· The variation of the eigenfield profile as a function of depth 

Z is given by the normalized function Ey(z): 

Ey(z) '" Cn; f(z), (2.7) 

where 

exp(sz) z < 0 

fez) GOS(l<:Z) + 
s 

sine KZ)] o < Z < h. (2.8) 
K 

[cos(Kh) + s 
sin(Kh)]exp[-p(z - h) Z > h K 

The normalization constant CTE is chosen so that the guided wave power 

in watts/m of wavefront (i.e. along the y direction) is given by 1 a(x) 12: 
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The distances lip and lis characterize the penetration depth of the 

evanescent tails into the substrate and cover media, respectively. The x 

dependence of a(x) typically conveys the exponential drop-off (or 

increase) of the field amplitude and intensity due to waveguide losses 

(or gain, as in DFWM). 

To evaluate p, s, K and 8. the general solution of Eq. 2.7 is 

inserted back into the wave equation of Eq. 2.4, giving 

(2.10) 

At this point the boundary conditions are invoked. Ey ' the 

tangential component of E, is continuous at the two interfaces, as is its 

derivative aEy/az. This provides the following dispersion relation 

tan(Kh) (2.11 ) 

The solutions to this transcendental relation yield the propagation 

constants for the thin-film modes. One method of finding these 

solutions is to define a phase function ~(a), 
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(2.12) 

and find the values of a for which ~ equals zero (see Fig. 2.3). More 

elegant formulations for solving Eq. (9) are discussed in the literature. 

The field distributions associated with the eigenvalues av are 

now calculated from Eqs. 2.12. An example is shown in Fig. 2.4. Such 

behavior plays an important role in experiments that use this evanescent 

field profile to probe select regions of materials adjacent to the 

guiding film. For example, by stimulating different modes within the 

thin film, different depths of field penetration into, say, a nonlinear 

liquid medium placed on top of the film can be adjusted. 

For TM waves characterized by an H field in the plane of the 

thin film, the general solution is written as 

1 i(wt - ax) 
H(r) ::I 2YHy(z)a(x) e + c.c. (2.13) 

Equations 2.10 are still valid, but the dispersion relation is now 

(2.14) 

TE waves, Ry(z) represents the normalized functional z dependence of the 

magnetic field amplitude: 
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liy~z) ::0 CTM g(z). 

The precise algebraic expressions for the normalization constant eTM and 

the mode shape g(z) are available in the literature (Yariv,1~76; 

Karaguleff, Stegeman, 1984). 

Coupling Mechanisms 

Having discussed the field distributions and the discrete nature 

of the guided wave eigenmodes that are allowed to exist and propagate 

freely within the slab planar waveguide, the next question to consider is 

how light from a laser beam propagating in air can be coupled into the 

thin film. The most obvious approach is that of end-fire coupling. 

Here, the laser beam is simply focused, usually by a microscope 

objective, down onto the polished edge of the waveguide. The idea is to 

match the field distribution created at the focus of the lens with that 

of the desired eigenmode one hopes to excite within the waveguide. 

Despite the appeal of its apparent simplicity, the end-fire 

technique is difficult to implement with appreciable coupling efficiency. 

There are too many degrees of freedom that directly affect the coupling 

efficiency (such as distance of the waveguide end from the lens, and 

vertical and angular displacements). Thus, in practice, the method is 

quite cumbersome and is only used for in-diffused or ion-exchanged 

waveguides which have larger effective thicknesses. 

An alternative method, and the one used in the experiments 

performed here, is that of the prism coupler. The basis of the prism 

coupler is the principle of frustrated total internal reflection (FTIR). 
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Consider a freely propagating beam within a dielectric medium, 

e.g., a high-index prism. If the beam is incident on the bottom surface 

of the prism at an angle ~p greater than the critical angle (Fig. 2.5a), 

then the beam will be totally internally reflected. All the beam's 

energy will remain within the prism medium, and only an evanescent tail 

of the field will protrude below the reflecting surface. If, however, 

the prism is set down onto the surface of a thin-film waveguide and is 

pressed against it with sufficient pressure. a narrow air gap can be 

created between the bottom surface of the prism and che film medium 

such that the film is brought to within close proximity of the 

evanescent tail. In this case, the TIR is "frustrated." and energy is 

allowed to propagate through the prism surface into the film via the 

evanescent field. Furthermore. by adjusting the angle of incidence ~p 

within the prism. it is possible to meet the resonance condition 

t3=konpsintjp required to launch a guided mode. Stated differently, this 

resonance condition requires that the x-component of the radiation mode 

wavevector incident onto the air-gap be equal to the magnitude of the 

guided mode's propagation constan~. I ~I. 

Of course, if energy can leak into the thin film from the prism, 

it can also leak out of the film, back into the prism, lowering the 

coupling efficiency. This can be controlled simply by adjusting the 

length of the air gap region. A detailed analysis is given in Ulrich, 

197U and Tien and Ulrich, 1970. 

In principle, by adjusting the gap length and shape (Sarid, 1979), 

coupling efficiencies of over 90 % are possible. 

efficiencies of 40% to ·50% can be reali:ed. 

In practice, 
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Figure 2.5. Frustrated total internal reileccion (FiIK) and tne prism 
coupler. (a) Total internal reflection (TIK) and (b) FTIR at suriace of 
coupling prism. 
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Measurement of Loss Parameters of Waveguides 

It is important to know the loss characteristics of the 

waveguides used because this parameter will influence the path length 

geometry required to optimize the DFWM signal efficiency. The efficiency 

with which the phase conjugation process occurs is proportional both to 

the square of the length of the interaction region (where the three 

input beams cross). and to the power density of each beam. The problem 

is that the farther the beams must propagate to reach, and cross the 

interaction region, the more these beams will be attenuated due to 

scattering and/or absorption losses within the waveguide. This °in turn 

lowers the power density at the interaction site. Therefore there exists 

an optimum value for the path lengths used. For practical reasons, 

however, the minimum path length that we were able to utilize was 

limited by space considerations imposed by having to crowd. the three 

coupling prisms, as well as the hollowed glass cell (used for holding 

the CSz in place), all onto the same 1" by j" waveguide. Thus, in 

practice, the path lengths were determined solely by the dimensions of 

the coupling prisms, how closely to one another we were able to place 

these components on the waveguide, and how well one can design a jig 

assembly capable of holding and maneuvering all the required components. 

The manner in which the loss parameter of waveguides is 

measured is depicted in figure 2.6. All that is required for this 

measurement is a HeNe laser and a simple power meter. 
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Figure 2.6. Beam geometry for measuring waveguide loss and coupling 

efficiency. 
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It is also possible to evaluate coupling efficiency (Zanoni. 

personal correspondence). A measure of the power Pi (figure 2.6) provides 

a measure of R, the prism I s front surface reflection coefficient. The 

remaining optical power. (l-R)POJ next reflects from the air gap/ coupling 

region. Ultimately,by slightly rotating the guide assembly into and away 

from the proper coupling angle, the power in beam p~ can be modulated. 

From these measurements the coupling efficiency E can be determined. In 

practice, coupling efficiencies of 40 % -45 % were attained with a helium

neon laser. However, with the Nd+:YAG laser, coupling efficiencies were 

far less than this: usually on the order of a per cent or even less. It 

is felt that the reason for such poor coupling efficiency is due to the 

poor spatial mode structure of the Nd+:YAG's output beam. This point is 

discussed in greater detail in the chapter describing the experimental 

set-up. 

Determining Film Index and Thickness 

In addition to the loss parameters, it is important to know the 

index profiles and thicknesses of the waveguides, in order to calculate 

the field distributions for the guided modes. Such information cannot be 

reliably determined using data based on the bulk material from which the 

film was fabricated. For example. for the CSZ experiments. the 

waveguides used were of sputtered 7059 pyrex (a standard glass from 

Corning) on glass microscope slides. Although the thickness might be 

measured by employing the usual quartz crystal monitor which measures 

the accumulated mass during the deposition process, chere is no 

assurance the film density is the same as in the bulk material. 
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Furthermore, although the index of bulk 705~ glass is 1.54, it is known 

to change significantly when it is sputtered onto a substrate. In this 

thin film state the index can be as high as 1.6, and as low as 1.52. Thus 

a method is needed to more accurately evaluate both of these 

parameters. 

One way of determining the film index and thickness is to 

measure the mode indices of the waveguide. and then to use a computer to 

determine what combinations of film index and thickness will yield a set 

of guided modes with these same indices. A basic program, NFTHICK.BAS, 

was developed to perform this operation. One supplies the cover and 

substrate indices, the wavelength. estimated starting values for the 

the thickness and index, and the measured mode indices and order 

numbers. The film thickness is scanned, and for each thickness, a value 

of nf is determined that will provide a guided mode index equal co the 

measured value. A plot is generated of thickness vs. index for each input 

mode index. Thus for a total of "m" modes. m plots are generated. Where 

they intersect provides the thickness and index for the waveguide in 

question. Such a technique requires, of course, that the sample contains 

at least two modes. 

