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A bstract

Many optical information processing algorithms require feedback to perform

iterative processing. An algorithm which exemplifies the requirement for feedback

is the optical associative memory. This thesis explores the theoretical design of an

optical associative mernory in a confocal Fabry-Perot resonator.

The components of the optical associative memory - BaTiO3 crystals, confo-

cal resonator, and holographic plates - are characterized individually to determine

the feasibility of implementing the associative memory. The BaTiO3 crystals are

characterized for processing functions such as image amplification, edge enhance-

ment, linear and nonlinear gain, and linear and nonlinear attenuation. Unique

45*-cut BaT10 3 crystals are investigated in two-wave coupling experiments. The

45*-cut crystals did not perform as expected, and their performance points to a need

to improve the mathematical model of two-wave coupling to include the effects of

beam-fanning. The sensitivity of the confocal resonator to mechanical vibrations

and air currents were learned along with methods to overcome these problems and

align/stabilize the resonator. The BaTi03 crystals were placed within the resonator

to perform qualitative analysis on the crystals. Within the resonator, it was verified

that the 450 crystal does have more gain potential than the z-cut crystal. Exper-

iments with the holographic plates at the 1-3* angles necessary for the confocal

resonator show a diffraction efficiency of 12 %. -- ( 7 f -r( ( . -

The result of these expe'iments is a qualified yes to the feasibility of the optical

associative memory in the confocal resonator. The qualification comes from the need

for a better model of two-wave coupling and beam-fanning and follow-on quantitative

analysis of the 45"-cut crystal within the confocal resonator.

ix



Optical Information Processing in a

Confocal Fabry-Perot Resonator

I. INTRODUCTION

1.1 Background

A great need exists for automatic target recognizers which are robust under

conditions of partially distorted or obscured objects and background clutter. How-

ever. the automatic target recognizers that have been realized depend upon a near

perfect target image. A method of providing the necessary restoration of distorted or

obscured objects and rejection of background clutter is an optical associative mem-

ory. An associative memory is one in which a partially distorted or obscured object

is input into the memory and an undistorted object is recalled from memory. Optical

systems which perform this function have been designed; however, they have been

limited in the objects that can be stored and recalled. Most of these systems have

been single-pass systems that cannot be operated in a regenerative mode. Regenera-

tive systems allow the stored objects to compete with each other for a more accurate

convergence to the correct object. A regenerative associative memory has been de-

veloped with planar mirrors for feedback and photorefractive gain to compensate for

losses in the feedback path [27]. The stored objects compete with the available gain

and the system converges. The optical associative memory presented in this thesis

is performed within a confocal resonator with holograms for storage of objects, and

two photorefractive crystals, one crystal for linear gain and the other crystal for a

nonlinear loss. The confocal resonator allows a compact processing environment, and

the two photorefractive crystals provide an energy hump which sets up a gain-loss

competition for which of the stored objects will dominate and be recalled.



1.2 ProblcmI

An optical associative memory is required that can recall undistorted objects

from partial or distorted inputs and from objects within a cluttered background. Op-

tical associative memories have been designed and demonstrated; however, each has

had their own limitations. The Air Force Institute of Technology (AFIT) is beginning

to investigate optical associative memories and other types of optical architectures

and algorithms which require regenerative feedback such as phase retrieval and clut-

ter rejection algorithms. This thesis represents the first steps of AFIT into the use of

photorefractive crystals and their operation in resonators. As such, the goal of this

thesis is to investigate the properties of a special cut of Barium Titanate, BaTi03.

With this knowledge base. resonator architectures can be designed and research can

be performed on optical applications which require optical feedback and gain, such

as the associative memory.

1.3 Scopf

The scope of this research is to investigate the properties of a special cut of

BaTiO3 that will affect the design of an optical associative memory within a confocal

Fabry-Perot resonator. There are two reasons the design of an associative memory

is investigated. The first is its possible use within automatic target recognition ar-

chitectures. The second reason is that the associative memory system demonstrates

some important design advantages and limitations of the confocal resonator. The

tasks that must be performed in undertaking this design are as follows:

1. Characterization of the nonlinear crystals. The photorefractive crystals to

be used are BaTiO3 . The reason BaTiO3 is being used is because of its

large electro-optic coefficients compared to other photorefractive crystals. The

optical properties of interest in BaT0 3 are linear amplification and saturated

gain/loss within two-wave coupling. Two types of BaTiO are to be used in

this thesis. The first is a s-cut crystal in which the c-axis of the crystal is

2



parallel to the crystal face, and the other is a special cut crystal in which the

c-axis of the crystal is 450 to the crystal face. Three crystals will be used (one

z-cut and two 45°-cut crystals) and each needs to be characterized separately.I
The performance of the 45*-cut crystals will be compared to the z-cut crystal.

2. Characterization of the confocal Fabry- Perot resonator. The confocal resonator

to be used is made up of Mangin mirrors which have different radius of cur-

vatures on their front and back surfaces and have the reflective coating on the

back surface. The reason for the different curvatures of the two surfaces is to

correct for aberrations in the resonator from use of spherical surfaces. The

confocal Fabry-Perot resonator requires exact longitudinal spacing to provide

optimum feedback without phase error. In order to maintain this alignment

the resonator requires active stabilization. Thus, it is necessary first to create

an alignment procedure, second to develop a stabilization scheme, and third

to characterize the resonator performance.

3. Recording of Phase Holograms, The holographic films to be used are Agfa

8E75-HD holographic plates and Kodak High Resolution I-A plates. The film

needs to be characterized for the particular use in this thesis of low angle

(1-3 degrees) multiple exposure holograms. This involves finding the correct

exposure times for maximum diffraction efficiency.

4. System Integration. The alignment of the optical elements is critical for exact

recombination of the feedback beam with the input beam. After alignment, the

system will be characterized for eventual use as an optical associative memory

with the properties of restoration of distorted or partial input objects and the

rejection of background clutter.

1.4 Ogmnization

This thesis is organized in the order that the research progressed-from the-

oretical research to experimental demonstration. In Chapter 2, a brief synopsis is

3
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presented of the current knowledge within the fields of BaTiO3 research, confocal

resonators, photorefractive gain within a ring laser, and optical associative memo-

ries. In Chapter 3. the design of an optical associative memory within a confocal

resonator is investigated to demonstrate the processing possibilities within a confo-

cal resonator with photorefractive gain and photorefractive nonlinear processing. A

theoretical development of the process of two-wave coupling within photorefractive

crystals is presented in Chapter 4, followed by the specifics of two-wave coupling

within BaTiO3 . Experimental results of two-wave coupling experiments, experi-

ments with the confocal resonator and phase holography are presented in Chapters

5-7. In the last chapter, recommendations for optical processing experiments as a

result of research performed in this thesis will be presented.

4
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HI. SUMMARY OF CURRENT KNOWLEDGE

2.1 Introduction

In order to build an optical associative memory, sev'eral areas of current op-

tical research have to be integrated. These areas are BaT: 03 crystals, resonator

theory. photorefractive gain within a ring laser, and associative memory systems.

The current knowledge iii these areas as it pertains tu this thesis will be discussed

in separate sect ions.

2.2 Barium Tifanalf Crystals

Barium Titanate crystals are considered to be good candidates for optical pro-

cessing applications because of their large electro-optic coefficients relative to other

nonlinear crystals [21:4901]. The larger the electro-optic coefficients in a nonlinear

crystal, the greater the amplification. BaTiO3 crystals have a tetragonal symmetry

(point group 4mm), and its clamped, nonzero, linear electro-optic coefficients are

r3= 8. r33 = 24, and r42 = 820 in units of pm/V. BaTi03 's unclamped, nonzero,

linear electro-optic coefficients are rJ3 = 24, r33 = 80, and r42 = 1640 in units of

pm/V. Unclamped means the crystal can deform according to the law of piezoelec-

tricity, and the deformation follows the modulating frequency of the electric field.

Clamped means that the modulation frequency is too high for the crystal to deform

by the laws of piezoelectricity. There has not been wide agreement of which coeffi-

cients (clamped or unclamped) should be used for two-wave coupling in BaTiO3.

Two-wave coupling is the process of amplification in nonlinear crystals. The

physical process of two-wave coupling is where a probe beam and a pump beam

are input into a nonlinear crystal and the nonlinear crystal directs energy from the

pump beam into the probe beam by the photorefractive efect. (ms Figure 1). Lee

from the University of California performed theoretical analysis of BeTis crys-

tals to maximnize the amplification by varying the input parameters of the cryta,

'i5



+c axis Grating Vector

Pump, 12 /

O0 o. __ I1+ Al

Probe. I1

L---

Figure 1. Geometrical Configuration of Two-Wave Coupling. Two coherent beams
are directed on the crystal separated by an angle 29 (internal). The normal to
the bisector of the two beams is the grating vector. The angle 0 is the angle
between the grating vector and the +c-axis.

and he recommended a special cut crystal for maximum amplification [11:228]. The

input parameters varied were the angle, 20, between the pump and probe beam,

and the angle, 8, between the grating vector and the crystal's optic axis (see Fig-

ure 1). The parameters for maximum amplification were found to be 0 = 2* and

/3 = 45". However, in this configuration a large percentage of the output power is

reflected off the face of the crystal, and the spatial extent of the input face available

for use is reduced. Therefore, Lee recommended a 45"-cut crystal (cut along the

(100), (011), and (0IT) crystallographic planes) to maximize the amplification (see

Figure 2) [11:228-234]. Two 45"-cut crystals will be used in this thesis. In this con-

figuration, Lee reported the BaTiO crystal could provide an image amplification of

4000 with a space-bandwidth product of 1,000,000. "The space-bandwidth product

is the product of the spatial frequency extent with the spatial extent of the input"

[20:1433]. In simple terms, the higher the space-bandwidth product, the higher the

6



z (+c-axis)

Conventional Cut
............... .. p c a u

Special Cut
Extraordinary

Ordinary

y

• (011)

- -\

x (100)

Figure 2. 45*-Cut BaTiO3 Crystal. The crystal represented by the dashed lines is the
z-cut crystal conventionally used. The crystal represented by the solid lines is
the special 45-cut recommended by Lee [11:234).

quality of image amplification.

The gain of the crystal is also dependent on the inclination of the polarization

of the incoming laser beam. There are two orthogonal orientations within nonlinear

crystals: ordinary and extraordinary (see Figure 2). With ordinary polarization

(perpendicular to the c-axis), only the smaller r13 coefficient can be used; hence, there

is little gain with ordinary polarization. With extraordinary polarization (parallel

to the c-axis), all of the electro-optic coefficients can be used; therefore, more gain

can be achieved with extraordinary polarization.

There are, however, two current problems with the use of BaTiO3: (1) the

7



manufacture of the crystals is more of an art than a science, leaving each crystal with

slightly different operating characteristics; and (2) the exact physics of the operation

of the crystal are unknown [21:4901-4905]. There have not been any published results

of experiments with a 45°-cut BaTiO3 crystal; therefore, experiments will be required

to validate the improved gain behavior of the crystal.

2.3 Resonalor Thory

A resonator is required to provide feedback control in an optical associative

memory similar to the feedback used in electrical operational amplifiers. The confocal

resonator is ideal for coherent optical feedback systems like the optical associative

memory because its compact design and two image and Fourier planes. The path

of light rays in a confocal resonator is shown in Figure 3 [24:55-57]. The resonator

is called confocal because the focal points of the mirrors are at the same point. An

advantage of confocal resonators over other types of resonators is that the angular

alignment of a confocal resonator is not as critical as other types of resonators-

!a f - f

Figure 3. Confocal Resonator. The input beam is brought into the resonator with a
non-zero inclination so that the Fourier traasform planes will seprate.

8
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(a) Spherical Mirror

(b) Mangin Mirror

Figure 4. Spherical Aberrations in a Convex Mirror and Aberration Correction with
Mangin Mirrors. With a spherical mirror, the non-paraxia rays focus before
the paraxial focus. A Mangin mirror uses a negative lens to compensate for
the non-paraxial rays.

however, the longitudinal spacing of the confocal resonator is critical. Lee has

improved the basic design of confocal resonators by replacing the simple spherical

mirrors with Mangin mirrors. Mangin mirrors are unique in that the reflective surface

is the back surface of the mirror and not the front surface. In addition, the radius of

curvature of the two surfaces are different resulting in a convex mirror surface and

a negative lens combination. The improved performance of the resonator is due to

reduction of spherical aberrations present in spherical lenres and mirrors. Spherical

aberrations are present in spherical optics because of the paraxial assumption made

in their design. The result is that rays farther away from the optical axis of the

lens will be focused before the paraxial focus (see Figure 4a). Therefore, the theory

behind the Mangin mirror is that a negative lens compensates for the spherical

9



aberrations introduced by the convex mirror (see Figure 4b). This configuration

is quite similar to a doublet lens made of a positive and negative lens to correct

for spherical aberrations. Lee has developed the equations for the Mangin mirror

parameters (r. R. I and f shown in Figure 5) [20:1431- 1437] [10:535-540].

The resonator to he used in this thesis is similar to the resonator used by Lee.

but it has been dsigued for oprat ion at a wavelength of 575 nm instead of the 514.5

nm used by Lee. The Mangin mirror specifications are:

r = 34.25 i

I? = 53.29cm

= 1.5cm

f = 35cm

The physical dimensions of the confocal resonator are 70 cm in length and 72 mm in

width. This is a very large for an optical cavity and will require active stabilization

r R

t

If

Figure 5. Mangin Mirror Confocal Resonator. The focal lenght, f, is the focal length
of the negative lens-convex mirror combination. R is the radius of the outside
surface, r is the radius of the inside surface, and t is the thickness of the
negative lens at the center.

10



circuitry to maintain the exact longitudinal spacing between the mirrors. This cavity

size should not deter using the confocal resonator within optical systems that must

be compact because the confocal resonator can be miniaturized once a design is

demonstrated on a "breadboard" resonator.

2.4 Photortctir¢ Gain within a Ring Laser

Anderson from the University of Colorado has modeled tile results of photorefrac-

tive gain within a ring laser, and lie has performed ring laser experiments [4] [5]. A

ring laser is formed when a Bu7i0 3 crystal is placed within a resonator as shown in

Figure 6 and a pump beam is directed onto the crystal. A process called asymmetric

defocusing or more commonly called "beam-fanning" scatters the pump beam and

provides the initial energy for the lasing path. This energy is fed back to the crystal

and a grating is formed in the crystal which deflects additional energy into the laser

mResonator

bn Pump Beam 

Figure 6. Photorefractive Gain in a Ring Laser. A laser is built with BaTiO3
crystal as the laser medium. The lasing process with a BaTiO3 is different
from conventional lasers in that the resonator beum is formed and maintained
by the deflection of the pump beam into the cavity and not from stimulated

emission.

11



cavity by two-wave coupling. Two important results have come from his research

that relate to this thesis.

First, Anderson proved that the ring laser formed with a photorefractive crystal

will have its cavity frequency pulled towards the frequency of the pump beam within

a few hertz. Thus, unlike a gas laser, a laser formed with photorefractive gain lases

consistent with the cavity and the frequency of the pump beam, whereas a gas laser

lases at a frequency consistent with the mirror spacing. The reason for this effect

is because of the method of energy transfer in the photorefractive case is diffraction

off of gratings internal to the crystal, while the gas laser lases due to the stimulated

emission of photons from transitions within the media.

