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Abstract

ABSTRACT

This thesis describes and assesses experimentally novel configurations for various types of
phase conjugation in the barium titanate crystals and novel designs for optical resonant
systems with photorefractive phase-conjugate mirrors (PCMs) and holographic memory
for use in optical associative memories (OAM). The thesis describes 3 novel self-pumped
phase-conjugate mirror (SPPCM) configurations and 4 novel mutually pumped phase-
conjugate mirror (MPPCM) configurations and 1 novel optically switchable phase-
conjugate mirror with several beams conjugated over a wide range of angles.

A novel compact 2-f coherent correlator design for use in optical neural networks
(ONNs) is described. The thesis describes how to record improved efficiency volume
hofograms in a novel setup using 2 BaTiO; phase-conjugating mirrors (PCMs). The thesis
also describes our discoveries which is the extending the earlier research began by Dr. Tao
of UCL on the improvement of holographic diffraction efficiency (DE) possible arising
from Bragg shifts occurring during recording. The thesis presents experimental work on
the dependence of DE on the incident beam intensities and the beam ratio. The thesis
describes a novel optical resonator in which optical eigenmodes are established between
SPPCMs. This is the first time to our knowledge any resonator has been demonstrated
and reported between 2 PCMs. In addition 21 angularly multiplexed volume holograms
were inserted into the resonator to give 21clearly defined eigenmodes or memories.

The optimum results were obtained for our “-c curve configuration” in which a
SPPCM efficiency of 30% was obtained and phase conjugation was maintained over a
range of 4mm in lateral translations of the beam and over a range of 40 degrees in the
incident angle of the beam. We have proposed a simple model with Four Interaction
Regions (FIR) to further account for our discoveries. The “Arch”, "Fish-Head", "Fish"
and "Manta Ray" configurations are our four new configurations that we have discovered
for MPPCM of two incoherent beams which are all remarkably insensitive to angular and
lateral positional changes in either of the two input beams or in the crystal itself. The four
configurations are also notable in that they have high reflectivity efficiencies and fast
response times. These three configurations are part of a family of MPPCM:s all of which
have similar internal beam paths within the crystal having three internal reflections. The
phase conjugate behaviour of the Fish-Head is established relatively fast (~1sec) and has a
high reflectivity efficiency (30%) and no crosstalk is observable between the two beams.
3
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Abbreviations and Symbols

ABBREVIATIONS AND SYMBOLS

-C* -c curve configuration
CCD: charge coupled device
DFWM: degenerate four-wave mixing

DMPPCM: double mutually pumped phase-conjugate mirror

DPC: double phase conjugation
FIR: four-interaction regions
FWM: four-wave mixing

HOFNET: high order feedback neural network

IMIBC: induced mutually incoherent beam coupling

ISPPCM: induced self-pumped phase-conjugate mirror

MIBC: mutually incoherent beam coupling

MIPCM: mutl-beam induced phase-conjugate mirror

MPPCM: mutually pumped phase-conjugate mirror

NMIPC: non-degenerate mutl-beam induced phase conjugation
OAM: optical associative memory

ONN: optical neural network

OPC: optical phase conjugation
PCM: phase-conjugate mirror
PCR: phase- conjugaté resonator
PD: photodetector

SAM: spatio-angular multiplexing

SBS: stimulated Brillouin scattering
SLM: spatial light modulator
SPB: stimulated photorefractive backscattering

SPBFWM: stimulated photorefractive backscattering four-wave mixing
SPFWM: self-pumped four-wave mixing

SPPCM:  self-pumped phase-conjugate mirror
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TIR: total internal reflection
TIR: two-interaction regions
TWM: twe-wave mixing
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Chapter 1 Introduction

Chapter One

INTRODUCTION

The main aim of the research described in this thesis is to develop and investigate the phase
conjugate techniques necessary to realise optical feedback for use in an optical neural
network resonator for pattern recognition applications. A subsidiary aim is to make
related advances to realise such a resonator, such as in the memory storage efficiency and

thresholding phase conjugation.

1.1 Historical Background and Motivation

The ability of optics to process large amounts of data in parallel has generated a lot of

interest in the implementation of neural network architectures by optical means. Optics

and neural networks appear to be an ideal match of requirements and capabilities. The
resurgence of interest in neural networks was followed by numerous proposals and

experimental demonstrations of optoelectronic implementations [Abu87, And86 & 87,

Cas89 & 90, Cau89, Dun91, Far85, Mao91, Fis87, Psa88, Kan90, Lee89, Owe87a, 87b,

91, & 93, Pet90, Sha89, Xu90, Wag87]. The use of photorefractive materials such

BaTiO3 and LiNbO; had a significant beneficial impact on the architecture and

implementation of neural networks [Lee89, Wag87, Psa87 & 88 & 90, Sof86, Owe87,

Yar86, Owe93, Due93].