To measure the mode indices of a waveguide, one must set up a 

coupling apparatus and measure the coupling angle as each successive 

mode is excited. High index prisms are used for this purpose. Both the 

cefractive index and angle of the coupling prism must be measured 

accurately. This information. together with an accucate measure ot the 

input angle required to excite each mode, is sufficient to calcuate the 

be~as, or effec~ive indices of each mode. 
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The results shown in Figure 2.7 are for the 7059/glass waveguide 

used in the CS2 experiments. Analysis indicates a film thickness of 

1. 74~m, and an index of 1.58 for the 7059 film. Since the index of CSZ is 

slightly greater than this, the CS2 was diluted with 1,2-dichloroethane 

(n = 1.44) to a final solution whose index was 1.55. (Roughly 2 parts CSz 

to one part 1,2-DCE.) This prevented the guided beams from leaking out 

of the film when they encountered the interaction region. 

Waveguide Fabrication by Ion-Exchange 

Ion-exchange techniques provide a relatively easy, inexpensive 

method of creating optical waveguides. The basic idea is to replace 

atomic and/or molecular constituents currently residing within the glass 

(or crystal - typically a dielectric of some sort) with another material. 

The presence of the new constituent will increase the index of 

refraction of the material wherever the new material is present. 

The materials and procedure used for effective ion-exchange are 

extremely varied. For amorphous glasses, the most popular methods entail 

diffusing silver or potassium into the glass to replace alkaline 

constituents (usually Na). The properly cleaned slide is placed within a 

hot melt of AgN03, or a Na/AgN03 mixture (Stewart, Laybourn, 1978) for a 

period of time that is usually decided on by trial and error. The precise 

conditions are critical to the production of waveguides with acceptable 

loss characteristics. and with the desired index profiles and mode 

contents. all of which are totally dependent upon the nature of the 

glass into which the diffusion is attempted. The most important 

condi tions to be concerned wi th are: 
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1. Melt temperatures. These range from as low as 2200e to 

over 3000e. 

2. Diffusion times. These may range from just 2 to 3 minutes 

within the melt to over an hour. depending on the material 

and the desired mode content. 

3. Melt dilutions. Dilutions range from pure AgN03 melts 

(effective with soda-lime glasses. characterized by high 

sodium content) to Ag/NaNU3 solutions with <l % molar Ag 

content (effective with BK-7; Eguchi. et. ale, 1983). 

Additionally, tantalum and thallium containing compounds may 

be added, in order to exchange with potassium, as well as 

sodium. 

Such in-diffusion techniques also lend themselves extremely well 

to the fabrication of channel waveguide structures. This is done by 

masking off portions of the substrate and leaving open the regions where 

channels are to be fabricated by the ion exchange mechanism. The masking 

process is typically performed using photolithography. While aluminum 

films have proven to be an effective mask for the ion exchange process, 

better results have been demonstrated by anodizing the aluminum mask (Al 

-~ AlZ03) prior to performing the ion exchange. 

The specific diffusion experiments performed with the color 

glass filters are described in Chapter 7. 



CHAPTER 3 

NONLD[EAR OPTICS 

Central to any discussion of non-linear optical effects is a 

weak polarization field, P w' induced within a material due to the non

linear response of the medium to optical beams incident onto it. 

Following the approach of Mak.er and Terhune (1965), the total 

polarization within a medium is written as a Taylor series expansion 

about the total susceptibility: 

(3.1) 

= + p(2) + 

In the above equations, /1) characterizes the linear response of the 

polarization to the total electric field within the materi~l. and is 

related to the ambient refractive index of the medium. ,\(2) and x. (3) 

characterize the medium's polarization that is proportional to the 

square, and to the cube of the total field, respectively. Each component 

of the total polarization acts as a source term which can under 

appropriate conditions radiate and drive a corresponding component of the 

total field. Frequently there are only a limited number of field 

components which are of significant magnitude and in any realistic 

interaction there is a finite number of terms which need be considered. 

28 
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If we regard the optical field E as a sum of discrete fourier 

components, it becomes easier to categorize and understand the nature 

and implications of each of the above nonlinear contributions to the 

total polarization. Let the i'th fourier component of E be written as 

(3.2) 

Before proceeding to the third order nonlinearities. it is instructive to 

briefly consider the type of temporal dependence that will be generated 

within p(2) and p(3). p(2), for example, is proportional to the square of 

E. Thus if E consists of, say, two fourier components, characterized by 

k-vectors ki and kl' and frequencies wi andUJ;l. then p(:.~) is easily seen 

to contain terms oscillating at both the sum (wl + ~l) and difference (wl 

- wz) frequencies, and with respective k-vectors kl + kl and kl - kl • For 

the case of wi=wl' then p(2) oscillates at 2wl, and is capable (provided 

phase matching conditions are met) of generating a second harmonic 

optical field, that is second harmonic generation (SHG). When wi~wl' then 

optical fields of either sum or difference frequencies can be created 

(again, if phase matching constraints are met). This is known as optical 

parametric mixing (OPM). 

Similar considerations apply to p(3). If E consists of 3 separate 

fields, all at the same optical frequency Wl' then the only possible 

values for wp' the frequency at which p(3) can oscillate. are UJp=w, and 

wp=3w. The former process is known as degenerate four wave mixing (DFWM) 

and is the central process studied in this thesis. The latter is known 

simply as frequency tripling. 
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The Nonlinear Index of Refraction 

It is frequently convenient to relate the third order 

susceptibility to a nonlinear index of refraction, nNL' which is measured 

directly in a number of experiments. Considering only third order 

nonlinearities, we write the total polarization as 

(3.5) 

Also, 

(3.6) 

If there is only one plane wave input field, then the term nZ can be 

written as a scalar in terms of a nonlinear refractive index with 

Combining the above equations leads to 



1. X(3) llU 
n2,E == 2 no 
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(3.8) 

where X (3) lUl is the appropriate third order susceptibility component. 

Alternately, the nonlinear index can be defined with respect to the 

incident intensity, I, as 

where 

(3.10) 

Some values for n2,1 are given in table 1. 

Phase Matching 

Having described the weak polarization induced within a nonlinear 

medium, it is next important to consider how· the strength or amplitude 

of the emitted optical field depends on the spatial and temporal nature 

of Pw• This is done by substituting the weak source polarization into 

Maxwell's equations, and invoking the slowly varying envelope 

( ' aE(r,t) 
approximation l..e. OZ «kE(r, t) - in other words, E(r, t), the 

slowly varying portion of the electric field, doesn't vary significantly 

within the time span of one optical period). 
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Table 1. Nonlinear indices of refraction for various materials. 

Material Wavelength, Ambient index, Nonlinear index, 
microns. nO· n2 I (m2/watt) , 

CS 2 
(1) 1.06 1.63 3.0xlO-18 

Ruby(2) 1.06 1. 76 .04xlO-18 

YAG (2) 1. 06 1.83 .085xlO-18 

SF (2) 
6 1. 06 1.77 .lxlO-18 

Benzene 
(3) 

.694 1.498 . 57xlO-18 

CC1
4 

(3) 
.694 1.459 .08xlO-18 

PTS (polymer) (4) 1.89 1.88 1. 8xlO-16 

Sources: 

1. Wysin, et. al., 1981. 

2. Moran, et. a1. , 1975. 

3. Wang, 1966. 

4. Sauteret, et. al. , 1976. 
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To illustrate how this procedure works in practice, consider a 

weak polarization Pw of unspecified origin of the form 

P ==- 1 .. (P e(i(kp z-wt» + c.c.), O<z<L 
w 2 e p w 

(j.ll) 

== 0, elsewhere. 

Such a source field represents a phased array of dipole oscillators of 

2n 
spatial period (along the z direction) 1\ == k ' and temporal period L ::: 

p 

211 

w 
We are interested in how the magnitude of the optical field 

E :: 1~(E(r, t)e (i(kz-wt) + c.c.) 

with kp=k grows as a function of z. Here, k and ware related by the 

d · . l' k ( 2',. n 2nnc common ~spers~on re at~on, = -A-)=-W-' 

If a polarization of the form of equation 3.11 is inserted into 

Maxwell's equtions as described above, the growth of E(z) as a function 

of z is found to behave according to the following relation: 

aE(z) 
~ . 'ri° == -~w -

I:': 
(3.12) 

where Ak==k-kp' If we integrate this expression over the total extent of 

the polarization field (from 0 to L), we obtain an expression for E(z) at 
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z=L that is solely dependent on the magnitude of Pw' th~ phase mismatch 

~k, and the interaction distance L: 

(3.13) 

The physical significance here is simply that the polarization 

source term most efficiently drives the sign.al field when the spatial 

periods of the two are equal. such that the peaks and crests of the 

evolving electric field coincide with the peakS and crests of the weak 

polarization source term. 