The other important result occurs when a hologram is placed within the laser

cavity. These stored objects are eigenmodes of the resonator and control the areas of

gain. Anderson demonstrated that after the objects have been stored in the resonator

and a pump beam is directed onto the crystal, the ring laser will operate with all

the eigenmodes present. At times, one mode may be brighter than the others and

the laser may oscillate between the eigenmodes. However, if an eigenmode or partial

eigenmode is input into the ring laser, the ring laser will operate in that eigenmode

only. In other words, the ring laser will resonate on the presented input, enhance

it (recall the full object), and will win the competition for the available gain in the

resonator.

2.5 Associativ Memory Systems

An associative memory is one in which a partially distorted object is input

into the memory and an undistorted object is recalled from the memory. In a block

diagram, an associative memory would be as shown in Figure 7. First, a distorted

input is compared with a number of stored objects. Each comparison is scored on how

cose the input matches the stored object. The scores are then subjected to criteria

to determine which, if any, of the stored objects is most similar to the distorted

12



Undistorted

Distorted Input Comparison OjcDitote~nut with n Memory

Stored Objects g

Figure 7. Block Diagram of an Associative Memory.

Distort ed
Input Beam Split ter Hologram

Recalled ---- Return Path

Object - Forward Path

Figure 8. Hughes Laboratories' Associative Memory.

object. The highest score acts as a memory address to recall the undistorted object

from memory.

There have been several optical systems that perform as an optical associa-

tive memory, with one being similar to Anderson's memory in a resonator. Notable

among these systems not within a resonator is the design of Hughes Research Labo-

ratories (see Figure 8). This system was investigated in another thesis at AFIT [161.

The system is based upon the re-illumination of a Vander Lugt filter with an input

and a phase conjugate mirror in the correlation domain of the Vander Lugt filter.

The phase conjugate mirror, a BaTiO3 crystal, thresholds the correlation peaks and

re-illuminates the hologram from the backside with a reconstructed reference beam.
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Figure 9. Northrop's Associative Memory. The pump beams for the two-wave cou-
pling within the BaTi0 3 crystals are not pictured.

The re-illumination recalls the undistorted object on-axis.

A resonator design similar in concept to Anderson's is a design by Northrop

[27]. This design is very similar to the design of the resonator used in this thesis.

It involves the use of two BuTiO3 crystals (z-cut), planar mirrors for feedback, 2

holograms, and a set of pinholes (see Figure 9). The input is sent through crystal CI

and is projected onto hologram Ti which acts as a Vander Lugt filter. The correlation

term is Fourier transformed by lens LI. The correlations are spatially filtered by the

pinholes and amplified by crystal C2 to become reference beams for hologram T2.

The recalled object from hologram T2 is fed back to crystal CI where the fed back

object is added to the original input object. The system then resonates until a
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Figure 10. Pholorefractive Nonlinearity. The photorefractive nonlinearity used by
Northrop is plotted with a sigmoid function. Note that normally a sigmoid
function within a neural network passes the larger values while suppressing
the smaller ones. The equation which governs these curves is presented in
Chapter 4 (Equation 25).

steady state solution is found. The operation of the crystals within this associative

memory is critical. Crystal C2 operates as a linear amplifier to compensate for

losses within the resonator. However, crystal CI is operating as a nonlinear gain

mechanism in which the gain is dependent on the intensity of the input beam (probe

beam) compared to the pump beam-the larger the input, the lower the gain; and

similarly, the lower the input, the larger the gain. The gain dependence on intensity

ratio of probe beam to pump beam is discussed in Section 4.3.3. Within neural

network terminology, crystal CI operates as a node in which nonlinear summation

occurs. This nonlinear summation can be modeled as a sigmoid function; however,

the sigmoid function is reversed from the normal neural network use (see Figure 10).

There is then competition between the modes (one mode being one stored object) for

15



the available gain within the resonator with the mode that is most closely associated

with the input winning the competition.

The differences between Northrop's system and this thesis is the feedback sys-

tem used and the operation of the two crystals. The feedback system used in this

thesis is the confocal resonator which allows for compactness of design with two im-

age arid Fourier planes. The greatest difference is in the crystal operations. Both

of Northrop's crystals (z-cuts) are used for amplification: one crystal for linear am-

plification arid the other crystal for nonlinear amplification (linear and nonlinear

amplification is discussed in section 4.3.3). Therefore, there is only a competition

for the gain within the resonator between stored objects. However, in this thesis, a

45°-cut crystal is used for linear amplification and a z-cut crystal is used as a non-

linear attenuator (section 4.3.3). This combination allows for competition for the

available gain while suppressing the weaker objects competing for the gain with the

nonlinear attenuator.

2.6 Summary

This summary of current knowledge is the foundation upon which this thesis is

built. Much work has been performed with BaTiO3 crystals; however, much is still

not known about the material. Experimental results of two-wave coupling within

45°-cut crystals have never been published -only six 45°-cut crystals of BaTiO3

have been manufactured as of this thesis. Therefore, the theoretical performance

of the 45°-cut crystal has not been verified. In addition, research has not been

performed on the interaction between two crystals where one is a gain mechanism

and the other is a loss mechanism. The confocal resonator mirrors were procured

with different reflectances on the back surface than those used by Lee for operation

at 575 nm instead of 514 nm used by Lee. Thus, the mirrors must be characterized

at 575 nm.

Within the next chapter, a detailed development of the theory of the optical

16



associative memory is presented. First, the principles of holography wilt be discussed

because of their integral part within optical associative memories. From the prin-

ciples of holography along with Vander Lugt filter theory, the optical associative

memory in the confocal resonator will be designed.
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III. OPTICAL ASSOCIATIVE MEMORY

3.1 Introduction

Holograms have been used as storage media for objects that can be recalled

with their associated reference beams. Gabor the inventor of the first holographic

process first discussed the potential of using holograms as an associative memory.

An associative memory is one in which a partially distorted object is input into the

memory and an undistorted object is recalled from the memory. Holograms are an

integral part of the associative memory designed in this chapter. Two holograms

are to be used. The first hologram will operate as a Vander Lugt filter [181, while

the second hologram will be the memory core of the associative memory. In this

chapter. the conceptual design of an associative memory in a confocal Fabry-Perot

resonator is performed. However, before preceding onto the system design, a basic

understanding of holography must be developed.

3.1.1 Holograms The basic component of the associative memory is the holo-

gram. The operation described in this section is based upon the Vander Lugt

matched spatial filter [18]. When an object is stored on a holographic plate, the

transmittance function recorded is:

T = A12 + lh12 + Ah + Ah ()

where A = A ezp[-j2,rz] is the reference beam, a = sin(0)/A is the spatial

frequency, and h is the stored object (see Figure 11). The selection of the spatial

frequency, a, will be discussed later in this section. When the hologram is re-

illuminated with the object, g, the result is a multiplication of I with the input

transparency (see Figure 12).

VT = giAJI + il hl + gAAh + gAh" (2)
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Reference Beam,

Object Beam

Figure 11. Recording a Hologram on a Photographic Plate.

The first two terms in this multiplication are unimportant because they both are

positioned on-axis with no means of separating the terms due to the loss of the

phase. However, the third and fourth terms are important because the amplitude

and phase of the objects are stored in these terms, and the terms become spatially

separate after propagation (see Figure 12). If the third and fourth terms are now

Fourier transformed by use of a lens as in Figure 12, the result is:

.F[Third term] I IG *] * H (3)

Y[Fourth term] I -G * H*) * a (4)

After examination of the Fourier transforms, it is seen that the fourth term is of

interest because it is the correlation of the input with the stored object. The third

term is a convolution and is not of immediate interest for the associative memory.

The peak of the correlation is a measure of how dose the input matches the stored

image (assuming energy normalization of input and stored objects).
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Figure 12. Re-illumination of Hologram with object.

The reason the third and fourth terms are spatially separated from the first

and second terms is due to the spatial frequency, a, the hologram is recorded at. But

in order for the terms to completely separate, a minimum spatial frequency (angle)

must be used. The minimum a is based upon the spatial frequency content of the

input object, R', and the stored object, Wh. The width of the terms in Figure 12

are given by [18]:

First term 1

Second term: 2W, + W+

Third term: W + We
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Fourth term: lV" + I', (5)

From these widths and an examination of Figure 12, the minimum a for complete

separation is:

Once the minimum a is met. the third and fourth terms resulting from the re-

illumination of the hologram will separate and be centered at -aoAf.

Holograms can be used as a matched spatial filter where the input object is

correlated with the stored object. The largest correlation peak will occur when the

input exactly matches the stored image (assuming energy normalization of objects).

and all peaks for either a distorted image or a different object will be smaller.

3.1.2 Alullipl Object Holography In order for an associative memory to be

useful. more than one object should be stored in the memory. For use in a clutter

rejection algorithm or an image correction algorithm, only one object need be stored;

however, to increase its usefulness, more than one object should be stored. With a

hologram, there are many ways to store k objects. The method used in this thesis is

angle multiplexing. In angle multiplexing, each object, hk, is recorded with its own

reference beam at angle 0k so the first diffracted orders are separate in the correlation

domain. The transmittance function of an angle multiplexed hologram is:

T = I IA"I+ iki2 + Ak'hk + Aka&]  (7)
k=1

where A4 = Akezp(-j2vro1z). The angles selected for angle multiplexing are

selected such that the correlations do not overlap in the correlation domain. In

order for this to be accomplished, an analysis similar to the previous section must

be performed. The on-axis terms shown in Figure 12 will remain the same width

as before if it is assumed the stored objects have similar spatial frequency content.

Therefore, as long as the minimum a of Equation 6 is met, the third and fourth terms

in the re-illumination will separate from the first and second terms. In multiple
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Figure 13. Output of a Multiple Object Hologram in the Fourier Domain. Wl.
is the width of the Fourier transformi with the highest spatial frequency. Aa
within (ot+ao)Af is the minimumn a such that no overlap of the correlations
occur.
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object holograph%., however, an added concern is the separation of the third and

fourth terms of the different objects. If it is assumed that the first object is stored

at the spatial frequency of a, thlen the second object must be stored at or+ An. The

minimum Anis met when (see Figure 13):

An = lv..* +Wgi' (8)

Once the angles are selected. the hologram made and re-illuminated with the

object. g. the Folurier tranlsform of the fourth term is:

.T[Fourth term] = t ((G*11*) *aQk] (9)
k=1

This equal ion represents the correlation of the input object with all of the stored

object S.

3.2 Sin gh-Pa.s Associaltif Mtmory

An associative Memory schematic based on the properties of angle multiplex

holograms is shown in Figure 14. The memory consists of two angle multiplexed

LI L2
Pinholes and

Ti Nonlinear Threshold TII Object

P1 P2 P3

Figure 14. Single-Pass Optical Associative Memory.
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Figure 15. Nonlinear Thresholding of Correlation Peaks. The nonlinear threshold
passes large intensity peaks with a small amount of attenuation. However,
small intensity peaks are attenuated a larger amount.

holograms, TI and T2; two lenses, Li and L2; a nonlinear threshold device; and

a set of pinholes. First, the theory of operation of the associative memory will be

presented followed by the mathematical development.

The first hologram along with the first lens performs the correlation of the

distorted object with the stored objects on the hologram. The correlation peaks are

pinholed to pass only the peak values. The peak values are then sent through a

nonlinear threshold device. All peaks will be attenuated by the nonlinear threshold

with the strongest peak being attenuated less than the weaker peaks (see Figure 15).

The peak values passed by the pinholes will be modeled as delta functions. The
delta functions are Fourier transformed by the second lens and projected onto the

second hologram as a reference beam. The reference beam projected on the second
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hologram is associated with the stored object that is most closely related to the

distorted input object. Therefore, the on-axis term from the second hologram is the

object associated with the input.

Mathematically. the system works as follows. The information stored on the

two holograms is:

Ti = [ [1Ak12 + Ih&12 + A " hk + Ak Ia']  (10)
k=1

where Ak = .r(-j2iio:X): and:

T2 = I [JBh12 + Jhk12 + B " hk + B' h*J (11)
k= I

where Bk = Bcxp(+j2rok). The reason the reference beam, Bk, is the conjugate

about the z-axis of the reference beam, Ak, is due to the inversion by the two lenses.

A distorted input object, P, is illuminated onto TI at plane P1. The fourth
term of the multiplication between A' and TI is Fourier transformed by lens Li and

projected onto plane P2:

Y([Fourth term] = (Ii' * H.) , a' + p (i, Hk.) * a ] (12)

iciress- ¢orrl46,

Each of these correlation peaks are spatially separate due to the angle multiplexing

of the reference beams. If the correlation peaks are now pinholed to pass only the

peak value, the result is delta functions of unequal intensities-the greatest being

the correlation of P' with the stored object hl:

UP,_ H** ' 6(f. + 0k) (13)
ba'

(Note: Al Hk ak is the sero shift correlation magnitude.) The correlation peaks

are subject to a nonlinear threshold with a crystal of BaTiO3 (discussed in Chapter

3) oriented such that there is a nonlinear loss for the input (see Figure 15). The
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nonlinear loss, L, is adjusted such that the small peaks are attenuated more than

the greatest peak for h:

Up2+ = (K - L) 6(f + oi) (14)

where K is a constant = H' HI a'. This delta function which is passed through the

crystal is now Fourier transformed by lens L2 to form a plane reference beam for the

second hologram at plane P3:

'p3- = f[Up 2+1 = (K - L) cxp(+j21raz) (15)

At P3. U'P3_ and T2 multiply together. The third term is of interest after multipli-

cation because the phase terms in the reference beam cancel with the stored object

associated with the distorted input object; therefore, the recalled object travels on

a spatial carrier of zero (on-axis):

Up 3[Third term] = (K - L) ezp(+j2rao1x) [B 'hak]
k=l

- (K - L)[B'ezp(-j2iraz) ezp(+jZraz)]h'

+ [(K - L) ezp(+j2raz)B'hk]

k=2

- (K - L)B'h' + [(K - L) ezp(+j2rox)Bkkhk] (16)
k=2

All the other stored objects will also be output from hologram T2, but they will

travel off-axis.

Therefore, the system works as an associative memory where the stored ob-

ject that is closest to the distorted input image is recalled and displayed without

distortion.

S.S Iterative Optical Associative Memory

The single-pass optical associative memory presented in the previous section is

not without its problems. A major problem is the recalled object is not fed back to
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Figure 16. Optical Associative Memory in Confocal Resonator.

the input to ensure the recalled object is consistent with the distorted input object.

The feedback necessary to ensure this consistency can be provided with the confocal

resonator configuration shown in Figure 16. The resonator memory is composed

of two concave Mangin mirrors, MI and M2; two BaTiO3 crystals, C1 and C2;

two holograms, TI and T2; a set of pinholes, PH; and a restricting aperture. The

iterative associative memory will be presented like the single-pass memory- theory

of operation first, followed by a mathematical development.