These materials have several properties:

1. phase conjugation These materials can act as real-time phase-conjugate
mirrors (PCMs) [Hal85]. A PCM generates a reflection that is the spatial conjugate
of the input beam, i.e. each point on the reflected wave propagates back along the
same path taken by the corresponding point on the input wave. The important point
about phase-conjugate reflection is that any phase changes incurred by the incoming
light during the course of its journey will be reversed as the conjugate wave travels

back along the path. This means that any phase distortions introduced by the optical
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Chapter 1 Introduction

system will be corrected and an undistorted image produced at the input to the

system.

2. beam coupling and thresholding In these material there are optically induced
temporary changes in the refractive index, which allow them to be used as real-time
holographic processing materials. The interference of two or more beams within a
photorefractive crystal of BaTiO;, for instance, generates a holographic phase grating
that persists for as long as the beams remain. This allows one beam to couple power
into another. The ability to amplify optical signals makes photorefractive materials
especially useful in iterative optical schemes. In addition, the physical process giving
rise to these effects can be made to exhibit thresholding properties [Cro86], allowing
them to be used as continuous fields of neurons within a single crystal being capable

of forming arrays of hundreds or thousands of neurons.

3. amplifications = When two counterpropagating light fields interact within a
photorefractive material along with a third, weaker beam, they can form a PCM by
means of the four-wave mixing (FWM) mechanism. These counterpropagating light
fields can either arise spontaneously from scattering within the non-linear material or
result from the interaction of two external pump beams. In the latter case, power can
be coupled from the pump beams into the reflected field, amplifying the conjugate
beam intensity by several orders of magnitude. These make photorefractive materials
and PCMs in particular, powerful tools in the implementation of iterative optical
networks. Amplified phase conjugation naturally forms reflex iterative processing
schemes and produces systems which are self-aligning and tolerant to aberrations and

system error.

Neural network computers are aimed at simulating the performance of the brain
[Bea90]. They consist of elementary processing units or neurons linked by weighted
interconnections. The system may learn through suitable modification of the
interconnection weights in accordance with a given leaming strategy. The massive
parallelism of a neural network architecture is very well adapted to optics, as long as the
processing speed of each element is not a critical parameter. A suitable model for neural

networks is provided by associative memories, where a given stored image has to be
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Chapter 1 Introduction

retrieved in response to a partial or noisy input. They have been the subject of active
research and several optical implementations have aheady been reported [Owe89], One

such reahsation is illustrated schematically in Fig. 1.1 [Sof86].

Fig. 1.1 Principal type o foptical associative memory using photorefractive non-linear
device.  Complete image was reconstructed by reading a multiplexed
hologram with an incomplete input image. A phase-conjugate mirror (PCM)
placed after the lens [Sof86J.

Reference
Beam

Beamsplitter

Lens

PCM

Output Image +e
Hologram

Input Image

A single hologram is simultaneously illuminated by a partial object beam and the
approximate reference beam it produces after being phase-conjugated. The associated
information is unlocked by this phase-conjugate reference since it retrieves the fiill image.
The key element is a photorefractive BaTiOg phase conjugator that, at the same time,
provides retroreflected phase conjugation, gain and thresholding. Due to the combined
effect of gain and thresholding, only those signals strongly correlated with the partial
object beam are emphasised. The principal has been demonstrated to work with different
objects superimposed in the hologram memory by angular coding of'the reference beam
directions [Yar86], so that only the image of the partially excited hologram is retrieved
from the multiplexed hologram. The system is particularly relevant in pattern recognition,

robotics vision, and in image processing operations. On the other hand, by using a
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Chapter 1 Introduction

photorefractive crystal to store the volume hologram, real-time modification of the
memory is also possible, making, in principal, the adaptive or learning behaviour of the
system accessible.

The advantages of this system are clear. Not only are the signals amplified, but any
aberrations introduced by the optical system are corrected and the system self-aligns as a
result of the phase conjugation operation. However, practial implementations of the
above scheme have so far only been able to demonstrate single pass systems without the
resonator (feedback) because insufficient gain was available to overcome the losses. The
losses result from (1) the weak reflectivity and gain in the phase-conjugate signal from
existing PCMs, and (2) the low diffraction efficiency of the holographic memory. So, the

aim of our research in this thesis is to find new techniques to overcome these problems.