Degenerate Four Wave Mixing With Plane Waves 

In degenerate four wave mixing (DFWM) , . we are concerned with a 

weak polarization due to a cubic nonlinearity: 

p => p(3) 
W (3.14) 

We let E consist of 3 separate fields with k-vectors as shown in figure 

3.1, but with all beams at the same frequency w. Thus, 

(3.15) 

and 

(J.16) 
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mixing. 
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Cubing the total electric field results in many terms, but the ones of 

interest lead to weak polarization fields of the form 

(3.17) 

Such a response of the medium will drive a signal wave E4 that 

propagates in a direction that is exactly opposite to that of the probe 

beam, E~. This is clear from the form of the exponent term. 

The magnitude of ~ as a function of z, E4(z), is determined by 

equation 3.13: 

aE4(z) = 

oz (3.18) 

where the coupling coefficient is 1<:=(2'u / .:\)n2,E E1 EL • For the time being it 

has been assumed that all three waves have the same polarization, and 

that the probe beam enters at 9Uu to the two pump beams. 

A somewhat more physical point of view can be conveyed by 

rewriting equation 3.17: 

(3.1':1) 

where 
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(3.20) 

This nonlinear susceptibility represents a static index grating (whose 

crests and valleys bisect kL and k;j) that has been written within the 

medium due to its intensity dependent response to the interference 

pattern of fields 2 and 3; in essence, a real time ptlase reflection 

hologram. As long as pump beams 1 and 2 are collinear, beam 1 satisfies 

the Bragg condition for this grating, and tnus serves as a suitable read 

beam for the hologram, diffracting off the grating and out along the 

same direction that the pump beam came in on. 

Just as the conjugate wave can be created by diffraction of pump 

beam 1 from a grating written by the interference of probe and pump 

beam 2, it is also feasible that the grating, or hologram, can be written 

by the interference of the probe beam and pump beam 1. (See figure 3.1.) 

Pump beam 2 still serves as a proper read beam for this newly oriented 

grating (i.e. the Bragg condition is still satisfied as long as the two 

pump beams are co-linear). This latter geometry creates a grating that 

is more finely spaced than that of the former case. Both processes can 

occur simultaneously and contribute to the growth of the conjugate 

field. This point can be made explicit by writing the total third order 

polarization as the sum of the two effects (Jain, 1982): 

(:3.21) 

The coefficients Alp and A2p define the susceptibility of the medium to 
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the fine (probe-pump 1) grating, and the co"arse (probe-pump 2) grating. 

AS to which of the two processes actually dominate depends upon 

the type of medium and the physical mechanism of the nonlinearity. For 

example, if the nonlinearity is due to charged free carriers, then 

diffusion effects will cause the small spaced grating to disappear 

within a time scale of several pico-seconds (Nunzi and Ricard. in print). 

By individually rotating the direction of polarization of the incident 

pump beams, the contribution from each grating can be sorted out. 



CHAPTER 4 

PHYSICAL MECHANISMS OF THIRD ORDER NONLINEARITIES 

The types of media in whicn an appreciable nonlinear index can 

be found can be quite neatly divided into two classes. The first class, 

Kerr media, are typically transparent liquids (C~~, benzene), or crystals. 

The nonlinearity is of a reactive, as opposed to an absorptive, nature, 

and is due to a nonlinearity in the forces that bind electrons to the 

atoms and molecules of the substance. Additionally, anisotropic liquids 

have a second nonlinear mechanism due to reorientational effects. For 

example, the dipole induced in a highly anisotropic molecule like CSL 

will depend upon the angle between the incident electric field and the 

symmetry axis of the molecule. This effect results in a nonlinear 

susceptibility that is proportional to the square of the incident field 

amplitude. 

The second class of nonlinear materials are those which can be 

accurately modeled as two level systems. The quantum mechanical 

susceptibility of such a system is proportional to llN=NL-N1, the 

population difference between the upper and lower levels. Hut uN is 

dependent upon the incident optical intensity, as per the Fermi Golden 

Rule (Sargent, Scully, Lamb, 1974). Thus, the susceptibilty and 

refractive index will also display a marked intensity dependence. This 

results in nonlinear index values that can be orders of magnitude higher 

than for Kerr media, particularly when the incident optical field 

39 
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frequencies are at or near the energy gap. Materials that display this 

behavior include saturable dyes, and crystaline solid state materials 

(Si, lnSb, GaAs). 

Kerr Media 

Kerr liquids like CSl can have two contributions to their 

nonlinear susceptibility. There is an electronic effect, in which the 

polarizability of the electron cloud around each atom is modulated by 

the incident sinusoidally varying electric field. Secondly, there is a re

orientational effect due to the anisotropy of the molecule and its 

polarizability. This latter effect is generally dominant (Song, Levenson, 

1977; Wang, 1966), and is briefly described in the following pages. 

For an asymmetric molecule like GSl , the dipole that an electric 

field induces in it depends on the angle 6 between the field and the 

orientation axis of the molecule (figure 4.1). The interaction potential, 

P.E, may be written as 

+ (4.1) 

The quantities a1 and dl are the polarizabilities of the molecule along 

its long, and short axis, respectively. 

With no field present, the bulk properties of the liquid are 

isotropic, as each molecule is randomly oriented. When an electric field 

is present, though, the torque exerted on each molecule tries to rotate 
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Figure 4.1. Anisotropic interaction of CS2 molecule with incident 
linearly polarized electric field. al and 02 are the pOlarizabilities of 
CSz along each principal axis. 
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the molecule into alignment with the field direction. For a single 

molecule there is no restoring force present. But there exists one for 
'\ 

the bulk ensemble of molecules in the form of thermal agitation that 

tends to disrupt any order within the liquid that the torsional effects 

of the field might try to create. 

The probability density, Pr(o)' of molecules oriented with an 

angle 0 to the field is determined by a Boltzman distribution: 

(4.2) 

In this last relation, we took Vint to be only the ~-dependent portion of 

equation 4.1. k is the Boltzman constant, and T is temperature. ~ is the 

appropriate normalization constant. Since Vint «kT, we make the 

following approximation for Pr (0): 

1 
4n 

r 1 
LI2l1 

(4.3) 

The polarization induced within a molecule at an angle 0 to the 

field is of the form 

(4.4) 

Where el and el are unit vectors defining directions along the long and 

short axes of the molecule. The bulk polarization, P, of the material is 
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found by averaging the product of the microscopic poarization p and the 

probability density Pr (&) over space. This leads to an expression for 

the bulk polarization amplitude P that is cubic in its field dependence, 

from which can be extracted the following value for the nonlinear 

susceptibility: 

(4.5) 

where n is the number density of the molecules. 

Semiconductor Doped Glasses' 

Inexpensive (=$17 for a 2" by 2" slab) semiconductor doped 

glasses have been available for a number of years for use in numerous 

filter applications where a sharp wavelength cut-off in the transmission 

properties is desired. Figure 4.2 shows typical spectral transmission 

curves for a variety of glasses produced by the Schott Optical Co. The 

particular group of glasses illustrated consist of borosilicate hosts, 

doped with varying amounts of cadmium sulfide and cadmium selenide. The 

desired cutoff wavelength is achieved by varying the relative 

concentrations of the different dopants, and also by varying the 

"striking" conditions of the glass: the time spans and temperatures at 

which the melt is kept during its final processing. and the conditions 

under which the glass is finally cooled and shaped. 

The nonlinear optical properties of the glasses has been 

recognized on several different past occasions. For example, they have 
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been the subject of experiments in real time holography (Eichler, et. 

al., 1972), and also in optical bistability (Gibbs, et. al., 1978). 

However, in the former case, the nature of the nonlinear mechanism was 

simply attributed to saturable absorption, and in the latter case the 

nonlinear index behavior was due simply to thermal effects. It wasn't 

until recently (Jain, Lind, 1983) that an analysis of the glasses' 

properties, and suggestions for more expedient use of these properties. 

were made from the standpoint of the semiconductor nature of the 

glasses, and the conseqent free carrier generation upon interacting with 

incident photons. 