The distorted input object is transmitted through mirror MI onto the holo-

gram TI. Mirror M2 acts as a Fourier transform lens to transform the output of TI;

therefore, correlations appear at the pinholes PH. The pinholes pass only the corre-

lation peaks to the crystal C1, which performs a nonlinear threshold operation on

the peaks passing only the greatest ones as described in the last section. The delta

function is then Fourier transformed by MI and projected onto the second hologram

T2 as a reference beam. This reference beam is the one associated with the stored

object the distorted input is most like. The recalled object is linearly amplified by
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crystal C2 to make up for the cavity losses in the resonator. An aperture is placed

before C2 to block the off-axis beams of the other objects stored on hologram T2.

The output of C2 then recombines with the distorted input beam. The feedback

required for operation as an associative memory is positive. Positive feedback is

assured when an input is presented by maintaining the proper mirror spacing. This

allows the addition of the distorted input, Pl, with the recalled object, h'. The

system then resonates until a steady state solution is found.

This design incorporates features which take advantage of the confocal res-

onator's advantages and disadvantages. First, both the two image and two Fourier

transform planes are used for optical processing elements. A confocal resonator dis-

advantage this design takes advantage of is the fact that the confocal resonator is

an on-axis resonator, meaning it does not allow for any deflection of beams within

the resonator. If a beam is deflected, the fed back beam will not recombine with

the input beam. However, by virtue of having two holograms in the resonator, the

deflection of one hologram is compensated by the other hologram to restore the beam

alignment. In addition, the Fourier transform planes were able to be separated in

this design with the input beam at 0* inclination because of the deflection off of the

holograms. Thus, the disadvantage works to the advantage of the design.

Mathematically, the iterative system is similar to the single-pass system; how-

ever, there are some unique requirements in the resonator which are shown in this

development. The information stored on the two holograms is:

TI = E (IAkI 2 + Ihk(,y)12 + Ak" h (z,y) + Ak hko(z,) (17)
k=1

where Ak = Aezp(-j2xokz); and:

T2 = t IIB1 2 + lhk(-z, _y)12 + B'- h(-z, -1) + B" h"'(-z,-p)] (18)
k-I

where Bk = Bezp(+j2wroz). The reason the reference beam is the inverse linear

phase about the z-axis and the object is inverted is due to the inversion by the two
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lenses. In the single iteration associative memory, the holograms did not. need to be

recorded while in the system and the recalled object was not fed back to the input,

so there was no concern over beam recombination. However, in the iterative system

the fed back object must combine with the distorted input.

A distorted input object, PI , is transmitted through MI and illuminated onto

Ti. The fourth term of the multiplication between A' and Ti is Fourier transformed

by mirror M2 and projected onto the pinholes:

Y[Fourth term] = (Il' * H") * a' + P [(H' * Hk) * akl (19)
a,,iocorveletaon k=

cross- corvveltion

Each of these correlation peaks are spatially separate due to the angle multiplexing

of the reference beams. The correlation peaks are pinholed to pass only the peak

value, the result is delta functions of unequal intensities.

UP,,._ = J] Hk* a k b(f, + Ok) (20)
k=1

The correlation peaks are subject to a nonlinear threshold with a cryst i of BaTiO3

(discussed in Chapter 3) oriented such that there is a nonlinear loss, L, for the input

(see previous section).

UPH+ = (K - L) 6(f + o,) (21)

where K is a constant = / l H I a'. This delta function which is passed through the

crystal is now Fourier transformed by mirror MI to form a plane reference beam for

the second hologram T2:

Y[UpH+J = (K - L) ezp(+j2 ro1 z) (22)

The third term is of interest after the multiplication of T2 with the reference beam

because the phase terms in the reference beam cancel with the stored object asso-

ciated with the distorted input object, and the recalled object travels on a spatial

carrier of zero (on-axis):
n

Un[Third term] = (K - L) ezp(+j2w1rz) E"[B khk]
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(K - L)B'h' + [(K - L) ezp(+j2rakr)B"*h] (23)
k--2

All the other stored objects will be output from hologram T2, but they will travel

off-axis. Since these off-axis terms will be collected by mirror M1 and combine with

the distorted input just like the on-axis recalled term, an aperture is required in the

Fourier plane to block the off-axis terms.

Crystal C2 is setup as a linear amplifier as described later in Chapter 3. Tile

amplification provided by C2 is required to make up for the losses in the mirrors,

crystal CI and the holograms. The amplified output of C2 is then recombined with

the input object with positive feedback:

UTI= h'+ O[h' (24)

where O stands for the mathematical operation provided in the feedback. Therefore.

when a distorted object is input, there is a gain-loss competition between crystals

C1. C2, and the permitted connections provided by the holograms for convergence

to the correct output object for the distorted input.

In the terminology of Anderson [4:56], the resonator has n equally likely modes

which compete for the available gain. With no input, the internal fields will be a

sum of the resonator modes where at times one mode may be dominate over another.

With an input injected into the resonator, the mode that the input is most like has

the advantage and is more likely to win the mode competition. As long as the input

is presented, the setup mode will remain steady state; however, once the input is

removed the resonator will return to its internal competition.

3.4 Summery

Two designs of optical associative memories have been presented in this chap-

tor. One design is the single-pass associative memory which utilizes angle-multiplexed

holograms to first associate the input with a stored object and then display the ob-

ject the input is most like. The other design is similar on the first pass through the
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resonator to the single pass system, but the resonator system compares the feed-

back with the input and sets up a gain competition between allowable modes in the

resonator until one mode of the resonator wins over the others.

In the next chapter, the process of two-wave coupling within BaTiO3 will be

investigated. During this investigation, the theory behind two-wave coupling will be

discussed. along with applications of BaTiO3 .
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IV. TWO- WAVE COUPLING

4.1 Introduction

The gain required for optical information processing within the confocal res-

onator is provided by two-wave coupling in barium titanate crystals. Two-wave

coupling was operationally defined to be where a probe beam and a pump beam

are directed onto a nonlinear crystal and the nonlinear crystal directs energy from

one beam into the other beam depending on the direction of the positive c-axis of

the crystal. Within this chapter, this definition is expanded upon with the theory

of the physical process, the mathematical model, and some practical applications of

two-wave coupling.

4.2 Physical Process

Two-wave coupling is a product of the photorefractive effect in nonlinear

Selectro-optic crystals. Two-wave coupling is another term for volume holography

in electro-optic crystals. The photorefractive effect refers to light induced refractive

index changes in electro-optic materials and it arises from non-uniform illumina-

tion of the crystal [12:1297][19:206]. Within this section, the physical process of the

photorefractive effect and how it relates to two-wave coupling is investigated.

In two-wave coupling, the non-uniform illumination originates from the inter-

ference of the mutually coherent pump and probe beams within the crystal. It is

important the pump and probe beams are coherent or there will be no interference

between the two beams. A simple example is two plane waves interfering and fringing

in a Michelson Interferometer. This interference will lead to an intensity variation as

seen in Figure 17a. The light in the fringes, both bright and dark, interact with the

crystal molecules to create free charges with a given probability per photon. Thus,

the crystal molecules within the bright fringes have a much higher amount of free
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Figure 17. Photoelectric Effect. It is assumed in this diagram that electrons we the
dominate photocarrier [191.
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charges [12:1298]. For the purpose of this demonstration, I will assume that the

electrons are the dominant charge carriers over holes. The crystal carriers which are

referred to as holes and electrons are analogous to those in semiconductor theory. In

the bright fringes, electrons are freed by the light and migrate leaving holes behind

until they are retrapped in an area of the crystal that is not illuminated as brightly

(see Figure 17b). The spatial variation in charge density forms an internal space-

charge electric field (see Figure 17c). These internal electric fields produce refractive

index changes by the (Pockcl's) linear electro-optic effect [12:1297]. The depth of

the changes in index of refraction is determined by the magnitude of the electro-

optic coefficients which are a measure of how susceptible a material is to an applied

electric field. The refractive index changes are periodic and result in a diffraction

gratin g which deflects energy in the direction of the shift of the space-charge electric

field with respect to the space-charge density. This results in an amplification of the

probe beam by deflecting energy into its direction. An important point to remember

about the amplification is that it is coherent. In other words, the probe and pump

beams retain their original phase functions, only their amplitudes change. This point

is discussed further along with possible applications in Appendix C.

The exact acceptors and donors of free charges in barium titanate are unknown.

There are two models that are used to describe the photoelectric effect in BaTiO3

[40:3363]. The first says that there is one photoactive species or recombination

centers existing in two valence states and the other says there are two independent

photoactive species or recombination centers. In Model 1, electrons are photoionized

from donors N and recombine at traps N+, and holes are photoionized from acceptors

N+ and recombine at N (see Figure 18a). In Model 2, one of the independent

species has a dominate electron carrier and the other a dominate hole carrier (see

Figure 18b). It is important to know how these two models differ in observed effects

should the effects be seen. According to Valley, the following effects should be seen

[40]:
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Figure 18. Charge Transport Models [40].

The results obtained here show that if a single set of recombination cen-
ters is responsible for both electrons and holes, then the carrier with the
largest conductivity dominates for large grating periods, while the carrier
with the largest absorption coefficient dominates for small grating peri-
ods. On the other hand, if there are two sets of recombination centers,
the sign of the space-charge field is given by the sign of the carrier with
the largest empty trap density.

This means the direction of energy transport depends on the concentrations of car-

riers in Model 2 as opposed to the differences in the conductivities or the absorption

coefficients in Model 1.

As noted above, not everything is known about the material BaTi0 3; however,

enough is known to mathematically model some of the external effects.

4.S Mathemetical Model

The geometrical configuration for two-wave coupling is shown in Figure 19.

AD a( the angles in the figure are those internal to the crystal and not external

angles. The angle between the two intersecting beams is 20. The grating vector is
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Figure 19. (= Figure 1) Geometrical Configuration for Two-Wave Coupling.

perpendicular to the bisector of the two beams. The angle between the +c-axis and

the grating vector is 0.

Two-wave coupling gain is defined as the effective amplification of the probe

beam once the pump beam is turned on. This method of measuring the gain already

takes into account the energy lost due to absorption in the material and reflection

off the faces of the crystal. The equation for the gain through the crystal is:

G = J,(L.11)withi2  - [IJ(O) + 12(0)1 ezp[L., (25)

IJ(L,l)withoutI2  72(o) + 7,(0) ezp[iLej ]

where F is the gain coefficient and L.11 is the interaction length in the crystal given

by L.I! = Ll/os(p). For BaTiO3 with no electric field applied, the space-charge

induced grating is shifted in phase relative to the beam-' interference peaks by 90,

and the exponential gain coefficient is:

2w
r 2v r n j F JM(£4') (26)

Mnces(O)
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Figure 20. Two-Wave Coupling Gain Coefficient versus 0 and /. Note that the
peak gain is at/ = 45* and 9 = 2° [11].

where

4r,,ji,,= = nJ1T3 COS(1) (2T)

= = 1  q j.4r,,3(cos20 - cos2B)

+4nn~r42sin 2

+n.ra(cos29 + cos2#)] (28)

and F is a fractional poling factor which provides for the fact that the crystals are

not fully poled in the manufacturing [21:4902). Poling will be explained in the next

paragraph.

Lee has plotted the I curve for different geometrical configurations of 9 and 6

(see Figure 20) [11:230]. This graph shows how dramatic the differences in gain can

be for the different geometries.
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Poling refers to a two-step manufacturing process which removes 900 and 1800

domains from the crystal [3-1]. 90° domains are evidenced by the presence of highly

reflecting planes running along the (100) planes. They are removed by putting

mechanical pressure on the faces of the crystal. It is easy to see when the crystal

is free of the 900 domains. The second step is the removal of the 1800 domains by

placing an electric field of 1000 to 1600 V/cm for six to eight hours across the heated

crystal (131 *C). It is very difficult to determine if all of the 1800 domains are removed

during this procedure. It is the remaining 1800 domains which reduce the electro-

optic coefficients to less than their perfectly poled values [21:4902]. Therefore. the

crystals do not achieve the optimum electro-optic coefficients reported for BaTi0 3.

The components of Equation 26 will now be looked at in more depth. The

reason to disect this equation more is because a simple relation between the fractional

poling factor. oF, and the charge carrier concentrations of the crystal. With the

knowledge of the fractional poling factor and carrier concentrations of a crystal, the

performance of a particular crystal can be more accurately predicted.

The assumptions which Klein [21:4902] made to arrive at the expression for

the static electric field (see Figure 17c) are that the dark conductivity is negligible

above an irradiance of 10 pl/cm , there is no applied external electric field, and

the bulk photovoltaic effect is negligible. Under these conditions, the equation for

the static electric field is:

E 1JA +Pe EWE, =  EdE (29)
P ip + aeliI Ed +Eq d+E9

where ul, and p, are the hole and electron mobilities, p and n are the hole and

electron concentrations, o is the normalized conductivity, Ed is the diffusion electric

field, and E, is the limiting space-charge electric field.

k4T2 r
Ed . kbT ir(30)

E, . 2e^A N+N (31)

. e, Ni+
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Figure 21. Fractional Poling Factor and Carrier Concentrations. Plot of 1/FA,
versus I/A2 can be used to determine the fractional poling factor and carrier
concentration by use of the slope and intercept (211.

A. is the grating period (A, = A/2sinO), e is an electric charge, c is the permittivity

constant, f, is the relative dielectric constant, and N+A'N(N + N+) is the effective

carrier concentration. The relative dielectric constant used in this thesis is C, = 168

(E Ii c) 134].

4.S.1 Fractional Poling Factor and Carrier Concentrations Klein and Valley

[21] have found a simple relation based on a straight line plot that can be used to

find the fractional poling factor and carrier concentrations. The factor, orF, and

N, N/(N + N+) can be determined by the slope and intercept of the straight line

produced by a plot of I/rAt versus I/A2. The effects of tne factors u and F cannot

be separated; thus, it is not known whether the fractional effects seen are due to the

180' domains or the normalized conductivity. The intercept of the straight line is:
An

Intercept = 2 Arrg go F E A, (32)
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The only unknown in this equation is o F. Once o F has been solved for, the ratio

N+ N/(N + N.+) can be found by equating the slope of the straight line to:

Slope = AA n

2-rrjoF Eq (33)

Klein and Valley plotted the results of experiments on seven crystals (see Figure 21).

As can be seen from this figure. each of the BaTi0 3 crystals had their own unique line

indicating different fractional poling factors and the ratio N+ N/(N+ 4.+). Klein and

Valley have taken the ratio . ./(N+N+) and equated this to N, the concentration

of donor states in the crystal.

Therefore. with a straight line plot, the fractional poling factor and the con-

centrat ion of donor states can be determined. With this information, the two-wave

coupling performance of a particular BaTiO3 crystal can be more accurately pre-

dicted.

4.3.2 Sign of Dominant Plotocarrier From the theoretical models, Model I

and Model 2, it was mentioned that the exact carriers are not known for BaTiO3 .

To complicate matters more, the sign of the dominant photocarrier (electron or hole)

is not known and is in fact different for each BaTiO3 crystal. In Klein and Valley's

research [21] and research by Schunemann et at. [34], eleven crystals had holes as the

dominant photocarrier and four crystals had electrons as the dominant photocarrier.