1.2 Research Objectives

Numerous optical pattern recognition systems have been proposed and demonstrated,
however, in this thesis we will be concentrating on one type in which multiplexed
holograms recorded in photorefractive crystals are used as the memory and phase
conjugate mirrors are used to access the memories in parallel. Such a system can perform
correlations of an unknown input pattern with every stored memory in parallel. The
phase-conjugate mirrors (PCMs) act as an optical feedback system to send signals back
though the system itself rather than around the outside back to the input. In this way the
systems realised can be made more compact and are easily aligned, indeed parts are often
self aligning so that they can self-adapt to a vibrating or slowly distorting environment,
e.g. sag in the mechanics or expansion due to temperature and can compensate for phase
aberrations caused by convection from warm components within the system. The speed of 4
processing pixels can be fast since images are processed as a whole. The speed of PCMs
depends to a large extent on the incident power and so there is a speed/power trade off.
Typically total powers of 5 mW result in response times of a few seconds in a 5 mm cube
crystal of barium titanate when used as a "cat" self-pumped phase conjugate mirror (this
configuration is described in detail later). Higher speeds can also be achieved using
semiconductor phase conjugation but this usually requires infra-red beams whereas the
memory store usually requires higher energy photons such as green or blue. Essentially

the systems consist of a resonant cavity in which the stored patterns are the eigenmodes of
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the system. Insertion or injection of an unknown pattern suppresses the strength of some
eigenmodes. The resonator often has a gain medium or mechanism to offset the round trip
losses. The result is that after multiple reflections back and forth in the resonator the
eigenmodé patterns which are dissimilar to the input are suppressed and those most similar
to the input are enhanced and are output. The introduction of non-linear elements to the
resonator allows the system to suppress all eigenmodal patterns except for the one most
similar to the unknown input pattern resulting in pattern recognition. Several advancesin
recording techniques, materials and theoretical analysis during the last few years have
brought the possibility of realising a useful system closer. Consider, for example, the
memory capacity of the holographic store. This can either be formed in spectral hole
burning media for which 2000 holograms have been reported (with a density of 0.20
GBits/cm2) [Koh93, Man93, and Wil93], or in photorefractive crystals [Mok91, Ta093,
Mok93, Burr94, Jen93, Tao94, and Sel94]. Although some spectral hole burning
materials have been demonstrated at room temperature (with persistence times of minutes
to hours) the large memory capacities were obtained at low temperatures [Man93] (below
30C persistence times are about a month) so in this research we will concentrate on
photorefractive crystals for room temperature operation.

Current compact digital disc ROMs have a storage capacity of 1.3 Gbyte on a 5.25
inch disc with an area of 140 cm’ giving a storage density of 9.3 MBytes/cmz. The
memory capacity in photorefractive crystals has been raised in the last few years from 500
through 750, 5,000 to 10,000 images [Ta093, Ta095, Mok 91 & 93, and Bur94] in iron
doped lithium niobate crystals of 1 cm3 to 3 cm3; the storage density has also been
increased from 12.3 MBit/cm® through 35.2 MBit/cm® to 0.23 gbit/cm® (these figures
assume that binary images were stored so one pixel corresponds to one bit); the efficiency
has been improved for large numbers of memories from 0.01% to 0.5% using a novel
multiplexing technique [Ta093] combining both angular and spatial multiplexing
"Spatio-Angular Multiplexing (SAM)" which has been extended, in principle, to include
wavelength multiplexing as well [Jen93]; accurate experiments [Ta0o94] have reported
230% improvements in diffraction efficiency for Fourier Transform holograms due to tiny
corrections in the angle of the readout beams (0.006°); theoretical modeling of these
Bragg-shift effects have been in good agreement with experiment for plane gratings
[Ta094]. Our aim is to implement optical high order neural networks by using a phase-
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conjugate resonator. Although this radical idea has already been proposed by many
researchers [Lee89, Wag87, Psa87 & 88 & 90, Sof86, Owe87, Yar86, Owe93, Due93],
the problems arising from how to increase the gain, and satisfy the conditions for efficient
phase conjugation must be investigated. We use a novel 2-f correlator in place of the
standard 4-f correlator used in the high order feedback neural network (HOFNET) [Sel90
& 91]. This system should have the following advantages: (1) more compact, (2) lower
losses, (3) high storage capacity, and (4) high processing speed. This resonator will have
two phase-conjugate mirrors [PCMs], one a four-wave mixing PCM and the other a
multi-beam induced PCM ( both of which will be explained in detail later). In order to
make advances to achieve this we have developed novel phase conjugation techniques to

satisfy the requirements of this system.