Jain and Lind demonstrated efficient degenerate four wave mixing 

within the glasses for relatively (at least, compared to the power 

densities. required for Kerr media) modest power densities (roughly a 

megawatt/ cm'!'). By using short (10 nano second) time duration pulses, 

varying delay times ~nd polarizations on different pump and probe beams, 

and comparing the results of such studies with results obtained from 

similar experiments performed on pure CdS samples, a number of very 

interesting and potentially applicable properties of the glasses were 

learned. Some of the properties they report on are: 

1. Large nonlinear coefficients: The glasses provide one with a 

cheap, off the shelf material whose nonlinearity is many times 

that of any Kerr material. yet doesn't require the time or tne 

expense that is required in order to produce samples of 

semiconductor materials that have the required crystalline 
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integrity. Depending on the specific glass, its cutoff 

. wavelength, and the incident laser wavelength, nonlinear 

susceptibilities (X(3) ) were estimated to be as much as 1U j or 

104 times greater than that of CS2, for example. 

2. Fast response times: The results of their analysis of the 

temporal properties of the glasses indicate that the glasses 

have more rapid temporal response to changes in the incident 

beam intensities than does the corresponding pure semiconductor 

material, CdS. From delay line experiments, they reported that 

the grating lifetimes within the glasses were shorter than the 

10 nanosecond Q-switched pulses that were used to write them. 

Additionally, using mode-locked (180 psec) argon-ion laser 

pulses to excite the glasses, they measured the lifetime of the 

recombination luminescence to be less than their one nanosecond 

detector response time. 

The enhanced time response is believed to be due to the manner 

in which the semiconductor dopant is randomly dispersed throughout the 

host glass in the form of tiny crys tallites, less than a tenth of a 

micron in size. Light absorbed by any single crystallite creates the 

expected free carriers. as valence band electrons absorb a photon and 

are driven up to the conduction band. In a bulk sample. the lifetime (as 

long as a microsecond) of these free carriers is what limits the 

temporal response of the material. But within each crystallite, it seems 
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that carrier lifetimes are severely shortened. Possible mechanisms which 

they have suggested to explain these shorter recombination times are the 

following: 

1. Due to the small size of the individual crystallites, free 

carriers can migrate to the surface of. each crystallite in a 

very short time. Unce there. certain surface recombination 

processes (Howard, Fine, Howard; 1980) can enhance the rate of 

carrier recombination. 

2. The presence of excess Cd, S and Se ions within the glass can 

act as recombination sites, and hasten the recombination 

process. 

Additionally, spatial resolution is limited in bulk samples of 

semiconductors due to carrier diffusion. But, in the doped glasses, 

carrier diffusion is limited to within the extent of each individual 

crystallite. Thus the minimum spatial period with which gratings can be 

inscribed in the medium is limited solely by the size and number density 

of the crystallites. (Sources at Schott intimate~ but not clearly so, 

that crystallite size is determined by striking conditions.) 

Clearly, based on the assessment of Jain and Lind. such glasses 

are of great interest and hold great potential for any nonlinear optical 

processing applications that require substantial nonlinear susceptibility, 

combined with speed of response. Unfortunately, as extensive as Jain's 



and Lind 's investigation of the glasses' properties was, several 

important considerations remain to be investigated before the glasses' 

usefulness can be fully appraised: 
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1. Their measurements of photoluminescent decay times only 

provided an upper limit of 1 nanosecond. viz. their detector 

response, when it is suspected that they are much faster than 

this. 

2. Their lifetime measurements of the nonlinearly induced 

gratings were limited to the 10 nanosecond pulse width of their 

laser. 

3. A matter that is of relevance to our interests in fabricating 

nonlinear waveguides is to investigate how compatible the 

glasses are with standard ion-exchange procedures. 

Each of the above concerns were investigated experimentally. 

With the aid of a high power mode-locked YAG laser. and a 10 pica-second 

response time streak camera, we have acquired refined values for the 

free carrier and grating lifetimes. We also report considerable success 

with attempts to diffuse silver into the glasses in order to fabricate 

planar waveguides. These results are presented and discussed in Chapter 7. 

Recen tly (Rus tagi. Flytzanis; 1984), theory has been pro posed 

which describes analytically how the dielectric constant of the 

composite glass, f: c ' is altered by an amount ~€c due to incident light 

intensity 1. 



CHAPTER 5 

THEORY OF DFWM WITH SURFACE GUIDED WAVES 

At this point we are now equipped with the proper tools to take 

a more quantitative look at the DFWM process as it occurs within a thin 

film waveguide. In Chapter 2 we dicussed the basic concepts of 

electromagnetic wave propagation. and the nature of the physically 

admissable field profiles within thin film waveguides. In Chapter 3 we 

discussed how various fourier components of an optic~l field propagating 

through a nonlinear medium can interact with one another in order to 

produce a weak polarization which (for our purposes) has a cubic 

dependence on the electric field amplitude. The next step then is to 

determine how, and to what degree, this weak polarization will excite 

and drive the waveguide mode of interest, namely, the desired conjugate 

signal that is the counter-propagating replica of the incident probe 

beam. 

To perform this calculation, we rely upon the coupled wave 

formalism discussed by Yariv (1975). (See also Kogelnik, 1975). The spirit 

of this theory is similar to the earlier work of Kogelnik t s (Kogelnik, 

1969) in which he derived expressions which accurately predict the 

diffraction efficiency for volume holograms (both phase and absorption 

holograms, for both reflection and transmission geometries. This work is 

also presented in Collier, Burkhart, Lin; 1971.). The main distinction is 

that the more recent theory specifically addresses guided wave 
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interactions, in which all the admissable eigenfields are of a discrete 

nature, while the earlier work deals with bulk media and their 

corresponding continuum of admissable fields and k-vectors. 

The following discussion will basically outline the more 

exhaustive treatment that is provided in Karaguleff and Stegeman's worK 

of 1984. In that work, a number of different geometries were considered: 

all TE waves, all TM waves, and combinations of TE-TM waves. Here we 

will consider only TE geometries, and try to expand upon certain aspects 

of the derivation that may have been treated in rather brief fashion in 

the above mentioned paper. 

Our analysis will be for a slab dielectric waveguide, with 

geometry as shoWn in figure 5.1. The z direction points normal to the 

plane of the waveguide. The probe beam, E::l' and anticipated conjugate 

beam, E4, propagate in the minus and plus x-directions, respectively. The 

two pump beams, El and El , propagate in a direction at an angle u to tne 

x axis. We will refer to this direction as the x' direction, denoted by 

the unit vector ~'. For TE modes, the electric field vectors will of 

course be in the plane of the thin film, and normal to the direction of 

propagation. Thus, pump beam 2, for example, will have the form 

1 .. , E ,(2) [i(wt-Pl x')j ( ') 
El "'"2Y y e l{ at, x + c.c. (5.1) 

where y' is normal to i' and Z, and 

(5.2) 



51 

Figure 5.1. Geometry and notation for DFWM with surface guided waves. 
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where PLR is the real component of the complex wavevector PL = Pl
R 

-

iPlr. The normalization constant C
TE 

is the same quantity discussed in 

Chapter 2, and is chosen so that the guided wave power is given in units 

of watts per meter of wavefront (along the y' dire.ction) by I alex ') Il • 

Likewise, the function fz(z) was also described in chapter TI, and 

represents the field profile of the guided mode for the given indices nc ' 

nf' and ns. The functional form of the (normalized) field amplitude 

a2(x') is important, and describes the exponential drop-off of the guided 

field amplitude due to the ever-present lossiness of any waveguide. 

Specifically, 

(5.3) 

(5.4) 

and 

(5.5) 

The imaginary component of each wavevector, PI' is conventionally defined 

so that the optical power (f EL) decays to its lie point in a distance 

We now turn our attention to obtaining the desired coupled wave 

equations. In particular, we seek a relation that will describe the 

growth of the conjugate signal as a function of x, namely ~(x). 
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Proceeding as outlined for plane waves in Chapter 3, the slowly varying 

envelope approximation in conjunction with coupled mode theory gives 

(5.6) 

where the summation is taken over all of the modes labelled by 

superscript "m". To obtain an equation for the j' th mode, we exploit the 

orthogonality of the guided modes, multiply both sides of equation 5.6 by 

~ y< z), and integrate from z = _GO to +<», which leads to 

In the above equation, +j and -j refer to modes with profiles Ejy(Z) 

traveling in the +x and -x directions, respectively. 

If we are to go any farther, we must at this point consider the 

nature of the weak polarization in equation 5.7. Our specific concern is 

for the case of a weak polarization created by a third order interaction 

of the pump and probe beams with any of the three waveguide media 

(cover, film, or substrate) that might have an appreciable A(3) worthy of 

consideration. For the C~:.!. cover medium experiments. it is a safe 
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approximation to neglect any contribution from the substrate and film 

media. For the semiconductor doped glasses with a glass thin film, it is 

the substrate x(3) that is of interest, while for the Ag in-diffused 

waveguides, both film and substrate contributions are important. For 

notational convenience we shall now write the third order susceptibility 

x(3)(z) explicitly as a function of z, and in this way accomodate any 

com bin a Cion. 