The external effect of which photocarrier dominates is the direction of the energy

flow in two-wave coupling (see Equation 26). If holes dominate (php > Ien), the

space-charge electric field will be positive and the gain coefficient, r, will be positive,

indicating an energy flow in the direction of I toward the +c-axis. If, on the other

hand, the electrons dominate (pn > #,%p), the space-cnarge electric field and hence

r will be negative, indicating an energy flow in the direction of I away from the +c-

axis. The method of determining the sign of the dominant photocarrier in this thesis

and in the above mentioned research is by noting the direction of the energy coupling

with respect to the +c-axis, which is determined in the manufacturing process. For
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ligrar" 22. Attenuation With Two-Wave Coupling. Note that the crystal is turned
a 10 from the orientation for gain.

the figures presented in this thesis. the dominant photocarrier is assumed to be holes

tmiiless otherwise noted.

By noting the direction of the energy gain, the energy loss is obviously in

wlhe other beam. Therefore , if gain is desired (assuming a crystal with a positive

photocarrier) , the crystal and beams are oriented as shown in Figure 19. Likewise.

if attenuation is desired, the crystal and beams are oriented as shown in Figure 22.

Theoretically, the gain coefficient magnitude, In should be the same for the

two configurations; however, experiments have shown there is an asymmetry of the

gain coefficient 125]. This asymmetry has been attributed to an intensity dependent

absorption coefficient. This asymmetry will not cause any problems in the use of

the crystals in the resonator, but it will require the thresholding crystal, Cl, to be

characterized in the configuration of Figure 22.
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Figure 23. Two-Wave Coupling Gain versus 11/12. This plot is made from Equa-
tion 25 with a gain coefficient greater than 1.

4.3.3 Saturation of Gain and Loss One point that must be remembered in

the design of optical amplifiers and attenuators is that like any real world electronic

amplifiers, BaT?0 3 gain in two-wave coupling is subject to saturation. Considering

Equation 2.5, when the ratio of 11/12 is small (12/1, > ezp(rLe1 ) > 1), the equation

reduces to [II]:

G.. = ezp(1rL.,) (34)

Note that the equation is independent of the ratio of the beam intensities in the

approximation that 11/12 is small. Therefore, the gain becomes constant over an

input range which meets the approximation. This constant gain allows BaTiO3 to

operate as a linear amplifier.

The other end of the spectrum is when I > 12. In this case, a gain greater than

two cannot occur because the energy is not physically there in the pump to allow

for anything greater. The pump energy is depleted in these cases. By depletion, it
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Figure 24. Two-Wave Coupling Attenuation versus 11/12. This plot is made from
Equation 25 with a gain coefficient less than 1.

is meant that the pump beam is no longer its original intensity.

The two-wave coupling gain as a function of 11/12 is plotted in Figure 23

[11:229]. Depending on the application desired, the nonlinear regions in the gain can

be a help or a hindrance. Where a nonlinear gain is desired, operation within the

nonlinear region in Figure 23 is a must. For crystal C2 (Chapter 2), a linear response

is required; therefore, the crystal operating region needs to be limited to the region

where 11/12 is small as discussed above. This "biasing" of the crystal to operate

in a particular region of the gain curve is analogous to the biasing of a transistor

to operate in a particular region of its gain curve. Biasing for linear operation is

straight forward. Given a known variation in the probe beam intensity, I, + All,

12 is wlected based on the small 11/12 approximation. The biasing for crystal C1 is

based upon the nonlinear behavior desired. In the case of the thresholding operation

required in the associative memory, a large signal is required to be passed through
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the crystal with little or no attenuation, but a small signal is to be attenuated a

greater amount. The attenuation curve for crystal C1 is as shown in Figure 24 in

the nonlinear operating region.

4.4 Summary

Photorefractive crystals can be used to provide amplification or attenuation

through two-wave coupling. Although the exact photocarriers within BaTiO3 are

not known, enough is known to model two-wave coupling. Attenuation can be pro-

vided with BaT?0 3 by rotating the crystal 1800 from the orientation providing am-

plification. Both the amplification and attenuation in BaTi0 3 can be linear or

nonlinear.

In the next chapter, the experiments conducted on the crystals, resonator

and holographic plates are presented along with the experimental results. These

experiments are very important to the understanding of how the components will

act as a whole in a system performing an optical algorithm. The discussions within

the following chapter are detailed so that the experiments can be reproduced b%

fellow researchers.
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V. BaTi0 3 CRYSTAL TESTING

5.1 Introduction

Within the next three chapters, the testing of the components used in this

thesis is described. The purpose of this testing is to understand the operation of

each component. to investigale their unique properties for possible applications.

and to predict each components behavior in the optical associative memory. The

component whose operat ion is the least known about is the BaTi0 3 crystals because

of how little is known about the precise nature of the atomic interactions within the

malerial and because of the new 45*-cut crystal to be used. Therefore, the testing of

the BaTi0 3 crystals will be described first in this chapter, followed by the confocal

resonator, and photographic film holography in later chapters. In the process of

testing these components, three different laser sources were used: a Spectra-Physics

Model 2020 Argon laser operating at 488 nm, a Coherent Innova 100 Argon laser

operating at 514.5 nm. and a Coherent CR-699 Ring Dye laser operating at 575

nm. The reason three lasers were used is because the experiments were moved

from AFIT to the Air Force Wright Aeronautical Laboratories (AFWAL) after the

AFWAL facilities were set up.

5.2 Testing of BaTi0 3 Crystals

BaTiO3 crystals are known to vary greatly in their behavior from crystal to

crystal as discussed in the Summary of Current Knowledge. Therefore, the crystals

used in this thesis must be understood not only within the class of BaTi0 3, but as

individual crystals. In order to keep the performance of each crystal separate, the

crystals will be referred to by its cut and by its manufacturing lot number. Three

crystals are used in this testing and are labeled as follows:

1. Crystal No.115, 45*-cut
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Figure 25. Setup for Two- Wave Coupling Experiments. Note that the beam splitters
are used to check for self-pumped phase conjugation. Pictured is the 45*-cut
crystal.

2. Crystal No.119, z-cut

3. Crystal No.133, 45°-cut

*The information provided within this chapter is detailed. The reason for providing

Ithis level of detail is because this thesis is a springboard for future research at AFIT.

It is therefore important that follow-on efforts know exactly what was performed in

each experiment.

5.2.1 Tesling Procedures The two-wave coupling experimental setup used to

test the crystals is shown in Figure 25. The detailei test plan used for two-wave

coupling is contained in Appendix A. It is important to note that the gains demon-

strated during the testing of the crystals have exhibited highly variable behavior (i.e.

the gain may be 25 one time and 35 the next). This variability is a consequence of

the physical process involved of charge transfer and diffraction gratings. The charge
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transfer process is also sensitive to such external factors as beam stability, unifor-

mity, degree of polarization, and angle of polarization. All beams used in the testing

process were collimated beams with spot sizes greater than three times the crystal

dimensions to assure beam uniformity. Measurements at 488 nm were performed

with an uncovered table; where as, the measurements at 514.5 nm and 575 nm were

performed with a covered table to minimize any effects of beam instability due to air

currents. All of the lasers used had a degree of polarization > 99% by measuring the

maximum transmitted beam through a polarizer compared to the minimum beam

transmitted. The inclination of the linear polarization was set to within ±1- by use

of a linear polarizer and a polarization rotator.

A special note on the care of the BaTiO3 crystals. BaTi0 3 is a very tem-

perature sensitive material which was learned first-hand during this research. If the

material goes above 133* C or below 6* C, the material will change structure [32].

The lower temperature of 6* C was exceeded during the process of immersion of the

crystal into index matching fluid and the subsequent cleaning of the crystal with

acetone. It was found that this was a common procedure, but that extreme caution

needs to be used in the cleaning process due to the lower temperature limit. The day

of the mishap, the lab was 16° C, and the almost continuous cleaning of the crystal

with acetone resulted in a lowering of the crystal's temperature by the fast evapora-

tion rate of acetone. The result was, when the crystal rose above 6" C, a 90* domain

shift was evident in the crystal. This domain shift was able to be removed from the

crystal by the manufacturer, but valuable research time was lost while the crystal

was at Sanders. Therefore, if it does become necessary to clean the BaTiO3 crystal,

care must be taken to clean the crystal slowly so as not to lower the temperature of

the crystal below 60 C.

5.1. Testing Results Overall, the results of the two-wave coupling experi-

ments were not as expected. The first crystal to be tested was No.115, 45"-cut. With

no experience in two-wave coupling before testing this crystal, the 45*-cut crystal
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Figure 26. Two-Wave Coupling Time Response for 45°-cut BaTiO3.

was very difficult to understand because its behavior was not as predicted by Lee

[11]. Lee had predicted a steady-state gain on the order of 4000 which was not

achieved. Instead, a time-dependent decline of the two-wave coupling was observed

(see Figure 26). At the time the experiments for No.115 were being conducted,

there was not another BaTi03 crystal at AFIT to compare with the behavior of

No.115. Since the behavior of No.115 was so at odds with the published literature

on two-wave coupling in BaTiO3, it was thought that there was something wrong

with the experimental setup. Since it had been published that mechanical vibrations

would erase the grating being formed, vibrations were thought to be the culprit [12].

The Spectra-Physics laser was isolated from the table with foam cushions along with

lowering all of the steering mirrors and lenses as close to the table as possible to

minimize any vibrational coupling to the laser beam. These changes had no effect

on the operation of crystal No.115. Also, by vibrating the mount of the 45"-cut

crystal, the coupling decline observed could be stopped by not allowing the grating
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Figure 27. Self-Pumped Phase Conjugation with 45*-cut BaTiO3.

in the crystal to stabilize. Therefore, it was concluded that vibrations were not the

culprit for the coupling decline. The input beam paths used in two-wave coupling

were checked for a self-pumped phase conjugate return along the input beam paths

and none was noted. An experimental test setup was made with crystal No.115 as a

self-pumped phase conjugate mirror to see if the phase conjugation return exhibited

the same decline in percent reflectivity, R, that the two-wave coupling exhibits in

coupling gain 1141 (see Figure 27). A time plot of the self-pumped phase conjugation

with crystal No.133 is contained in Figure 27 and shows that no decline was observed.

A more complete discussion of self-pumped phase conjugation experiments with the

45*-cut crystal is contained in Appendix B. Before contimed two-wave coupling ex-

periments were made with crystal No.115, the crystal was sent to the manufacturer

to Blatten the faces of the crystal. The faces were curved, resulting in a focusing of

the beams similar to a convex lens. The result of these experiments with crystal

No.115 was a lack of confidence in the experimental method used in the two-wave
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coupling experiments.

Crystal No.] 9, z-cut. then arrived from the manufacturer. Two-wave coupling

experiments were perforned with No.1i9, and the coupling gains were as expected

from the published articles (see Chapter 2). This provided the confidence in our

experimental methods to say that the behavior of crystal No.115, 45°-cut is unique.

The first theory of the behavior was the particular boule the crystal was made from

was exhibiting properties never seen before, a time-dependent reversal of the c-axis.

This time-dependent behavior was thought to be due to competition between charge

carriers within the crystal (electrons vs. holes). However, this theory was discounted,

but not totally refuted, when a second 45°-cut crystal (No.133) from a different boule

was received from the manufacturer. This 45°-cut (No.133) crystal exhibits the same

time-dependent coupling characteristics as the other 45°-cut (No.115) crystal (see

Figure 41). Therefore, it is theorized that the 45°-cut crystals are unique as a class

from the z-cut crystals. More about the experimental results of the 45*-cut crystals

will be discussed in the following sections.

Each of the crystals will now be discussed in detail within separate sections.

Two general sets of experiments are performed: one with extraordinary polarized

beams to determine the gain available from the crystal, and the other with ordinary

polarized beams to determine the fractional poling and carrier concentrations as

discussed in Section 4.3.1.

5.2.3 Z-cut Crystal, No.119 As noted above, the z-cut crystal experimental

results were as expected. The first experiments with the z-cut crystal were per-

formed with the Spectra-Physics laer at 488 am and then experiments were made

at AFWAL using the Coherent argon and dye lasers.

5.2.3.1 Gain of Z-cut Crytal The experiments at 488nm were per-

formed with extraordinary polarized beams. The intensity of the pump beam was

47.7 mW/an', the intensity of the probe beam was 395 pW/cma , the angle 9 was set
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Figure 28. Two-Wave Coupling Time Response in Z-cut BaTi0 3.

at 1.66 °. and the angle 3 was varied. The time response of the two-wave coupling wa

exponential, and the gains recorded were steady state (see Figure 28). The two-wave

coupling gain coefficient r versus 0 is plotted in Figure 29. This plot demonstrates

that as 3 increases the coupling gain increases. Recalling Equation 28 and rewritten

here, the reason for the increase in coupling at larger angles of 3 is due to the larger

effective electro-optic coefficient.

rextaordna = cosI3 [n.r13(cos2O - cos2fl)2 2

4nnor42 sin

+ n r33(cos20 + cos2#)]

The reason the curve starts to decrease at larger angles can be attributed to a

depletion of the pump beam. An assumption made in the mathematical derivation

of coupling gains is that the pump beam remains undepleted. From the experiments

conducted within this thesis, the requirement for a undepleted pump beam translates

into-if the pump beam loses f 15% of its intensity it starts to become depleted and
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Figure 29. Two-Wave Coupling at 0 - 1.660 for Z-cut BaTiO3 . Note that the gain
starts to drop off after _ 16*.

no longer follows the predicted values. There are two processes which can deplete the

pump beam. The first is the amplification of the probe beam by two-wave mixing as
explained in Chapter 4. The second is a process called beam-fanning. Since beam-

fanning will be mentioned several times throughout this chapter, it is essential an

understanding of beam-fanning is developed.

Beam-fanning is the result of an index gradient which is formed within a crystal
with large electro-optic coefficients (i.e. BaTiO3 ) when illuminated with light [15.
The mechanism responsible for beam-fanning is the photoelectric effect. The intense

pump beam generates charge carriers within the crystal which migrate to regions

that are not as intense. Thus, a space-charge electric field is developed which causes

an index gradient in the crystal that deflects the pump beam in the direction of the

+c-axis. Beam-fanning increases as the angle P is increased because of the larger

electro-optic coefficient, r43, present at larger angles of P. Beam-fanning spreads the
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Figure 30. Beam-Fanning of Z-cut Crystal with Normal of the Input Beam 8.20
to the +C-axis. Only the pump beam is incident on the crystal in this
photograph. Note that the intense spot is where all of the beam should be;
However, energy is spread to the left by beam-fanning.

energy of the pump beam out, thereby, reducing the intensity of the pump beam

(see Figure 30).