1.3 Layout of Thesis

The contents of this thesis are divided into three parts. The first part contains review of
both optical phase conjugation and phase-conjugate mirrors which are relevant to an
appreciation of our research and are necessary to understand the physical mechanism of
our new discoveries. The second part contains our new research work and the last part is
concerned with suggested future research work. The following is a brief synopsis of the
major issues addressed in each chapter. In chapter 2, a typical method for generating
phase conjugate outputs is discussed first, followed by theoretical consideration of the
photorefractive effect and of two-wave mixing (TWM), four-wave mixing (FWM) and
beam fanning in photorefractive materials. Then an overview of some of the most
important geometries to date for photorefractive self-pumped and mutually pumped
phase-conjugate mirrors is presented. Thereafter, a novel scheme (induced self-pumped
phase conjugation: ISPPC) is descrbed which both increases the efficiency of self-pumped
phase conjugate reflection and shortens the response time. In chapter 2 we also describe
several applications for optical phase conjugation which are also relevant work to our
research.

The new research work starts from chapter three and continues until chapter six
inclusive and is the bulk of this thesis. Chapter 3 provides a thorough description and

analysis of compact associative memories based on our novel 2-f correlation setup. We
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show how a system using spectral corelation, such as the HOFNET, can be efficiently
made more compact. Additionally, in this chapter, we describe our novel holographic
recording scheme which is unusual in its use of 2 phase-conjugate mirrors during
recording. Bragg-shift (the angular shift between the optimum readout angle and the
recording angle) diffraction which was observed during the holographic storage processis
shown to depend on the total expsoure.

Chapter 4 describes our novel multi-beam induced PCM (MIPCM). The use of this
MICPM for performing optical feedback is shown by construction and sucessful
demonstration of a novel multi-mode self-pumped phase-conjugate resonator with 21
modes. Chapter 5 reports several novel configurations for self-pumped phase conjugators
and asseses their performance advantages. Chapter 6 describes four novel configurations
for mutually pumped phase-conjugate mirrors, named "Arch", "Fish-Head" "Fish", and
"Ray" MPPCM , respectively. Following presentation of the experimental results we
discuss the possible physical mechanisms to explain our observations. At the end of
Chapter 6 we describe a novel double Fish-Head MPPCM in which 3 beams are phase
conjugated simultaneoiusly in two pairs and which also demonstrates thresholding
behaviour and we discuss possible applicaions. Finally, Chapter 7 draws togather the

conclusions of our main achievements and lists a collection of ideas for future work.
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Chapter Two

PHASE-CONJUGATE MIRRORS AND THEIR
APPLICATIONS

The objective of this chapter is to describe the principles of the generation of phase-
conjugate waves by means of four-wave mixing (FWM) in electro-optic materials
(especially in photorefractive crystals) and the applications of phase conjugation which are
related to our research and are of help to understand the mechanism of our new
discoveries. We start by historical reviews and generally depict the principle of optical
phase conjugation in Section 2.1. This review enables us to place our work in the frame
work and context of other research to show the benefits of our approach. Once a
diffraction grating has been formed in the photorefractive media such as LiNbOs, BaTiO;,
and SBN by illumination, a phase-conjugate wave may be created through a diffraction
process similar to holography [Sol81]. The physical phenomenon that leads to the
formation of this diffraction grating is the photorefractive effect. Section 2.2 is devoted to
the physics of the photorefractive effect which mainly occurrs in electro-optic materials.
Our discussion is then directed to the microscopic mechanism: the band-transport model,
which is generally accepted as a good model for the generation of phase-conjugate light
waves in photorefractive media. During holographic recording in a photorefractive crystal,
the two interfering light waves are diffracted by the generated refractive index grating and
give rise to a very interesting energy coupling phenomenon, known as two-wave mixing
(TWM). Section 2.3 analyses two-wave mixing in photorefractive materials using the
coupled wave theory [Kuk79]. Significant beam amplification which also can occur
during the beam coupling is discussed in detail as well. Section 2.4 describes how to
generate the phase-conjugate light wave by four-wave mixing (FWM) [Whi80]. Here we
concentrate on the case when the frequencies of all of the interacting light waves are the
same, and will refer to this, as usual, as degenerate four-wave mixing (DFWM). The
discussion is then guided to the derivation of the coupled wave equations describing the
spatial evolution of the interacting light waves. Also, we introduce brieﬂy the concept of
holography and analyse the similarities between FWM and holography to understand the