For optically isotropic media, and with all TE modes, the induced 

third order polarization takes on the following form (Maker, Terhune, 

1965): 

(5.1) 

We now use the x dependence of the fields given by equations 5.3 

to 5.5 in-equation 5.7. Additionally, the time derivatives simply bring an 

w' out in front of the integral. All this leads to the following equation 

for the amplitude of aq(x): 

d~~(X) + f3 3Ialj.(x) = £~~c cTE(l) CTE(2) CTE(3) 

* 

(5.9) 

Note that we have now abandoned the superscript notation and are 

now confining our discussion to all four modes being identical. The 
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values al(U), a:L(L'), and a3(L) represent the starting field amplitudes at 

the point where they are entering the interaction region. The functions 

fi(z) define the field profiles for each input beam, as described in 

Chapter 2. Solving 5.9 for ~(x) gives the following expression: 

(5.10) 

The constant A in the above expression is the nonlinear coupling 

coefficient, and is 

kcgo A:= 12i (2+cos~\j) cTE(l)CTE(2) CTE(3) fXl1l1(3)(z) fJ,(z)f2,(z)f3(Z)f4(Z)dz 

(5.11) 

The integration performed in the above expression for A is effectively an 

overlap integral of the nonlinear induced polarization Pw = £uX(3)(Z)E j 

times the field profile of the anticipated conjugate field, ~(z). The 

(2+cos~\j) term comes from the fact that the nonlinear polarization field 

pw(r) is oriented at an angle of 9/2 to the direction of the conjugate 

(4) 
electric field Ey (z). For the geometry used in the CSZ experiments, 

6=900 , and this term reduces to 2. 

In order to prevent this overlap integral, and thus A, from being 

too diminutive, and diminishing the conversion efficiency, one should 

design the waveguide in a manner to enhance the protrusion of the 
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evanescent tail into the nonlinear medium. 

Of principal interest here is the value of the conjugate signal 

amplitude after growing over the length of the interaction region, L: 

(5.12) 

Correspondingly, the signal power, P4- :::0 I ~(L) Il, is jus t 

(5.13) 

The constant G contains all the information regarding the characteristic 

loss of the waveguides, ~I. (A rather safe assumpti~n to make is that 

the loss terms for each of beams 1, 2, and 3 are all equal to one 

another, provided all beams are of the same mode index, which they were 

for the experiments performed.) Thus, PI refers to the imaginary part of 

the index for any of the three input beams.): 

G :::0 e-PIL' - e -:-(~IL' + 2~IL ) 

2PIL 
(5.14) 

The results derived above are used in Chapter 6, where a 

comparison is made between theory and data obtained from the CSl 

experiments. 



CHAPTER 6 

DFWM IN GLASS WAVEGUIDES WITH CS;L COVEk MEDIUM 

The most direct way of confirming that degenerate four wave 

mixing is occurring within the waveguide would be to visually compare 

the out-coupled conjugate beam to the probe beam in much the same way 

as previous bulk experiments (Bloom and Bjorklund, 1977). If it is truly 

a phase conjugate signal, the spatial profiles (that is, amplitude and 

phase) of the two beams should look the same as one another, even in the 

case where some type of aberrating medium has been placed in the path 

of the probe beam before it entered the nonlinear device. Unfortunately, 

direct visual inspection of the conjugate signal is not possible because 

the strength of the signal is too weak in comparison to the bac~ground 

stray light level present. 

The alternative procedure used in this experiment was to detect 

the presence of DFWM by monitoring the magnitude of the output signal 

together with the magnitude of the total laser output. The measured 

signal will consist of two components: the desired conjugate signal, 

which will increase in proportion to the cube of the laser output, plus 

an undesired linear background term which will increase in direct 

proportion to the laser output power. A plot of "Power out" vs. "Power 

in" should therefore resemble the diagram shown in figure 6.1. 

The manner in which such data was acquired is depicted in the 

block diagram of figure 6.2. The output power of the frequency doubled 
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.s 

Figure b.lo I!:xpected oehavior of conjugate signal amplitude, with 
background, as a function of input power incident into waveguide. The 
desired conjugate signal will show up as a cubic departure from the 
linear background contamination. 
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Figure 6.2. Block diagram of data acquisition system. 
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Nd:YAG laser was monitored by a PIN photodiode. The laser's output is 

divided into three separate beams of roughly equal power which are 

coupled into the waveguide. Two are the counterpropagating pump beams. 

The remaining third beam is passed through a beam splitter and then 

coupled into the waveguide at a 90 degree angle to the two pump beams. 

The conjugate signal will of course emanate from the waveguide in a 

direction exactly colinear. but opposite to. that of the probe. By 

placing a small aperture in the path of the probe, and then a mirror to 

reflect it back through the aperture. one can determine where the 

photomultiplier tube used in detecting the conjugate should be placed. 

Each pulsed output from the PIN and PMT is immediately collected by an 

integrator and passed to the sample and hold (S/H) box. This quasi-DC 

signal from the S/H is finally sampled by the AID board, and for each 

pulse (10 pps) the values are ultimately stored in the computer (see 

figure 6.2). 

In the first stages of performing the experiment, only two 

prisms were used; the probe beam was coupled into the waveguide through 

the same prism as one of the pump beams. The angle e was kept small, 

around 8 to 10 degrees, in order to increase the size of the interaction 

region. Unfortunately, for this geometry the probe beam and return 

conjugate beam are (angularly) close enough to the two pump beams that 

the conjugate signal becomes heavily contaminated by stray light that 

has been scattered out of the pump beam as it propagates through the 

guide. The 90U geometry avoids this, but at the cost of a slightly 

shorter interaction region and a reduced cross-section. 
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The optical alignment of the setup requires considerable 

attention in order to obtain the optimum signal. Once the three input 

beams have been coupled into the waveguide, the two pump beams are 

carefully adjusted for co-linearity, in order to maintain phase matching. 

The simultaneous coupling of three input beams via three separate prisms 

was a difficult problem encountered in this experiment. Once one beam 

is coupled, the waveguide cannot be moved again. The remaining 2 beams 

must then be steered into the coupling prisms at exactly the proper 

angle and position. 

The thin film waveguide used consisted of 7059 Corning pyrex 

sputtered onto a glass microscope slide. An analysis of its modal 

parameters (see figures 2.3 and 2.7) indicated a thickness of 1.74.um and 

a film index of 1.58. Of the three TE modes that it would sustain, the 

-1 
lowest order one (p=15.611:u m ) was used, as it appeared to experience 

the least amount of attenuation. The waveguide was supplied to us by 

Jerry Swalen of IBM in San Jose. 

At this time the detectors are placed in position. The gain of 

the S/H box is adjusted, and attenuators are used in order to attain the 

greatest dynamic range from the detectors without saturating them. 

The glass cell that is to hold the carbon 

disulphide - dichloroethane solution atop the interaction region is 

introduced next. This step is also very difficult. We rely solely on the 

optical contact between the polished bottom surface of the cell and the 

waveguide itself to contain the fluid. If the cell isn't properly 

inserted, and sufficient pressure isn't applied to the top of the cell 
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via a set screw that is present on the coupling jig assembly (figure 

6.3), then when the C~ solution (one part 1,2 dichloroethane to two 

parts CSZ) is injected into the cell it will leak out from the bottom of 

it, and into the airgap beneath the neighboring coupling prisms. This 

ruins the coupling process, and makes it neccessary to dismantle the 

coupling jig, remove the prisms, clean and dry them, reassemble them, 

and then undergo the entire alignment procedure again. Of course, if too 

much pressure is placed on the CSz cell by the set screw, one can break 

the waveguide. To improve contact a ball bearing is located under the 

waveguide, beneath the cell. There are also ball bearings beneath each 

prism, both to support the waveguide and to locally bend the waveguide 

and substrate in order to optimize coupling. 

The Nd+:YAG Laser 

The Nd+:YAG laser used in the experiments was built by Quantel 

to our specifications, but underwent significant alterations as problems 

with the initial design were encountered. It is similar in many respects 

to their model YG481C, which is actively Q-switched (KO*P Pockel's cell) 

and fires at up to a 10 pps rep rate. With one amplifier (used in a 

double pass configuration), the maximum energy per pulse was 7UO 

millijoules. At our request, a second "arm" or branch was added to the 

laser, containing a dye cell, to which could be added the appropriate 

saturable dye solution and thus provide a passive Q-switch (see figure 

6.4). By raising or lowering a 45u prism, one can select either the 

active'or the passive Q-switch. A passive Q-switch was desired because it 

provides more consistent single longitudinal mode operation (though 
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Figure 6.3. Photograph of cs
2

/waveguide device, and associated optics. 
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considerably less power) than the active mode. In this way the laser is 

made more versatile: when power is the main requirement (say, for 

pumping a dye laser). the active mode is invoked. But when coherence and 

single longitudinal mode operation is important. the passive mode can be 

used. 