This experiment was then reaccomplished at 575 nm and at 514.5 nm with

a noticeable change in the gain coefficients (see Figure 29). It was expected that

the gain coefficients would vary between the wavelengths, because of the 1/A factor

in the r equation. However, an increase in gain at 514.5 nm above the gain at

488 nm was unexpected. However, after research it was found that this effect has

been seen previously by Motes in his experiments on intensity-dependent absorption

within BaTi03 [25]. Therefore, it has been shown that two-wave coupling gain does

increase with increasing fl, and that the gain coefficient at 488 nm is greater than the

gain coefficients at 575 nm which demonstrates the inverse relationship of wavelength

and gain shown in Equation 26. The gain at 514.5 nm was seen to be greater than
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Figure 31. Two-Wave Coupling at 0 = 6.60 for Z-cut BaTiO3 . Note the drop off in
gain at - 9* for 575 nm and f 150 for 514.5 nm. This is because the pump
power (thus beam-fanning) in the 575 unm experiment was greater than the
514.5 nm, but 11/12 was kept constant. Therefore, the greater beam-fanning
causes the pump to be depleted earlier.

the gain at 488 nm and 575 nm. These experiments were also performed at 0 = 6.60

(21.erita = 320) because this angle is to be used in the resonator. This angle is

the smallest angle which can be brought into the resonator for crystal C2. The gain

curves for this angle at 575 nm and at 514.5 urn are shown in Figure 31. As can be

seen in this figure, the gain at 514.5 nm remains greater than the gain at 575 rm. It

is also noted that the gain is greater at 9 = 6.6" than 1.66* which was not predicted

by Lee for extraordinary waves [11]. Therefore, if follow-on research requires more

gain than that found here, then it is recommended that angles of 0 greater than

6.6" be tried, even though the theory as presented by Lee recommends an angle

of approximately 2. The gain received here of 125 ( P 1/125 for attenuation) is

more than enough for the purpose of the nonlinear attenuation required within the
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resonator. This attenuation determines the slope of the attenuation; whereas, in the

resonator the only concern is that a nonlinear attenuation is provided and not the

slope of the attenuation.

In the next section. the fractional poling factor and carrier concentrations of

the z-cut crystal are calculated based upon measurements performed with ordinary

polarization and the results are extrapolated to the extraordinary polarization case.

5.2.3.2 Fractional Poling Factor and Carricr Concentrations of Z-cut

Crystal The following experiment was to find the fractional poling factor and carrier

concentrations for the z-cut crystal. In this experiment, ordinary polarized beams

were used. The ordinary polarization was determined by the use of a sheet polarizer

with its transmission axis parallel to the optics table (for extraordinary the polarizer

is set perpendicular to the table). When the transmitted beam was minimized, the

beam was considered to be ordinary.

The following experiment was accomplished at 575 nm with ordinary polariza-

tion. The pump intensity was 214 mil /cM2, the probe intensity was 625 ol1/crn2 ,

and the angle j3 was set at 0.50. An angle 0 of 00 would have been preferable for

this measurement to maximize the rely for ordinary polarizations and hence the gain

changes as 0 is varied.

=ef nrW3 OSP) (35)

However, at a # of 00, reflections within the crystal superimpose a portion of the

pump beam onto the probe beam output producing a measurement error. Thus,

a compromise is reached of P f 0.50 that allows a high ref , while the reflection

from the pump beam misses the probe beam output. The experimental results are

plotted with the gain coefficient I versus the grating period, A, (see Figure 32a).

This figure shows that the gain increases as 0 increases due to the (1/cos6) term

in the r equation (see Equation 26). The second is the straight line plot of 1/lA,

versus l/r2 to calculate the fractional poling factor by the intercept point of the
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Figure 32. Gain Coefficient versus Grating Period and Straight line plot to deter-
mine the Fractional Poling Factor and Carrier Concentration.

line with the 1/IA. axis and the carrier concentration with the slope of the line (see

Figure 32b).

An
Intercept = 2 rr.gj FEdA,

.253 x 10 = (75n)(2.44)2wrIf a F(.16/A,)Ap

5.52 x 10 -10 .64
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The results of this experiment were as expected and are similar to results previously

published [21] [41] [34]. This experiment also reinforced Klein's argument that the

unclamped electro-optic coefficients (rJ3 = 24, r3 3 = 80, and r 42 = 1640prn/V)

should be used for two-wave coupling with no external electric field applied [21].

If the clamped coefficients (rl3 = 8, r3 = 24, and r 42 = 8 20p/V) are used a

nonphysical result of a F > I occurs.

This experiment was then reaccomplished using extraordinary beams to see if

the amplification of the crystal could be predicted based upon the fractional poling

factor found using ordinary polarization. During this experiment, the gain showed

the same dependence on 0 as seen with the ordinary polarization, but the gains

achieved were consistently less than the gains predicted by the fractional poling fac-

tor. The reason the fractional poling factor is inaccurate in predicting extraordinary

polarization gains is due to beam-fanning. The effects of beam-fanning in two-wave

coupling is pictured in Figure 33 and with just the pump beam in Figure 30. As can

be seen, the beam-fanning spreads the pump beam over a large angle (0 to f 22*

within the z-cut crystal). This results in a differential increment of the angle P as

the beams propagate through the crystal and a decrease in the intensity of the beam.

Therefore, what is required is a mathematical model which describes the combina-

tion of beam-fanning and two-wave coupling. An average P could be calculated by

knowing the actual gain, the fractional poling factor, and the initial conditions of
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Figure 33. Two-Wave Coupling with Beam-Fanning. Note that the angle 0 under-
goes an incremental change throughout the volume of the crystal.

the input beams: however, this would not give an accurate picture of tile volume

effects. This calculation would also only be good for the particular initial conditions

since both two-wave coupling and beam-fanning are functions of the input powers,

polarization of input beams, and the internal angles inside the crystal. Therefore,

to accurately predict the gain behavior, a combined model must be developed. This

modeling is beyond the immediate scope of this thesis, but is recommended as a

follow-on effort because work has not been performed in this area. Without this

modeling, the fractional poling factor is of limited use as a ballpark figure of what

gains should be expected with a given crystal.

5.2.3.3 Nonlinear Attenuation with the Z-cut Crystal In the optical as-

sociative memory design, a nonlinear attenuation is required in the correlation do-

main to threshold the correlation peaks (Section 3.3). The test setup is shown in

Figure 34. Note that the +c-axis is reversed 180" from the direction used for amplifi-
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Figure 34. Nonlinear Attenuation with Z-cut BaTiO3.
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Figure 35. Nonlinear Attenuation versus Pump-Probe Intensity Ratio.
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cation. The intensity of the pump beam was 312 piW/cm2 , and the initial intensity of

the probe beam was 25.7 mI'/cm 2. The internal angles used were 0 = 6.6* (external

160) and $ = 8.2 ° (external 20°). Tile intensity of the probe beam was then reduced

to generate the attenuation curve (see Figure 35). This curve is plotted against the

theoretical attenuation curve for the initial conditions given. As can be seen, the

theoretical curve matched very closely to the experimental curve.

5.2.3.1 Z-cut Crystal Opcration n Ii nagr and Fouricr Plane For the

optical information processing algorithms, the crystals will be required to be used

wit hin both image and Fourier planes. The first test performed was for image ampli-

ficat ion. The internal angles used were 0 = 6.6 ° . 3 = 8.2*, the intensity of the pump

beam was 336 771'/cm2, and the intensity of the probe beam was 190 jdU/cm 2 . The

USAF resolution chart was used for determining the image quality after amplifica-

tion. The resolution chart was minified by 2.16 with an 18 cm focal length lens to

place groups +2 through +7 of the resolution chart into the crystal. The amplified

output is tlhen magnified to determine the maximum resolution of the crystal. Group

+7 (1) could be recognized at the output which correlates to a resolution of 69.12

lines/mam.

In the second test, the crystal was placed in the Fourier plane of a 30 cm focal

length lens. A 30 cm lens was used because it is close to the 35 cm focal length of the

confocal resonator. The result was a real-time edge enhanced output with resolution

to group 0 (6) on the Air Force resolution chart or 1.8 lines/mm resolution. The low

resolution of the edge enhanced output is due to the spatial filtering performed by

the crystal due to its limited size. The edge enhancement is due to the very intense

DC spot in the Fourier plane. This intensity exceeds the intensity of the pump beam

which results in an attenuation of the DC term. This was to be expected from the

saturable gain curve presented in Figure 23 because once the intensity of the probe

beam exceeds that of the pump beam a gain of less than unity is predicted. This

suggests another method of achieving attenuation with BaTiO3 were low intensity
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peaks are passed, while high intensity peaks are attenuated. This edge enhancement

can be eliminated by placing the crystal within the Fresnel diffraction region of the

lens such that there was not an intense DC spot within the crystal or by reduction

of the intensity of the probe beam. Tie resolution was not degraded by the slight

displacement of the crystal from the Fourier plane. Therefore, with the crystals in

the Fourier plane. a resolution limit is created which will limit the spalial frequency

content of the objects stored within the resonator. This points to the ultimate

need to improve the design of the optical associative memory. With crystal C1,

which operates only on the correlation peaks, there is no problem with loss of high

spatial frequencies. However, the image amplification in crystal C2 will be limited

in resolution due to its placement in the Fresnel diffraction region of the mirror. As

smaller resonators are built, they will have improved resolution due to less spatial

separation of the Fourier terms.

5.2.3.5 Summary of Z-cut Crystal, No.119 Much has been learned about

the operation of BaTiO3 through the testing of the z-cut crystal. First, confidence

about the experimental setup was built by comparison of experimental results with

published articles. Second, it was learned that modeling the behavior of the crystal

with ordinary beams to predict the behavior of extraordinary beams was of limited

use unless a mathematical model is built that takes into account the effects of beam-

fanning on two-wave coupling. The operation of the crystal was also investigated

as a nonlinear attenuator, an image amplifier in an image plane, Fresnel plane, and

Fourier plane. It was found that the crystal can indeed be used as a nonlinear at-

tenuator, and that if the crystal is placed within the Fourier plane, the DC term can

be attenuated for an edge enhanced image. The crystal was seen to be an effective

image amplifier.

5.1.4 45*-cut Crystal, No.115 As mentioned in the beginning of this section,

the 45*-cut crystal demonstrated effects never seen before. This effect is a time
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Figure 36. Beam-Fanning of 45°-cut Crystal with Input Beam Normal to the Crys-
tal Face. Only the pump beam is incident on the crystal in this photograph.
Note that the pump beam has almost completely vanished from its initial lo-
cation and is spread to the left by beam-fanning.

dependent coupling gain as shown in Figure 26. By the photorefractive effect, an

internal grating is formed in which energy is coupled into the probe beam. This

is seen in the rising portion of the probe beam. The probe beam is then seen to

reach a peak and then to decline to a minimum. While the probe is exhibiting this

behavior, the pump beam is exhibiting an exponential decline in intensity. This has

been attributed to beam-fanning as discussed in the previous section. Beam-fanning

in the 45"-cut crystal is seen to spread the pump beam over larger angles (f 0 to

27° inside of the crystal) than the z-cut because of the larger effective electro-optic

coefficients (see Figure 36).

Because of the rise and fall of the probe intensity, the peak probe intensity will

be used for gain measurements in the folowing section.
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Figure 37. Two-Wave Coupling at 9 1.66* for 45*-cut, No.115, BaTiO3 . The
gain coefficient at the peak probe intensity is plotted with a solid line, while
the steady state gain coefficient is plotted with unconnected diamonds.

5.2.4.1 Gain of 450 -cut Crystal, No.115 Not many quantitative mea-

surements were made of the gain of the 45 0-cut crystal, but much qualitative research

was performed to understand the time-dependent behavior of the crystal. Two ex-

periments performed were both taken at 488 nm with one using extraordinary po-

larization and the other using ordinary polarization. The extraordinary polarization

tests will be discussed in this section, while the ordinary polarization test will be in

the following section.

Detailed measurements were taken with the initial conditions of 9 = 1 .66", the

pump intensity of 52 mW/cm2 , and the probe intensity uf 490 p"W/cm2 . The angle

P was varied with the reulting gain coefficients plotted in Figure 37. A small steady

state gain was noted at some angles and is plotted with a dotted line. As can be seen

in this figure, for most angles the probe output with the pump beam applied was

less than the original probe without the pump beam applied. It is theorized that the
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reason there is a steady state gain at these angles is because the beam-fanned pump

beam and probe beam have reached a P... which has a large effective electro-optic

coefficient. 9 was then varied from 1.66* to 5.6* to see if a steady state gain could

be achieved with 8 450; however, no steady state gain was noted.

5.2-.4.2 Fractional Poling Factor and Carrier Concentrations of 45O-cut

Crystal. No. 115 Ordinary polarized beams are used to determine the fractional pol-

ing factor and carrier concentrations of the crystal as in section 5.2.3.2. The gains

reported here are steady state. The reason the gains are steady state is because only

the lower r 13 electro-optic coefficient is activated; therefore, there is no appreciable

amount of beam-fanning. The polarization was set with the sheet polarizer as dis-

cussed in Section 5.2.3.2. The angle P was maintained at f 45.5 ° while the angle

0 was varied from 1.7 to 8.8*. The intercept of the straight line plot (.101 cm/pm)

was used to calculate the fractional poling factor as shown in Section 5.2.3.2 with

the result being a fractional poling factor greater than 1. It is impossible to get a

fractional poling factor greater than one, so a problem existed with the experimental

set up.

The mathematics of the electro-optic coefficients were analyzed to determine if

the polarization method chosen was bad. This is in fact the case as is shown below.

r, ,. = n r33 co, 8

- (2.484)(24pninV)cos(45)

= 642pm/V

= osp jno113(W820 - cos2 )

"+4n.nr 2sin2 ,8

+ nr33(co2 + cos2P)]

1 -
= co.(45) ((2.512)'(24pn/V)(1 - cos(2 .45))

2
+ 4(2.48) 2(2.512)(1640p/V)sin2(45)
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Figure 38. Saturable Gain Curve with 45°-cut Crystal.

+ (2.48)'(8opm/I')(l + cos(2 45)))

- 12657prn/V

Therefore. it takes less than a degree off of ordinary polarization to influence the

measurements taken in this section. Before these measurements could be reaccom-

plished with another method of determining the orientation of the polarization, the

crystal had to be returned to the manufacturer for repair as previously discussed.

5.2-.4. Saturable Gain Curve Within this section, the saturable gain

curve shown by Lee 11] and used by Northrop within their associative memory 127

is experimentally developed. These gains were peak gains and not steady state.

The test scenario used to generate the saturable gain curve was 9 = 2, 0 = 450,

pump intensity of 26 mW/cm2 , and an initial probe intensity of 1.2 pW/cm' at

a wavelength of 575 nm. The probe intensity was then increased over six decades

to achieve the saturable gain curve in Figure 38. Thus, BaTiO3 can be used as a
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nonlinear gain media, or if the probe beam intensities are limited to a region where

the pump is approximately 10s times greater than the probe, BaTiO3 can be used

as a linear amplifier as discussed in Section 4.3.3.

5.2.4.4 Summary of 45°-cut Crystal, No.115 Within this section, it has

been shown that the gain of the 45*-cut crystal is not appreciably larger than that

of the z-cut crystal due to the large beam-fanning witnessed with the 45°-cut crystal

which depleted the pump beam. It is noted that the fractional poling factor is

difficult to solve for due to the large extraordinary coefficients available with just

a slight misalignment of the angle of polarization. An important capability within

processing systems is the ability to perform both linear and nonlinear processing. It

has been experimentally shown that two-wave coupling in BaTi03 can be used to

perform linear and nonlinear amplification.

5.-.5 45*-cut Crystal, No.133 Two-wave coupling experiments performed on

crystal No.133 were to determine the maximum gain point to operate the crystal

in the resonator, to improve the methodology of experimentally determining the

fractional poling factor, and to investigate the effects of intensity of the pump beam

on two-wave coupling and beam-fanning.

5.2.5.1 Gain of 45*-cut Crystal, No.139 The following measurements

were all taken at 575 inm. From these experiments, an operating point for the crystal

C2 within the optical associative memory will be found. First, the experiments were

conducted with 9 = 2* and then at 9 = 3.5*. For 9 = 2, the experimental conditions

were a pump intensity of 48 mW/cm2 and a probe intensity of 11 p W/cM2. For

9 = 3.5, the experimental conditions were a pump intensity of 71 mW/cMn2 and a

probe intensity of 263 paW/cm 2. The gain coefficients were graphed on the same figure

for comparison (see Figure 39). As can be seen, the gain for 0 = 3.5' was greater

than at 1.66. This was not expected from Lee's theoretical work [11]. However, it
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Figure 39. Two-Wave Coupling for 45°-cut, No.133, BaT10 3.

does look good for the confocal resonator, since the smallest angle that can be used

in the resonator for a crystal C2 pump beam is 3.5*. The maximum gain point was at

= 40.60 which is similar to that predicted by Lee. Since the gain was continuing to

increase at larger angles of 0, additional experiments above 3.50 should be conducted.

5.2.5.2 Fractional Poling Factor and Carrier Concentrations of 45*-cut

Crystal, No.193 Greater success was had at determining the fractional poling factor

and carrier concentrations within crystal No.133 by improving the method of setting

the polarization inclination. The method used entailed minimizing the beam-fanning

of the crystal by rotating the polarization. First, the polarization was set at extraor-

dinary polarization and the beam-fanning allowed to bui:d. A power meter was then

placed within the "beam-fanned" beam, and the polarization was quickly rotated to

the point that the beam was minimized. This procedure had to be performed quick

(les than 5 seconds), so the minimum was found before the beam washed out the

index gradient formed with the extraordinary beam. It was noted that the direction
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the polarization rotator was turned (clockwise or counter-clokwise) had an effect

on the spread of angles determined to be "ordinarily" polarized. The reason is the

lost of the beam-fanning gradient as the polarization is rotated from the illumination

with the laser light (diffusion of charge carriers). Therefore, the angles (five clock-

wise and five counter-clockwise) were averaged together to calculate the ordinary

polarization angle.

The experiment was performed with a probe beam intensity of 26.5 pl'cm 2,

a pump beam intensity of 123 mw/cm 2, and// 45.5. The fractional poling factor

is calculated from the inlercept point of the straight line plot (0.253 pim/cm) to be

.89. and the carrier concentration is calculated from the slope (0.315 pim-2 ) to be

4.9 x 1016 cm -3.

5.2.5.3 Time Rcsponsc of 45*-cut Crystal The time response of the two-

wave coupling and beam-fanning has been shown by researchers to depend on the

intensity of the pump and probe beams (121 13). The reason for the time dependence

is due to the time rate of freeing charge carriers which is proportional to the beam

intensity. This is why for a more intense beam, two-wave coupling and beam-fanning

occur faster (see Figure 40). In these plots, all conditions were the same between the

two except that the beam intensities for the second plot were a third less than the

intensities of the first plot. The result is a faster time constant for the more intense

beams in the first plot.

5.2.4 Summary of 45*-cut Crystal, No. 13 The time-dependent char-

acteristics of No.133 and No.115 crystals were the same which gives more weight to

the argument that the time-dependent behavior witnes-ted is due to the cut of the

crystal and not a function of the boule the material came from. Proceeding from this

premise, it is believed that the time-dependent behavior of the two-wave coupling

is due to depletion of the pump beam from beam-fanning. An averaging method

of determining ordinary polarization for the fractional poling factor test with a 451-
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Figure 40. Time Plots of Two-Wave Coupling with 45*-cut Crystal, No.133. Note
that the time constant has changed between the two plots. In plot (b), the
beam intensities are a third less than those of plot (a).
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cut crystal was experimentally shown to yield better performance than the polarizer

method first used. It was verified that the time constants of the crystal depended

upon the intensities of the input beams.

5.3 BaTi0 3 Rin9 Laser

Within this section. the operation of RaTi0 3 ring laser is investigated qltali-

tatively. The crystals were placed within the resonator with a pump beam incident

and no probe beam. Two crystals were used: a 45*-cut and a z-cut. Two resonators

were used: the confocal resonator and a resonator formed with three plane mirrors.

The output of the resonator is monitored when the pump beam is directed onto the

cryst al.

Vith the z-cut crystal in the confocal resonator, there was very little energy

in the resonator beam because the crystal was just overcoming the losses in the

resonator. When a neutral density filter of 0.3 (50 % transmission) was placed in

the cavity the z-cut crystal no longer lased. With the 45°-cut crystal in the confocal

resonator, there was considerably more energy in the resonator beam. The 45°-cut

crystal easily lased with four times the losses in the resonator than the z-cut did. In

both cases, the resonator beams were steady state. It is hypothesized that the reason

the gains with the 45°-cut crystal are steady state is because of the beam-fanning

process starts the lasing. The 45°-cut crystal initially fans a large amount of energy

as seen in the two-wave coupling, but this energy is fed back into the crystal by

the resonator mirrors. Thus, the resonator beam (probe) increases in intensity from

the beam-fanning and is increased further by two-wave coupling. Now the difference

between in the resonator and outside of the resonator becomes dramatic. In the

resonator, the strong and increasing probe beam reinforces the grating that initially

developed from beam-fanning and modified by the resonator beam. This is different

than the two-wave coupling as presented in the previous sections, in that the probe

beam was a constant beam that did not have the benefit of using the beam-fanned
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energy of tile pump.

These experiments were reaccomplished within the plane mirror resonator. In

both cases (z-cut and 45*-cut). the plane mirror resonator gave greater resonator

fields than the confocal resonator because there was less cavity losses. An aperture

could be placed in all of these resonators to control which regions of the crystal which

lased.

The results of these qualitative experiments show that the 45°-cut crystal still

has promise for optical processing systems. In fact, within the ring laser the 45* -

cut crystal works better than tile z-cut crystal. Therefore, the first work in future

research should be the characterization of the crystals within an optical resonator.

Since the gain the crystal provides is just enough to overcome the resonator losses,

the method of characterizing the gain of the crystal should be to add attenuation

into the cavity until the crystal barely lases. This point would be the maximum gain

the crystal has available for gain with the geometric configuration and pump beam

intensity.

5.4 Summa"y

Much has been learned about the optical properties of BaTiO3 in two-wave

coupling. It has been verified that amplification can be achieved with these crys-

tals, and that the amplification can be linear or nonlinear. Gains on the order of

thousands have not been achieved as predicted by Lee [1I], but gains on the order

of a few hundreds have been achieved. An improved methodology is presented for

determining the fractional poling of 450-cut crystals. It is recommended that a math-

ematical model be built which combines the effects of beam-fanning and two-wave

coupling. It has also been shown that steady state coupling can be achieved within

an optical resonator with the 45*-cut crystal. This coupling was substantial, but it

has only been looked at qualitatively. The area of coupling gain within the resonator

promises to bear the most fruit as it applies to optical information processing. It
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has been seen that the gain at 514.5 nni is greater than both 488 nm and 575 nm;-

therefore, for applications where a maximum gain is required, 514.5 nm should be

used. In the next two chapters, the confocal resonator and low-angle holograms are

investigated.
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VI CONFOCA L RESONATOR

6.1 Introduction

The confocal resonator consists of the Mangin mirrors developed by Lee at

the University of California as discussed in the Summary of Current Knowledge. As

mentioned earlier, the Mangin mirrors are unique in that the reflective surface is

on the backside of the mirror and not the front side. Also, the radius of curvature

of the two faces are different from each other. These two design parameters give

the Mangin mirror confocal resonator improved performance over simple spherical

confocal resonators [10]. The improved performance is due to the reduction of the

spherical aberrations present in spherical lenses and mirrors. The specifications for

the Mangin mirror set used in this thesis are in Appendix B. Before considering

how the resonator is tested for performance, it is important to understand how the

resonator is aligned. The alignment procedures developed are believed to be the

easiest to implement; however, they are not the only possible means of achieving an

aligned resonator.

6.1.1 Confocal Resonator Alignment The confocal resonator is not difficult

to align once it is known how to align and stabilize it. Before the alignment procedure

is discussed; however, mention should be made of the problems encountered during

the alignment of the resonator. These are related to mechanical vibrations and air

currents. These are two very important factors in resonator stability. This lesson

required a long time to learn in this thesis, and it is hoped this discussion will keep

the reader out of similar problems. First, mechanical vibrations of the resonator and

input beam must be minimized. When this thesis first began, free standing mirror

mounts were used to hold the Mangin mirrors. This configuration was useless because

the longitudinal spacing of the resonator could not be stabilized. The interference

fringes fluctuated wildly. Next, rigidly interconnected mirror mounts were used
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Figure 42. Rigidly Mounted Mirrors Using Burleigh 6 inch Resonator Kit.

which were specifically made for resonator use (see Figure 42). This substantially

reduced the random variation of the fringes, but fluctuations still remained that the

stabilization circuitry could not respond to. It was finally noted that the remaining

problem was air currents. As soon as sides and a top were added to the resonator

to block air currents, the fringes remained constant enough for the stabilization

circuitry to handle the remaining small variations in the cavity length. Therefore,

in order to perform any tasks within the resonator, the resonator must be rigidly

mounted and isolated from air currents. A problem noted with the mirror set at

AFWAL is that the anti-reflective coating on the front surface of the mirrors is for
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Figure 43. MisAlignment of the Confocal Resonator.

514.5 nm and not the 575 nm wavelength the reflective coatings are specified for.

This caused difficulty in originally understanding the fringe pattern of the resonator

because the face reflections add a low intensity fringe pattern on top of the two fringe

patterns that will be discussed in the following paragraphs (longitudinal alignment

and angular alignment fringes).

With the major lessons learned, the alignment of the cavity can now be per-

formed. Two fringe patterns resulting from misalignment of the confocal resonator

are shown in Figure 43. In general, the fringe pattern is due to the combined effects

of longitudinal and angular misalignment. The fringes are used to determine if the

resonator is alignment. The fringe pattern desired is the largest bull's-eye pattern
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with the largest angular alignment fringe.

The first step in the alignment procedure is to set up a collimated beam in

the resonator. Because of the fact that the resonator mirrors are Mangin mirrors

with a slight negative lens embodied in them, the beam coming into the resonator

must be slightly converging to compensate for the negative lens-this makes the beam

collimated in the resonator. lie procedure for creating this beam is to first collimate

a laser beam with a collimator and spatial filter combination. It is very important

to direct this collimated beam directly into the resonator parallel to the resonator's

axis. This is performed first by ensuring the collimated beam is traveling straight

down the optic table and that the resonator structure is aligned with the table and

the collimated laser beam. At this time. the resonator mirrors should be visually

separated by approximately 70 cm. The front mirror of the resonator can now be

coursely aligned by ensuring that the back reflection off the front mirror outer surface

is centered on the collimating lens (see Figure 44a). Then a lens LI of focal length

greater than 40 cm is used to focus the laser beam in the midplane of the resonator

(see Figure 44b). After LI is in place. a second lens L2 is used to collimate the beam

within the resonator (see Figure 44c). The mirror within the resonator is to check

for collimation over a longer distance than afforded inside the resonator. Note that

the beam leaving the output mirror will be diverging due to the back Mangin mirror.

A bull's-eye pattern should now be seen at the output although the bull's-eye

circles may not be connected. This is not important at this time. What is important

is maximizing the size of the central portion of the bull's-eye (see Figures 43a and

45). This is accomplished by varying the cavity length under micrometer control.

This resonator did not originally have micrometer control of the cavity length, but

it was added due to the difficulty of precisely setting the cavity length by hand. The

angular alignment of the cavity is now adjusted using the horizontal and vertical

adjustments on the back and front mirrors to maximize a second set of fringes due
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Figure 44. Set up of Collimated Beam for Resonator Alignment.
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Figure 45. Bull's-eye Pattern from Longitudinal Misalignment. Angular misalign-

ment can also be noted in this fringe pattern.
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Figure 46. Fringe Pattern from Angular Misalignment.
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Figure 47. Fringe Pattern With Optimum Alignment of Confocal Resonator. Al-
though the resonator is aligned, it can be seen form the small focus spots
resulting from face reflections, that the input beam is not vertically aligned
with the resonator.
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to the interference of the inverted beam in the resonator (see Figures 43b, 46. and 47)

that will not be present during normal operation of the resonator (see Figure 48).

Note that the front mirror should be moved last, because it should be close to

optimum alignment due to the alignment step in Figure 44b. An alignment aid with

the Mangin mirrors used in this thesis is the fact that the right and left sides of the

mirrors have different reflectances with a boundary line between them. This line

can be used to achieve horizontal alignment by ensuring the lines from the multiple

passes through the resonator overlap as shown in Figure 47. The resonator is now

aligned and ready to be used for optical processing.

6.1.2 T stig of the Confocal Rcsonator Experimental confirmation has been

made of the reduction of spherical aberrations by the Mangin mirrors compared to

simple spherical mirrors by Lee [10]. The mirror designs used in this thesis are

identical to the mirrors used by Lee except the wavelength characteristics of the

reflective coatings. Since the only resonator available to AFIT is the Mangin mirror

resonator, comparison of the resonator to simple spherical mirror resonators was not

directly possible. However, comparisons can be made between the results published

by Lee and experimental observations made here.

The experimental setup used to verify the performance of the Mangin mirrors is

as shown in Figure 48. In this setup, the imaging characteristics of the resonator are

tested by using a USAF resolution target. The resolution target is illuminated with

a collimated and spatial filtered beam at plane P1 and is imaged to the midplane

of the resonator with lens Li (unity magnification). The output of the resonator is

then imaged onto a CCD camera to determine the resolving ability of the resonator.

This is an excellent test because this is exactly the enviionment that will be used at

AFIT in performance of not only this thesis, but follow-on research work. Another

test is to bring the plane wave (no input object) into the resonator and illuminate an

aperture in the midplane image plane. The size of the aperture can then be varied to

determine tht area of the beam with constant phase. In this test, the aperture size is

81



Midplane L2 P2

Beam Steerin~g
Mirrors

Figure 48. Resolution Testing of the Mangin Mirror Confocal Resonator. Lens LI is
used to image the resolution chart into the resonator with unity magnification.

increased until a fringe is seen in the output. The area which does not have a fringe

in it is a measure of the space-bandwidth product. Once the area of constant phase

is known. all processing will be accomplished within this region. The importance of

the resolution and the space-bandwidth product is the greater they are, the greater

the amount of parallel information processing that can be accomplished accurately

in the confocal resonator.

The results of the resolution test were very good considering that two-inch

optics were used to bring the image into the resonator and out onto a vidicon camera.