During the course of our work the following alterations were 

made to the laser cavity to achieve greater power output and more 

reliable operation: 

1. The 60 % reflecting mirror that had been used for out

coupling was replaced with a second 100 % reflecting mirror. 

Power is now coupled out by means of a Glan-Thompson polarizing 

prism and quarter-wave plate. The degree of out-coupling can 

now be controlled better and optimized for either of the two 

modes of operation (passive vs. active Q-switching) by rotating 

the quarter-wave plate. 

2. The original plano-concave stable cavity configuration was 

changed to an unstable cavity by replacing the concave mirror 

with one that is convex (radius of curvature being 3 meters). 

This provides more efficient energy extraction from the 

oscillator rod. 

3. The double pass geometry through the amplifier rod was 

changed to a single pass geometry for greater Simplicity, and 
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with no apparent loss in extraction efficiency or in the las-

er's final power output. 

The specifications for the laser in its most recent state are 

given in table 2. The power output can be changed merely by raising or 

lowering the voltage of the capacitor banks that drive the flash lamps 

which pump the amplifier rod. In order to maintain satisfactory pulse to 

pulse consistency of the energy output it is neccessary to frequently 

adjust various elements, particularly the Q-switch components. For the 

active mode, this means adjusting the quarter-wave plate in front of the 

* KD P cell to make sure it is properly shutting off the cavity at the 

optimum time. 

In the passive mode, it is desirable to control not only the 

pulse to pulse energy reproducibility, but also the consistency of single 

longitudinal mode operation (SLM). The latter can be monitored by 

observing the pulse profile on a fast oscilloscope (Tektronix 7834 

storage scope with 7 A24 amplifier and 7B85 time base). A smooth and 

roughly triangular profile, approximately 15 nsec in full width at half 

maximum, is desirable. Any rapid oscillatory or spike-like behavior is a 

signature of multimode oscillation inside the cavity and indicates a 

departure from SLM operation. Adjusting for proper SLM operation is done 

by carefully varying the dye concentration, and the oscillator flashlamp 

voltage. Typical values for the latter are 1550 to 1650 volts. 

Yet another, and perhaps more reliable method of determining 

Whether the laser is operating SLM is to observe the interference 

fringes created by the laser (passively Q-switched), particularly their 



Table 2. Specifications of Quantel Nd+:YAG Q-switched laser. 

Energy per pulse, 
1. 06 micron 

Pulse width 

~eak power, 1.06 micron 

Energy per pulse, 
0.53 micron 

Peak power, .53 micron 

Beam diameter 

Doubling efficiency 

Active Q-switch 
(Pockel cell) 

750 millijoules 

20 nanosec 

2 
40 Megawatts/em 

220 millijoules 

2 12 megawatts/em 

1 em 

30% 

Passive Q-switch 
(Saturable dye) 

220 millijoules 

15 nanosec 

2 
15 Megawatts/em 

20 millijoules 

2 
1 Megawatt/em 

1 em 

10% 
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degree of contrast (fringe visibility), for a variety of optical path 

differences (OPDs). This is shown in figure 6.S where the UPDs range from 

under 2 inches to roughly 2 meters. Even at this latter OPD there 

appears to be substantial fringe visibility, indicating good temporal 

coherence. 

In practice, it was relatively easy to keep the path lengths of 

the three input beams sufficiently equal to one another so that it was 

even possible to observe a DFWM signal (in bulk CSl ) using the laser in 

the active Q-switch mode. Thus, coherence was never believed to be a 

problem. 

The most serious problem with the laser that has persisted 

through all our efforts to correct it has been its spatial mode 

distribution. There is a persistent ring-like structure within the beam 

profile. By car'efullY tuning numerous elements within the cavity, it is 

possible to minimize the effect, but never totally remove such structure 

from the beam. Such irregularities could be due to the manner in which 

the de-ionized water used to cool the YAG rods flows about the rods. For 

high gain laser systems such as ours the coolant water must be pumped 

around the rods so rapidly that it is difficult to maintain laminar flow 

about the rod. Instead, the flow is turbulent, which allows slight 

temperature gradients to develop within the rod. This can afflict the 

uniformity of the gain profile of the rod, which in turn can create 

spatial inhomogeneities in the beam's intensity profile. 

A possible future solution to the above problem is to place the 

rod within a cylindrical sleeve of some material that has high thermal 



OPD: 3 in. 

OPD: 21 
I 

1n. 

OPD: 2 m. 

Figure 6.5. Interference fringes of frequency doubled, YAG output for 
different optical path· length differences (OPD's). 
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conductance, but is chemically inert (so it doesn't contaminate the de

ionized coolant water), leaving a millimeter or so of space between the 

outer surface of the crystal and the inner surface of the sleeve. In 

this way the sleeve would hopefully damp out any thermal gradient. Such 

a procedure would require very extensive modifications of the rod/head 

assembly. 

Detector Systems 

A PIN photodiode, Motorola f,!MRD 500, was used to monitor the 

laser output. Figure 6.6 shows a schematic of how it was configured. 

These photodiodes are fast (approximately 1 nanosecond rise time), 

linear, and extremely convenient to use because they require no external 

power supply. Unfortunately, they are not sufficiently sensitive to use 

in measuring the DFWM signal. Figure 6.7 shows a plot of two such 

detectors monitoring a succession of pulses from the laser, 

demonstrating their low noise and linearity. 

Photomultiplier tubes were used to measure the signal output. An 

RCA 7265 ~as used at first, as it was readily available. This tube is 

fast «1 ns rise time), and extremely sensitive. It has 14 dynode stages 

and a maximum bias rating of -l400 volts. Since maximum sensitivity was 

not required, and since it is more important to prevent saturation and 

thus preserve linearity, the tube was typically operated at a bias of 

-1500 to -1800 volts. 

In later experiments, the RCA 7265 was replaced with a 

Hammamatsu 7281 (equivalent to the RCA 1P21). This tube has only 1U 

dynode stages and thus has a lower dark current rating «l nanoamps ~ 

1000 volts, vs. 50 nanoamps @ 2400 volts for the 7265). 



MRD 
SOQ 

\ M.n. 

.OOLl.(t 

18V 

Figure 6.6. Schematic of circuit conil.guration used tot' PIN pt1otodiode 
(Motorola MRD SaO). l~ volt source is supplied by 1. transistor radio 
batteries. 
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With either tube it was neccessary to spend considerable time 

adjusting the bias voltage, the degree of optical attenuation in front of 

the tube, and the ensuing gain of the electronics after the tube in order 

to achieve maximum dynamic range and linearity. 

Data Acquisition 

The electrical signals from the detectors were transmitted to a 

simple integrating circuit, converting the rapid «20 ns) pulse into a 

relatively slowly exponentially decaying electrical signal as the 1 

nanofarad capacitor was discharged into the sample and hold circuit. The 

SIR circuit was switched from "sample" to "hold" 30 microseconds after 

the onset of the optical pulse by a TTL pulse from a one-shot circuit 

(Fig 6.8). The synchronization pulse provided by the laser is emitted 

approximately 50 microseconds before the optical pulse. The one-shot 

thus delays the laser's synchronization pulse by 80 microseconds in 

order to trigger the S/H at the proper time. 

A second one-shot emits yet another TTL trigger pulse 30 

microseconds after the s/H pulse. This signal constitutes the least 

significant bit of input port FB (hexadecimal address) to the ~-BO 

microcomputer. An assembly language routine polls this input port 

continually. When the value sampled at this port is one, the computer 

jumps to a BASIC routine which initiates the analog to digital conversion 

of the (now valid) voltage levels present on the output of the S/H 

circuit. After conversion, the values are typically stored in memory, and 

then written to a disk file. A to D conversion is performed by the AIM-
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12 12 bit AID board by Dual Systems. The board can be set up in a 

bipolar mode in order to accomodate the negative signals from the PMT, 

and the positive signals from the PIN. The Z-i:W microcomputer was 

outfitted with 8" floppy disk drives, a CP 1M 2.2 operating system from 

California Gomputer Sytems, and BASIC-80 from Microsoft. 

Data for the CSt Trials 

Figures 6.9 and 6.10 show the type oc data that was collected. 

The input power along the horizontal axis was varied in 15 to 20 steps 

by adjusting the voltage to the capacitor banks that drive the amplifier 

rod. Software was written to 'control the data acquisition system via a 

computer terminal. After collecting 10 or 20 (as many as desired) data 

points at one amplifier voltage setting, the computer pauses, allowing 

the laser amplifier voltage to be changed to another setting. The number 

of voltage (power) settings, as well as the number of points collected 

per setting, was user defined. Typically, lU to 20 points per voltage 

setting were collected over 15 to 20 settings. 