In the experiment, the angle of inclination was 12 mrad (same as Lee) to simulate

the diffraction of the image off of the hologram at an angle in the hologram. The

vertical and horizontal line pairs of the resolution chart could be distinguished down

to 57 lines/m in this test which translates to resolution of lines down to 17.5 pm

apart. Lee reported the Mangin mirrors have an experimental resolution limit of 128

lines/mm. To explain why the resolution reported by Lee is not achieved here, a look

at diffraction limited optics is required. One figure of merit for image resolution in

82



a diffraction limited system is the Rayleigh resolution criteria. Using the Rayleigh

resolution criteria [1.22A(distanct from optic)/(diameter of optic)], the resolution

of the input optic for two point sources is 7.5 pm (do = 60cm), and the calculated

resolution of a Mangin mirror is 6.27 pm or 159 lines/mm (72 mm aperture and

distance of 70 cm). The coherent transfer function of the input optic convolved with

the .Mangin mirrors and the output optics explain why a resolution of 57 lines/mm

was obtained. An analysis of this data would give a ballpark figure for the resolution

of the resonator. but it would not improve the system resolution any. In fact, the

component with the worst resolution of the system is crystal C2 in the Fresnel plane

(see Section 5.2.3.4). If artificial phase diffusers are developed at AFIT, a hologram

can be placed in the Fourier transform plane and the crystal in the image plane.

Thus the crystal would no longer be the limiting system component. At this point,

higher f/# optics would be required to increase the system resolution.

The test for a constant phase used by Lee was modified by using an aperture

outside of the mirrors to limit the size of the beam in the resonator rather than using

the aperture in the image plane (see Figure 48). The reason this was done was to

make the adjustment of the aperture easier and avoid blocking the Fourier transform

plane with the apertures outside diameter. The area of constant phase was found

to be 36 mm in diameter which is slightly larger than the 33.6 mm. The difference

is believed to be because Lee used an input beam at an inclination of 12 mrad, but

an inclination of 0 mrad was used here. The inclination of 0 mrad was used because

in the optical associative memory, the diffraction off of the holograms will allow the

separations of the Fourier transform planes in the midplane of the resonator.

6.2 Summary

Many important lessons have been learned about the alignment and stabi-

lization of the confocal resonator. Now that these lessons have been learned, the

resonator can be used to characterize the gain of the nonlinear crystals. The con-
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focal resonator itself has been characterized at 575 nm. A wavelength of 514.5 nm

can be used within the resonator, but very little feedback would be provided (:

10 %). Since AFIT is considering the purchase of another Mangin mirror set, it is

recommended that the mirrors are purchased for operation at 514.5 nm since this

is a wavelength easily provided by an argon laser, and the BaTi0 3 crystals provide

more gain at 51-1..' nm. In the next chapter. the holographic plates are characterized

at low-angles between the reference and object beams to determine the maximum

diffraction efficiency that can be expected within the resonator.
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VII. Low-Anglc Phase Holography

7.1 Introduction

The experiments performed in this section are based upon the work of Fielding

[16]. The photographic plates used to perform the low-angle experiments were Kodak

1-A High Resolution plates recorded at 488 nm. These plates and the high resolution

plates (Agfa 8E75--1D) for use at 575 nm are well-characterized at large angles (10-

300). However, for use within the confocal resonaior, small angles are required (1-3*).

Thus. the holographic plates need to be characterized to determine what diffraction

efficiency can be expected at the low angles.

7.2 Lou-.4ngh RTquircmdt

The low-angle requirement is driven by two factors. One is the physical size

of the Mangin mirrors, and the other is the size of the crystal in the Fourier plane.

The Mangin mirrors have a outer diameter of 72 mm but from the last chapter,

only have a phase error free diameter of 36 mm which only allows a maximum of 18

mm of deflection by the holograms over 3.5 cm (30). The crystal Cl in the Fourier

plane limits the angle by the spatial separation of the correlation peaks. Since the

crystal is 5 mm wide, a maximum separation that can be used is 4 mm. The angle

calculated from the inverse tangent of 4 mm/35 cm is 0.65 ° . Therefore, the angles

must be in a band of 0.650. The minimum angle which can be used is 10 to allow

for separation of crystals Cl and C2. Due to these design constrains, the band of

angles to be used will be from 2.2 to 2.8'.

7.S Recording and Development of Holograms

The process used by Fielding was to record the hologram with ten times the

intensity in the reference beam than in the object beam. The reason for ten times

the intensity in the reference beam is to provide for a linear recording of the object
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Reference Beam,

Object Beam

Holographic
Plate

Figure 49. Test Configuration Used for Testing of Low-Angle Holograms.

beam on the hologram. Two plane waves were used as the object and reference

beams (see Figure 49). The beam intensities selected were 50 pW/cm in the object

beam, and 500 pW/cin2 in the reference beam. To find the optimum exposure time

for the maximum diffraction efficiency of the phase holograms, a two-step process

is used. First, a calculation is performed based on the energy density for 50 %

transmission. Fielding had found this energy density to be between 10-15 jiJ/cmr2

116]. From (energy/area) = (power/area) x time, the beginning exposure time is

calculated. Using this starting exposure time , the exposure times are increased to

find the optimum exposure time for maximum diffraction efficiency.

Fielding has found that the development process has enormous impact on the

diffraction efficiency of the holograms. The development process used for making the

phase holograms was the one found by Fielding to be the best. This development

process consists of five steps:

1. 2 minutes in Kodak D-19 Developer (develops exposed portions of plates)

2. 1 minute rinse
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3. 1 minute in Kodak Rapid Fixer (removes undeveloped emulsion)

4. 1 minute rinse

5. 8 minute in a bleach solution consisting of: (bleaches remaining silver halide)

(a) .8 g Potassium Dichromate

(b) 4.0 g Potassium Bromide

(c) 1 nil Sulfuric Acid

(d) Deioniized water to I litre

7.4 Diffraclion EfficiTIicy

The angle, 0, selected for this test was 2.5* because it is in the center of the

band. The beam intensities chosen for the diffraction efficiency test were 50 pli'/cm2

in the object beam, and 500 ill/eCm 2 in the reference beam. The starting exposure

time is calculated as 30 ms.

15 ,Jicrn2t = 550PIV/1 e 2 x time (36)

The exposure times are then increased to find the optimum exposure time for maxi-

mum diffraction efficiency. The diffraction efficiency received for each exposure time

is plotted in Figure 50. As seen from this plot, the maximum diffraction efficiency is

at an exposure time of 150 ms for a resulting 12 % diffraction efficiency. A picture

of the diffraction pattern of the 150 ms exposure hologram is shown in Figure 51.

With this hologram, six diffracted orders were seen on each side of the zeroth order.

They are not pictured due to the thresholding of the photographic film.

7.5 Summer

The remaining question pertaining to the question of phase holography is

whether or not 10 % (Used as a conservative measure) is enough for the associa-

tive memory to resonate to a solution. The answer to this question is yes if one
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Figure 50. Diffraction Efficiency versus Exposure Time.

object is stored (Gain of 300). however. if two objects are stored the answer is no

(Gain of 600). The gain required contained in parenthesis are arrived at by taking

into consideration the losses of the mirrors, diffraction efficiency of two holographic

plates, and losses going into the BaTiO3 crystals. The nonlinear attenuation crystal,

CI, could be turned around for additional gain which would result in a configuration

similar to Northrop's design 127). Before this is attempted, however, more experi-

ments to maximize the gain of the 45*-cut crystal within the resonator should be

conducted.

88



Figure 51. Diffraction Pattern of a Thin Hologram. The zeroth order is the largest
spot ini the center, anid the diffracted orders awe symmetric about the zeroth
order.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

Four major contributions of this thesis are in resonator architecture design,

characterization of the BaTiO3 crystals, resonator alignment and stabilization, and

characterization of holographic plates for low-angle holography. All of these areas

were directed to building of the capability to perform optical regenerative algorithms

at AFIT. This thesis was very successful in laying the foundation for development

of opt ical regenerative algorithns within the confocal resonator and their implemen-

tation. Each of the contributions of the thesis will now be discussed, followed by

recommendations for continued research.

The confocal resonator offers a unique processing environment with two image

and two Fourier transform planes, but with that environment comes unique chal-

lenges to the optical associative memory design. This challenge comes from the

the need for holographic memory elements in a resonator which wants the beams

to follow a single on-axis path through the resonator in order for the beams to re-

combine. The optical associative memory design developed in Chapter 3 is able to

account for this on-axis design condition and uses it to the advantage of the design.

Another important characteristic of this design is the use of a nonlinear attenuator

in the feedback path. This attenuator allows for a gain-loss competition within the

resonator for convergence to the problem solution. While this architecture was not

implemented in this thesis, it will be implemented in follow-on research at AFIT

which will use the design architecture in Chapter 3.

Optical processing functions necessary for implementation of optical regenera-

tive algorithms have been demonstrated with BaTiO3 . The most basic requirement

for these regenerative algorithms is a gain mechanism to recover losses within the

feedback path. With both the z-cut and 45"-cut crystals, the necessary gain for
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processing applications has becen demonstrated. Tile gain with the z-cut crystal was

steady-state both inside and outside the resonator. However, with the 45*-cut crys-

tal, a time-dependent gain was noted outside of a resonator and a steady-state gain

was noted inside tie resonator. The time-dependent gain is caused by the large

amount of beam-fanning within the 45°-cut crystal. Within tile resonator, however.

the beam-fanning aids the development of the resonator beam by providing a large

initial energy to initiate the lasing and large electro-optic coefficients to maintain the

lasing process. Within the resonator the 45°-cut crystal has shown a greater ability

to compensate for cavity losses, suggesting improved gain performance of the 45*-

cut crystal over the z-cut crystal. Other important processing abilities demonstrated

with BaTi0 3 include image amplification, edge enhancement. nonlinear attenuation.

and nonlinear amplification.

Many lessons were learned about the alignment and stabilization of a large

optical resonator. The primary lessons learned were the sensitivity of the resonator

to vibrations and air currents. The resonator had to have rigidly interconnected

supports and the cavity isolated from air currents before stabilization was achieved.

A complicating factor in the stabilization was the improperly anti-reflection coated

inner surfaces of the resonator, which were coated for 514.5 nm rather than matching

the 575 nm of the outer reflective surfaces. The reflections off of the front surfaces

added an extra set of fringes at the resonator output. The resonator was still able

to be stabilized with these face reflections.

The holographic plates were characterized for maximum diffraction efficiency

with low-angles between the reference and object beams (1-3"). The maximum

diffraction efficiency for the holographic plate at an angle of 2" was 12 %. For the

gains demonstrated thus far, this diffraction efficiency is enough for the storage of one

object within the holographic memory. However, with improvements in the gain by

characterisation of the BaTiO3 crystal within the resonator, object storage greater

than 3 should be theoretically possible from the work by Lee [Ill.
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8.2 Recommrndations

The following are recommendations for continued research on optical regener-

ate algorithms within the confocal resonator:

1. Characterization of both the z-cut crystal and the 450-cut crystal within the

confocal resonator;

2. Mathematical modeling of the combination of beam-fanning and two-wave cou-

pling within BaTiO3:

3. Implementation of the processing architectures contained in Chapter 3 and

Appendix C:

4. Procurement on a confocal resonator with reflective and anti-reflective coatings

at 514.5 nin, since this is the optimum frequency for gain in BaTiO3;

5. Research on Lithium Niobate crystals for improved diffraction efficiency at low

angles and volume storage of holograms; and,

6. Research on artificial phase diffusers for the storage of Fourier transform holo-

grams within the confocal resonator.
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Appendix A. TWO- WAVE COUPLING TEST PLAN

The experimental measurements made of the two-wave coupling in BaTi03

will be taken in accordance with the following test plan (see Figure 52). This test

plan includes procedures that would not normally be included in a two-wave coupling

experiment in order to investigate an abnormal effect that we have noted within our

particular BaTiO3 crystal which is cut along the (100), (011) and (01T) crystallo-

graphic planes. The abnormal effect is an amplification of the probe beam when

both beams arc incident on the crystal followed by a deamplification of the probe

beam below its original value. The energy lost in the probe beam appears to be

going in the direction of the output pump beam. The two-wave coupling test plan

is:

1. Measure the intensities of the pump, 12, and the probe, I,, beams.

+ c axis Grating Vector

12 BS2 11(Lt)

BSI

Figure 52. Two-Wave Coupling Test Configuration
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2. Measure the degree of polarization and the polarization orientations of the

input beams. The polarization desired is extraordinary.

3. Measure the angle, 20, between 12 and 11 and measure the angle, $, of the

grating vector with respect to the +c-axis of the crystal.

4. Erase all gratings formed.

5. Input both the probe and pump beams and measure the time response of the

output beams 11(L.1) and 12(Lt).

6. Measure the outputs of beam splitters, BS1 and BS2, to determine if there is

any phase conjugation of the probe and pump beams.

7. Repeat the above procedure for different input beam intensities.

8. Repeat the above procedure for different angles, 6, between the grating vector

and the +c-axis.

9. Repeat the above procedure for different angles, 20, between the pump and

probe beams.
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Appendix B. SELF-PUMPED PHASE CONJUGATION: 450-CUT

CRYSTAL

Due to the excellent references available for self-pumped phase conjugation.

only the experimental results will be published here. A good reference for the theory

behind self-pumped phase conjugation is reference 11411161. The experimental setup

for self-pumped phase conjugation is shown in Figure 53. The angle of interest here

is the external angle, a, between the normal to the crystal face and the input beam.

Two experiments were performed with the 45*-cut crystal. The first was to

find the maximum reflectivity and the second was to find the image resolution. In

Detector

Collimator

BS |Argon Laser
1 488 nm

Resolution

Lens Chart

B aTiO3
+c-axis

Figure 53. Experimental Setup for Phase Conjugate Refectivity
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100.0

0.0
0.0 S 90.0

Figure 54. Phase Conjugate Reflectivity versus External Input Angle

these experiments, there was 5 mul total power in a I mm diameter beam incident

on the crystal.

For the maximum reflectivity test, the USAF resolution chart was not present.
The angle. a, was varied from 10 to 80". The maximum reflectivity was found at
a = 40' and was 56 %. This compares with 38.5 % found by Fielding for the z-cut
crystal (161. For the image resolution test, a USAF resolution chart was placed
a focal length away from the lens and the crystal was set at a = 40". In this
experiment, resolution down to 16 lines/mm ( group 4 (1) ) for the vertical bars and
I I lines/mm ( group 3 (4) ) (see Figure 55). The resolution differece was also noted
by Fielding, and the cause is not knmwn. This test was redone for the resolution chart
tilted at 45 with reslution down to 16 lines/mm for both line pairs (see Figure 56).
Calculatiom were pfn to see if the limit related to the crystal or the setup
and it was determined that the setup was the cutoff due to the "tial itering of
the crystal's dimensions.
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Figure 55. Image Resolution of Phase Conjugation with USAF Resolution Chart.
Note that the vertical and horizontal bars have different resolution.
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Figure 56. Image Resolution with the Chart Tilted at 45". Note that the horizontal
and vertical bars have the same resolution.



Therefore. the 450-cut crystal yields inmpmoed percent reflectivity and has been

shown to have resolution at least as good as 16 lines/mm.
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Appendix C. AMPLITUDE STRIPPING OF AN AMPLITUDE

AND PHASE VARYING SIGNAL

Many algorithms require that only the amplitude or phase of a signal be passed

on within the algorithm. Two such algorithms are the Fienup phase retrieval algo-

rithm and the Kobel-Martin pattern recognition algorithm which requires the am-

plitude only and the phase only portions of the signal.

Passinig only the amplit tde variations %,Wthout the phase information has been

demonstrated by Peri [30). Peri used the process of two-wave coupling in BaTi03

to pass the amplitude variations of the pump beam onto the probe beam without

passing the phase of the pump beam (see Figure 57). However, a system for passing

Pump Beam +c-axis A

P A

p A DA

Probe Beam A - Amplitude

P - Phase

Fgr 57. Coherent Energy Transfer in Two-Wave Coupling. The amplitude vad-
ai ofthe pump beam i tn ed to the probe beam (301.
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Inu tit output

Pump Beam +Cai

Input 450 OutputAmp Phase Amp Phase

Gain 5 teady

Iog(I1/1 2 )

Figure 58. Amplitude Stripping of an Amplitude and Phase Varying Signal. The
BaTi0 3 crystal operates as a saturable gain media to lessen amplitude vari-
ations.

the phase only has not been proposed. A method of passing only the phase infor-

mation is to use the saturable gain characteristics of the BaTiOs crystals (Sections

4.3.3 and 5.2.4.3) and optical feedback. Using the saturable gain curve shown in this

thesis and reproduced here (see Figure 37), the input may be limited to region A of

the lo(], /12) axis. As the resonator and crystal lae on the input besm, the operat-

ing region of the crystal walks down the gain curve until it reaches the point where

the pin equal loses with the result being a more uniform amplitude output with

the aral phase information. Thus, the amplitude varations have borm stripped,

whil tho phase information is passed on.
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Pump Beam +Cai

Input

Pump Beam +Cai

Input Ste Output

Amp Phase Amp Phase
log(JI/h2)

Gain Sed
State

I0g(Iz /12)

Figure 59. Improved Amplitude Stripping Schematic. Crysta C1 operates as a at-
arable gain media as in the previou schematic, ad crystal C2 a&s Operates
ws a saturable Via medi to clea up the Augl amplitude varlatam. Note
that cral Ci bas bottomed out on its curve, whil C2 ks sdill is the middle
of Its aolmlarity is the steady-state cooditiom.
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If the uniformity of the output beam is not enough for the algorithm, then

another crystal could be placed in the feedback loop also operating as a saturable

gain media to level out the amplitude of the output beam (see Figures 35 and 59).

In order to perform this function. the biasing of the two crystals should be such that

crystal C2 is still in the middle of its nonlinearity while crystal C) has bottomed

out on the curve as shown in Figure 59. Thus, the crystals operate in a cooperative

mode for a steady-state solution of a uniform amplitude output with the input phase

variations.

103

V IIalI I * r I



Bibliography

1. Akins, Robert and Sing Lee. "Coherent Optical Image Amplification by an
Injection-Locked Dye Amplifier at 632.8 nm," Applied Physics Letters, 95: 660-
662 (1 November 1979).

2. Akins. R. and S. Lee. -Transient Response and Time Evolution of 2-D Solutions
in a Coherent Optical Processor with Feedback," Applied Optics, 21: 4515-4520
(15 December 1982).

:1. Akins. Robert P. and Sing H. Lee. "Two-Stage Injection-Locked Ring Dye
Laser/Amplifier for Coherent Image Amplification." Journal of the Optical So-
city of.4 ip rrica .4. 1: 533-536 (May 1984).

I. Anderson. Dana Z. "Coherent Optical Eigenstate Memory," Optics Letters. 11:
,56-5S (January 1986).

5. Anderson. Dana Z. and R. Saxena. "Theory of Multimode Operation of a Uni-
directional Ring Oscillator having Photorefractive Gain: Weak Field Limit,"
Journal of the Optical Society of America B, 4:164-176 (February 1987).

6. Blcdowski. Alekander and Wieslaw Krolikowski. "Exact Solution of Degener-
ate Four-Wave Mixing in Photorefractive Media," Optics Letters, 13: 146-148
(February 1988).

7. Cedarquist, Jack and Sing Lee. "Coherent Optical Feedback for the Analog
Solution of Partial Differential Equations." Journal of the Optical Society of
America. 7V. 944-953 (August 1980).

S. Cedarquist, Jack and Sing Lee. "Confocal Feedback Systems with Space Vari-
ance, Time Sampling, and Secondary Feedback Loops," Journal of Optical So-
ciety of America, 71: 643-650 (June 1981).

9. Cronin-Golomb, Mark. et a. "Photorefractive Time Differentiation of Coherent
Optical Images," Optics Letters, 1t 1029-1031 (December 1987).

10. Fainman, Y. and S. Lee. "Experimental Evaluation of Mangin Mirror Perfor-
mance for Optical Processing with Feedback," Optical Engineering, 24: 535-540
(May/June 1985).

11. Fainman, Y. et al. "Optimal Coherent Image Amplification by Two-Wave Cou-
pling in Photredractive Barium Titanate," Optical Engineering, ft 228-234
(February 1986).

12. FiabeMg, Jack. d @I. *Photreactve Effects and Light-lnduced Charge Migra.
tiom in Barium Titanate," Joual of Applied PfApi, 51: 1297-1305 (3 March
low).

13. Iieb"S, Jack. et &I. 'Erratum: Photrefractive Elect and Light-Induced
Chare Migration in Barium Titanate Joma . Applied P ic, S. 537
(January 131).

104



I.I. Feinberg, .lack. et al. "Self-Pumped, Continuous-Wave Phase Conjugator Using
Internal Reflection," Optics Letters, 71 486-488 (October 1982).

15. Feinburg, Jack. "Asymmetric Self-Defocusing of an Optical Beam from the Pho-
torefractive Effect," Journal of the Optical Society of America, 72 46-50 (Jan-
uary 1982).

I. Fielding. Kenneth H1. A Position, Scale, and Rotation Invariant Holographic As-
sociatire Memory. MS Thesis. AFIT/GEO/ENG/88D-2. School of Engineering,
Air Force Institute of Technology (AU), Wright-Patterson AFB, 01. December
19S8. (DTIC number not available at this time).

17. Fienup. J. R. -Phase Retrieval Algorithms: A Comparison." Applied Optics.
21: 275,x-2769 (1 August 1982).

VS. Goodman. Joseph W. Introduction to Fourier Optics. San Francisco: McGraw-
1liii Book Co.. 1968.

I9. Gunter. P. -Holography. Coherent Light Amplification and Optical Phase Con-
jugation with Photorefractive Materials." Physics Reports (Retiew Section of
Physics Letlers), 93, A'o. 4:199-299 (1982).

21). Johnston. Steve and Sing Lee. "Confocal Optical Feedback Processing System:
an Improved Design," Applied Optics, t2 1431-1438 (15 May 1983).

21. Klein. M. B. and George C. Valley. "Beam Coupling in Barium Titanate at
4-12nm." Journal of Applied Physics, 57: 4901-4905 (15 June 1985).

22. Klein. NI. B. et al. Degenerate Four- Wave Mixing Smart Detector: Final Re-
port. September 1986. Contract MDA 904-83-C-0463. Fort George Meade MD:
Maryland Procurement Office, February 1983.

23. Klein. M.B. et al. Imaging Threshold Detector Using a Phase-Conjugate Res-
onator in Barium Titanate," Optics Letters, 11: 575-577 (September 1986).

24. Lee, Sing H. "Optical Information Processing," Topics in Applied Science, Vol-
ume 48, edited by Sing H. Lee. Berlin: Springer-Verlag, 1981.

25. Motes, Andy and Jin Joong Kim. 'Beam Coupling in Photorefractive Barium
Titanate Crystals," Optics Letters, It 199-201 (Match 1987).

26. Motes, Andy. etla. "Temporal lBehavior of the Intensity-Dependent Absorption
in Photorefractive Barium Titanate," Optics Letters, I. 309-511 (June 1988).

27. Stoll, H. M. and L-S. Lee. "A Continuous-Time Optical Neural Network," Pro-
eedings of the IEEE Internatioal Conference on 4evral Networks, 9. 373-384

(July 136w).
28. OPc Iamplemetotgtio of Phan RetrievL Contract Proposal PLXS7-019 to

the Air Force Weapons Laboratory. Sparta, Inc., Laguna Hills CA, 14 May
1967.

105

p . , -. ,



29. Pepper. David M. '*Hybrid Phase Conjugator/Modulators using Self-Pumped
O*-Cut and 45*-Cut Barium Titanate Crystals," Applied Physics Letters, 49
1001-1003 (20 October 1986).

30. Pert, David. -Optical Implementation of a Phase *.etrieval Algorithm," Applcd
Optics, 26: 1782-1785 (1 May 1987).

31. Rajbenbach. Henri. et at. -Optical Implementation of an Iterative Algorithm
for Matrix Inversion," Applied Optics, 26: 1024-1031 (15 March 1987).

32. Sanders Associates, Inc. Barium Titanate Cirystals. Nashua Nil, undated.

3:1. Saxena. R. and D. Z. Anderson. 'Effects of an Applied Field on the Steady
State Characteristics of a Unidirectional Photorefractive Ring Oscillator," Op-
ic. Communications, 66: 172-178 (15 April 1988).

31. Schunemann. P. G. et at. The Effects of Feed Material and Annralinq Atmo-
sphert on the Properties of Plaotorefractirc Barium Titanatc Crystals. Sanders
Associates. Merrimack Nil, undated.

3.5. Smiri. Authur L. ct at. "Picosecond Photorefractive Effect in Barium Titanate,"
Optics Letters, 12 501-503 (July 1987).

36. Sternklar. Shimon W. and Baruch Fischer. "Controlling the Self-Frequency Shift
alt Intensity of Oscillations with Photorefractive Crystals," Applied Optics, 24:
3121-3122 (1 October 1985).

37. Strohkendl, F. P. ct at. "Hole-Electron Competition in Photorefractive Grat-
ings." Optics Letters. 11: 312-314 (May 1986).

3"s. Valley. George C. and Marvin B. Klein. "Optimal Properties of Photorefrac-
tive Materials for Optical Data Processing," Optical Engineering, .. 704-711
(November 1983).

3.9. Valley, George C. and Gilmore J. Dunning. "Observation of Optical Chaos in a
Phase-Conjugate Resonator," Optics Letters, 9. 513-515 (November 1984).

40. Valley, George C, "Simultaneous Electron/Hole Transport in Photorefractive
Materials," Journal of Applied Phuic., $9. 3363-3366 (15 May 1986).

41. Valley, George C. "Competition between Forward- and Backward-Stimulated
Photorefractrive Scattering in Barium Titanate," Jour of the Optical Societyi
of America B, 4:14-19 (January 1987).

42. Yariv, Ammoc and Pocd Yh. Optical Waies in Crystals. New York: John
Wiley and Sons, 1964.

106

,m, l ... a"mu1 **m.*



Vita

Captain Jeff'ery A. \Wilson

trened te United

States Air Force Academy, from which he received the degree of Bachelor of Science

ini Electrical Engineering in May 1984. Upon graduation, he received a commission in

Ihe USAF and was assigned to the Air Force Logistics Command at Kelly AFB, TX.

At Nelly AFB, Capt. Wilson served as a System Engineer for Air Force Automatic

Test Systems. lie entered the Electro-Optics Masters Program in the School of

Engineering, Air Force Institute of Technology, in June 1987.

107



WUUWTV CLAINWICATiONd~ I V WAG

REPORT DOCUMENTATION PAGEOwN.M ft

se REAR SCURITV CLASSWICATSON lb REATIVE11 MAMINGS-

3. SUNY LASSIICTION AUTHORIT I OISTRIBUTIO1111AVAILASUTY OF REPORT

2b OEC1ASSFIATION/OOwNGAAOmw s4G Approved for publick wekae:

4. PERFORMING ORGANIZATION REPORT NtIM1uU(S) S. MONTOIN ORGANIZTiON REPORT NUMBER(S

L.NAME OF PERPORMING OR4IATN"1 6b. OFFIC1 SYMBOL ?a. NAERM OF MONiTORING ORGANIZTION

Sc. mwOS (C.sem a"~ lIPC.* fb AORSS (City. Stat. and ZIP Co*u)

A~ir Force In1stilute of Technology
WVriglt- Pafterson A PB Oil 45433-6583

U.NAME OF FUND"N /SPONSORING 4b. OFFICE SYMBOL 9. PROCUREMENT ItSTRiJMfNT IDENTIFICATiON NUMBER

h1muk Air Developmient Center IRADC/COTC _______________________

9L ADRESS(ft.*&*.nd IW'=)10. SOURCE OF FUNDING NUMBES
PRGA inAT " IWOR MT

(rifiss AVFB, NY 13411 PRMN O . W.No0 *SI e

11. TITLE afmb*Uft S Cawfrj O O

01 ical Infrormnation Processing in a Confocal Fabry-Perot Resonator

12. 75 rylit son~, B.S.E.E., Capt, USAF
Im f COIM E AD1. OFR (VeDeU SP COUNT

.tci Mol8ecme 119
16. SUPPLEMENTARY NOTATION1

17 WSIAI CONS IL SUBJECT TEIMM (Conmg an ""m if atuemy &n SW~i'S l numbsr

Associate Professor of Electricial Engineering

A SISITIONI1AVMMSJTY OF AIShRTMOA L M SPM
OWQMPES AI 8 SAM AS um. u ICumsER

or tSAF AM ILCPIA ENG

j UNCLASSIFIED:



A bsn'tret

Many opli,'el informatitn prcessing algoritlnus re(Iir, f, ''tlak I.o iperform

ih'ralive pnx'issilg. An algorithm which exemplifies the relliprenit for feelback'

is ithe optical associative! memllory. This tihsis explores the theoretical ,hcsign of an

opilical a sociativc menmory in a confocal Fabry-Perot resonator.

The COmpllOnents of the optical associative memory - BaTiO3 crystals. confo-

A resonator, and holographic plates - are characterized individually to determine

thc feasibility of impleennting the associative memory. The Maa'O 3 crystals are

characterized for procesing functions such as image amplification, edge enhance-

ment, linear and nonlinear gain, and linear and nonlinear attenuation. Unique

45*-cut BaTiO3 crystals are investigated in two-wave coupling expcriments. The

.15"-cut crystals (lid not perform as expected, and their performance points to a need

to improve the mathematical model of two-wave coupling to include the effects of

beam-fanning. Thu sensitivity of the confocal resonator to mechanical vibrations

and air currents were learne.d along with methods to overcome these problems and

align/stabilize the resonator. The BaTiO3 crystals were placed within the resonator

to perform qualitative analysis on the crystals. Within the resonator, it was verified

that the 45" crystal does have more gin potential than the z-cut crystal. Exper-

iments with the holographic plates at the 1-3" angles necessary for the confocal

resonator show a diffraction efficiency of 12 %.

The result of these experiments is a qualified yes to the feasibility of the optical

associative memory in the confocal resonator. The qualification comes from the need

for a better model of two-wave coupling and beam-fanning and follow-on quantitative

analysis of the 45"-tut crystal within the confocal rsonator.
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