The data from Figure 6.10 differs from that of Figure 6.9 in one 

important aspect, namely, one of the pump beams had been blocked, thus 

defeating the DFWM process. This is done as a check in order to verify 

that any observed departure from linearity is due to DFWM, and not due 

to some nonlinearity within either of the detectors. 

The raw data from Figures 6.9 and 6.10 is shown again in Figures 

6.11 and 6.12 after it has been divided into 20 bins, and averaging within 

each bin in order to smooth out photomultiplier noise. The straight line 

that has been drawn through the data repesents the linear component 
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after the data had been least-squares fitted to the following functional 

form: 

(6.1) 

Finally, in order to test how well the departure from linearity 

fits a cubic form, the linear component of the data is subtracted off, 

and the remainder is fitted to a purely cubic curve, again via least

squares. Such data for several trials is presented in Figure 6.1j. The 

curves differ from one another because the amplifier gain and 

photomultiplier voltage bias is slightly altered from trial to trial. 

Agreement of Theory and Experiment 

Let us now test for agreement between our experi~ental results, 

and what is theoretically predicted. We begin by recalling the results 

from the previous chapter: 

P4 = IAI2 G'Z. [i]z Pl Pl P::I 

P4 is the power of the emitted conjugate beam. Pl' Pl , and Pj are the 

pump and probe beam powers. At the top end of the laser's power output, 

each of the three input beams to the waveguide contained roughly 5 

millijoules per pulse, over a 15 nanosecond long pulse duration, giving 

.3 megawatts for Pi' 

For the geometry chosen (probe beam at 90° to pumps), the length 

of the interaction region, L, is equal to H, the input beam width. The 

loss parameter G was evaluated for a waveguide loss value measured to 

be =1.5 dB/em, giving a value for G of .1. 
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Finally, we must evaluate the nonlinear coupling coefficient A. A 

is proportional to an overlap integral of the nonlinear source 

polarization Pw(z) := ltux(3)(z)E(z)::l times Fq(z), the conjugate field 

-20 (3) 
profile. Using 2xlO (m2 farad)/ (watt sec) for)f. , and an index of 

1.55 for the CSz:l,2 DCE solution, we obtain a value of 7.31xl07/watt for 

A, the nonlinear coupling coefficient. 

Ultimately, the average theoretical signal power is found to be 

.16 microwatt. 

This agrees with values determined from sample trials as 

depicted in figure 6.15. The PMT signal is integrated to 'find the total 

charge per optical pulse. Using a quantum efficiency of 10%, and gain of 

106 , the DFWM signal is estimated to be .1 microwatt. 

The probe beam power that resided within the nonlinear cladding 

medium was estimated to be 100 watts. This is based on a coupling 

efficiency of only 1 % (due to the poor spatial beam profile of our 

laser), and on the waveguide parameters and mode profile which indicate 

that, of the total power carried by the guided mode. only 5% of it 

actually resided within nonlinear cladding. From this we estimate the 

value of the nonlinear reflectance to be 10- 9 . Such a low value for the 

reflectance is consistent with the power densities within the CS4 medium, 

which were on the order of some 10's of megawatts per square 

centimeter. In bulk experiments. efficient (i.e. on the order of a per 

cent) is achievable in CS4 only when power densities reach gigawatts per 

square centimeter. 



CHAPTER 7 

CULOR GLASS FILTEKS: 

GPATING LIFETH1ES AND ION-EXCHANGE 

In this chapter we describe the results of experiments conducted 

with some of the color glass filters. As mentioned in Chapter 1, Jain & 

Lind presented findings confirming the unusually large nonlinear response 

of the glasses. They also made measurements of the response times of 

these nonlinearities, but were limited to roughly one nanosecond 

resolution times. They commented that the glasses could be considerably 

faster than this. We present findings of considerably greater precision, 

indicating response times of 20 to 30 picoseconds. 

Additionally, experiments were performed to see if any of the 

glasses that are readily available from commercial outlets are 

compatible with standard siver in-diffusion techniques. This work was 

initiated because of our interest in fabricating nonlinear waveguide 

devices. 

Grating Lifetime Measurements 

The method used to measure the DFWM graCing lifetimes within the 

glasses employed the standard four wave mixing geometry (two counter-

propagating pump beams. and a third probe beam), with the addition of 

variable delay lines (figure 7.1). 
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Conjugate Detector -)l---

BS 

Sample. ~ Delay, pump 1. 

Delay, pump 2. 

Figure 7.1. Experimental arrangement for bulk pica-second UFWM. 
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By using a pulsed laser source, ona can adjust the delay lines in 

a manner so that, say, the probe and pump beam one arrive at the sample 

simultaneously, ir,: ~rfere, and write the (coarse) grating. In this sense, 

pump beam 2 becomes the "r.ead" beam. scattering from the grating and 

providing the observed conjugate signal. The conjugate signal intensity 

will vary as the time at which the read pulse encounters the sample is 

varied. Clearly, if the read pulse is delayed sufficiently that it 

doesn't reach the sample until after the two write pulses have exited 

the sample, then the intensity of any observed conjugate signal will 

depend upon how long the grating manages to persist within the sample 

after the write pulses have exited the sample. 

Of course, the procedure described above can be altered by, 

instead, delaying the arrival of pump beam one, and so measure the 

lifetime of the fine grating written by the probe and pump beam 2. This 

was done, and, to within our experimental preciSion, the fine and coarse 

gratings demonstrated similar lifetimes. 

The laser used for these studies was the same pulsed Nd+ :YAG 

used for the earlier CS, experiments, but altered to produce a train of 

10 to 12 mode-locked pulses of 30 pico-seconds duration, separated by 9 

nano-seconds (figure 7.2). Conversion from Q-switching to mode locking 

was done by replacing the BDN Q-switching dye (Kodak. product 14015) 

with a solution of Kodak 4790 mode locking dye, and by removing an 

etalon from the cavity that is present to assis t in single longitudinal 

mode operation during passive Q-switching. 



. 5 millijoule per Q-switched envelope 

1 to 5 Megawatt peak power 

Figure 7.2. Uptica~ pulse train from mode-locked YAG laser. 
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The time duration of the individual mode-locked pulses was 

measured with a 10 pico-second resolution, Hammamatsu streaK camera, 

and with a Hammamatsu CI083 PIN photodiode teamed with a fast sampling 

scope. 

The average power output of the laser was 5 milliwatts, which 

means peak power levels for the 30 psec pulses of I to 5 megawatts. The 

beam diameter was roughly 8 mm. Such power density was sufficient to 

allow the conjugate signal to be clearly viewed on a sheet of white 

paper in a darkened room. 

Some of the results are depicted in the plot of figure 7.3, 

which shows the conjugate signal intensity as a function of delay time, 

1d. The most intense signal is clearly encountered during a period some 

30 pica-seconds before, and some 60 pica-seconds after the point at 

which the peak of the DFWM signal is realized. Just as evident, though, 

is that this region of large signal output resides atop a second signal 

component that persists for much longer periods of time. In fact, this 

more slowly responsive portion of the signal is clearly evider.t even 

when the read beam is injected into the sample long before the the 2 

write pulses arrive at the sample. The only plausible explanation for 

this seeming anomaly is that a remnant of the grating that was written 

by the previous mode-locked pulse, 9 nano-seconds earlier, is still 

pe rsis ting. 

It is felt that the two Signal components described above stem 

from two separate physical mechanisms. The shorter duration, but more 

intense component is due to an electronic effect. wherein the read beam 
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scatters from a grating consisting of a sinusoidal spatial array of free 

carriers created by band gap transitions excited within the semiconductor 

crystallites. If the small, sub-micron crystallites are truly isolated 

from one another within their amorphous host glass. then carrier 

diffusion can be ruled out as a cause for limiting grating lifetimes. 

More plausibly, the grating lifetime is determined by the excited carrier 

. lifetime. This view has been substantiated by separate experiments 

performed in our lab, in which measurements were made of the glasses' 

photoluminescent decay times. 

In these latter studies, a single beam of high power modelocked 

pulses is reflected from the glass, as shown in figure 7.4. Radiation 

emanating from the sample as the excited electrons radiatively decay is 

focused onto a streak camera. Such measurements indicate a decay time of 

as low as 16 ps, but no more than 50 ps, for the same glasses studied in 

the DFWM experiments, which is consistent with the results shown in 

figure 7.3. The following table lists photoluminescent decay times as 

measured for a variety of glasses. 

Glass % Trans at .53 llm Decax: Time 

Corning 3-66 <.01% < 16ps to 32ps 

Corning 3-68 15 % < 16ps to 55ps 

Corning 3-69 65% Not Measured. 

Schott OG-550 .001 % < 16ps to 33ps 

Schott OG-S70 10-5 % < 16ps 
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SAl·1PLE FILTER 

Figure 7.4. Experimental arrangement for measurement of 
photoluminescent decay times. 
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Unfortunately, the Corning 3-69 glass wasn't sufficiently absorbing to 

give a photoluminescence signal strong enough to detect. Likewise, many 

of the glasses that absorbed strongly enough to give a good 

photoluminescence signal were too absorbing to give a good DFWM signal. 

Pertinent to the above discussion and conjectures, it should be 

kept in mind that the signal will be broadened due solely to the 

convolution effect invoked by the varying degree of overlap of the three 

input beams as they enter the sample at: different time lags. The 

contribution that the free carrier decay time makes to the broadening of 

the signal, as distinguished from tlle convolution effect, is made 

apparent by the distinct assymetry of the electronic response. That is, 

the curve of figure 7.3 rises more steeply during the "turn-on" regime of 

the response than during the "turn-off" regime. 

In fact, this turn-on time appears to be laser limited. If any 

greater precision is to be attained in measuring the turn-on time then 

laser pulses of shorter time duration will have to be used. 

It is felt that the more slowly responding component of the 

conjugate signal originates from thermal effects. According to our data, 

the magnitude of this thermal signal doesn't decay noticeably over the 

400 pico-second span that we were able to tune our delay line. To 

understand this process more fully will require modification of the 

current experimental setup. Individual pulses from the mode-locked train 

should be selected, and their effects studied with larger, and more 

stable delay line facilities than we currently have available. In this 

way one could measure the time it takes for the exponential fall-off to 

the lie point to occur. 
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But even based on our data, it seems unlikely that this thermal 

response will have totally dissipated in under 20 nano-seconds. More 

likely, it appears that this thermal grating persists for something on 

the order of 50 nano-seconds. It is thus perplexing that Jain and Lind 

didn't observe it. 

Waveguide Fabrication 

The earliest attempts to diffuse a planar waveguide into the 

glasses were based on (dubious) information from the glass manufacturers 

regarding the host glass that is doped to produce the filters. With some 

vagueness, the host glass was described simply as a borosilicate, not 

unlike BK-7. Work has been reported (Eguchi, et. ale, 1983), describing 

successful Ag in-diffusion into BK-7 using Ag/NaNO.:! melts with .3% molar 

Ag content, at temperatures of 320uC. 

When the color glass filters were subjected to the same 

treatment. the end product was a thoroughly charred and blackened 

fragment that only vaguely resembled the original sample. 

Subsequent attempts were made with pure AgNO j melts at 220uC. In 

addition to treating various samples of the Schott color filters, we 

also treated samples of soda-lime microscope slides. As was expected, 

the soda-lime yielded good quality waveguides via this process, while the 

color glass filters tested did not on first attempts. 

Electron florescence measurements were made on these first 

samples, which gave us their elemental content both before and after 

treatment in the mel t. The resul ts. shown in Table 3, show that in all 
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cases some amount of Ag was diffused into the samples, but never as 

much as for the soda-lime slides. 
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It is widely known that one key to successful Ag in-diffusion is 

that the sample glass should have a rich Na content (10 % to 12 % by 

weight), since the Ag exchanges well with the relatively highly mobile 

Na. With this in mind, we managed to obtain a (small) sample of color 

glass from Schott whose host glass contained roughly 12 % Na. i"rom this, 

we succeeded in producing a planar in-diffused guide. 

Though the waveguide created was too lossy (3-4 dB/em at .63:2.~ 

)4 m) to allow demonstration of any nonlinear guided wave phenomena, the 

results are encouraging. We are confident that by refining the process, 

emplOying more stringent sample preparation (polishing, better cleaning), 

and by working closely with the glass manufacturer, waveguides of 

significantly better quality can be fabricated. 



CHAPTER 8 

CONCLUSIONS, DISCUSSION AND FUTURE EFFOKTS 

In Chapter 1 we described some of signal processing applicat10ns 

that can be taken advantage of by conducting DFWM in thin film 

integrated optic devices. While none of these specific applications have 

yet been demonstrated, the experiments described within this dissertation 

have served as a preliminary investigation into such phenomena. Mucn has 

been learned about the type of problems that must be surmounted, and 

how to surmount them, as future efforts move on tO~1ard actually 

implimenting, hopefully in a practical and reliable manner, some of 

these signal processing operations. 

In the following paragraphs we summarize our results, and 

discuss what we feel are some of the insights that these results have 

shed upon concerns that are relevant to future development of practical 

devices. 

1. We have observed DFWM with guided optical waves in a glass 

thin film with CS
2 

as a nonlinear cladding medium. The device 

used is shown in figure 1.1. The signal magnitude was on the 

order of .1 microwatt, which agreed well with theory that had 

been developed earlier (Karaguleff, Stegeman, 19~4). The poor 

-9 
conversion efficiency, 10 of the incident probe power, gave 

conjugate signal intensities that were barely discernible above 
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the stray background radiation scattering from beamsplitters and 

other associated optical components. 

Obviously, such poor signal levels and conversion efficiencies 

make this device an unlikely candidate for efficient or reliable 

signal processing use. Nevertheless, such an experiment 

demonstrates that nonlinear effects can be observed via the 

probing of adjacent media with the evanescent tails of guided 

waves. This provides significant flexibility by allowing the 

combination of different media into various thin film 

structures. To illustrate, an alternate device configuration of 

possible promise would be to deposit, by simple evaporation or 

sputtering, a dielectric thin film on top of a polished 

semiconductor wafer. The nonlinear response of the 

semiconductor (substrate, now, as opposed to cover), much larger 

than that of CS
2

, can be utilized via similar evanescent tail 

probing, without the absorptive losses that would inevitably 

occur if guiding was done by a semiconductor thin film. 

2. Using (bulk) DFWM and mode-locked bigh energy optical pulses, 

we have measured response times ranging from 20 to 60 pico

seconds in commercially available color filter glasses, which 

simultaneously display nonlinear susceptibilities comparable to 

that of bulk semiconductors (Jain, Lind, 1983). Materials like 

CdS and CdSe are known to possess sll,bs tantial nonlinearities, 

but their use for practical device implimentation has been 
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hampered by their slow response due to charge carrier lifetimes 

approaching microseconds (Jain, 1983). Conversely, such color 

filter glasses offer nonlinearities 3 to 4 orders of magnitude 

greater than that of CS
2

, but are only a factor of 10 slower 

(Howard, Fine, Howard, 1978). Such a combination of nonlinearity 

and speed make these glasses an extremely attractive medium for 

a wide variety of uses. 

This fast electronic response is accompanied by a much slower 

(lO's of nanoseconds relaxation time) thermal mechanism. 

However, since the diffraction efficiency from the electronic 

grating is a factor of 2 or more greater than that from the 

thermal grating, the electronic component of the signal can be 

easily distinguished from the weaker thermal component. 

3. We have succeeded in fabricating planar waveguides from these 

same glasses via common ion-exchange techniques. We have 

discovered, thanks to the cooperation we have received from the 

manufacturers (most notably Schott), that several of the 

glasses contain contain significant amounts of sodium (10 to 

12 %). This makes them compatible with sta.ndard in-diffusion 

procedures employing AgN03 melts. in which Ag diffuses into the 

glass to replace Na that had originally resided within the glass 

and consequently alter the refractive index. 

The waveguides made to date have been too lossy (3-4 dB/cm at 

.63lljum) to allow demonstration of any guided wave nonlinear 
J 
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effects. Such high loss may be due to the formation of large Ag 

aggregates about the semiconductor crystallites. Recent 

experiments indicate that exchange with substances other than 

silver can yield better quality waveguides. 

Future experiments will center heavily upon the color filter 

glasses. This work will proceed on basically two fronts: 

1. Improved understanding of the physical mechanisms underlying 

the glasses' nonlinear response. Attempts have been made 

(Rustagi, Flytzanis, 1984) at modeling the glasses' 

nonlinearities as a function of the sulphur to selenium ratio, 

the overall dopant density, etc., but with questionable 

accuracy. Additionally, it is still unclear how certain steps in 

the fabrication procedure affect the glasses nonlinear 

properties. Most perplexing of all is why their response times 

are so rapid. 

2. Fabrication of nonlinear planar, and channel, waveguide 

devices via ion-exchange. Having successfully demonstrated that 

the glasses are compatible with standard ion-exchange 

procedures, they are thus an ideal material from which to 

fabricate nonlinear guided wave devices. In addition to planar 

waveguides. we hope to produce various channel waveguide 

devices, such as nonlinear directional couplers (Jensen, 1982), 

and nonlinear ring resonators (Sarid, 1981). 
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