18
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Chapter 2 Phase-Conjugate Mirrors and Their Applications

mechanism of phase-conjugation generatién in several phase-conjugate mirrors (PCMs).
Photorefractive fanning effects result from the physical behaviour of scattering and TWM
and this can initiate phase conjugation in certain types of PCM. The physics of the fanning
effect, which is very important to the understanding of our discoveries during the research,
is discussed in Section 2.5. Section 2.6 is a review of all types of PCM and all phase-
conjugate resonators (PCRs) to date. In these devices the pump beams for FWM phase
conjugation are provided either by external pump beams or from the signal beam itself
(either directly or by the generation of a photorefractive oscillation within the crystal
pumped by the signal beam). Applications of PCMs are discussed in Section 2.7. We
summary in Section 2.8 by pointing out several outstanding problems that deserve future
studies. This provides the motivation for the research reported in this thesis which
attempts to address these problems.

2.1 Optical phase Conjugation (OPC)

Optical phase conjugation is a technique that incorporates non-linear optical effects to
precisely reverse both the direction of propagation and the overall phase factor for each
plane wave in an arbitrary beam of light [Fis83]. The idea underlying optical phase
conjugation can be traced back to 1948, when Gabor [Gab48] discussed the principle
behind wavefront reconstruction. It was not until 1965, however, five years after the laser
made its first appearance, that Kogelnik [Kog65] subsequently realized that holography
could be used to compensate for static inhomogeneities in a medium. The concept of
real-time holography, in which a grating can be recorded in a medium, and read out in real
time, provided the next important step in phase conjugation research [Ger67 & Ste71].
Independently of this, dynamic holographic research work by Zel dovich et. al. [Zel72]
showed that phase distortion could also be corrected through the process of stimulated
Brillouin scattering (SBS). No pump beams are required for phase conjugation by SBS,
but the intensity of the incident light wave must exceed a threshold value (~1Mw/cm?) for
the process to occur. It was not until several years later, however, that these parallel but
formally unrelated research directions were established on a more rigorous basis by the
application of the formalism of nonlinear optics to phase-conjugate wavefront generation.
Almost the entire catalogue of nonlinear optical processes has been used to produce

phase-conjugate light waves in real time. The mechanisms involved are many and various,
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and span a very wide range of wavelengths, response times, and efficiencies (or
reflectivities), etc. Non-linear optical phase conjugation was first observed in the
backward scattered light wave produced by SBS [Zel85] in a solid-state laser application
[Roc88]. Another technique that can be used for producing phase -conjugate light waves
in the use of the non-linear photon echo effect [Fis83] in an atomic medium; however,
atomic motion has a serious adverse effect on phase conjugation. Yariv first demonstrated
three-wave mixing [Yar76 & 77] in asymmetric crystals to create reversed wavefront
replicas, but the phase matching condition restricts the angular range of illumination of the
input light wave to very small values. Hellwarth et. al. [Hel77] proposed the phenomenon
of four-wave mixing [FWM] [Yar77 & Blo77]. This uses the optically induced
polarization of a nonlinear medium that has cubic symmetry in the electric field strength
which occurs in all isotropic materials such as most, gases, liquids, and glasses, as well as
in appropriate crystals, to eliminate the restrictions of three-wave mixing in generating
phase-conjugate light waves. Notable here is the work of Yariv [Yar76] and Hellwarth
[Hel77], and the use of the coupled-wave analysis for FWM proposed by Yariv et. al.
[Yar77] and Bloom et. al. [Blo77]. In our work we will restrict our attention to the
generation of phase-conjugate waves by means of self-pumped four-wave mixing (FWM)
[Yariv78] mechanism in photorefractive BaTiO; crystals that will be studied in detail in
this chapter.

Photorefractive phased-conjugate optical system have gained a particularly large
following and feature often in the current literature on optical phase-conjugation. A
variety of arrangements for photorefractive optical phase conjugation, by means of FWM
[Yar78], have been proposed and demonstrated in several phase conjugators such as the
self-pumped phase conjugator (SPPC) [Fei82], several kinds of mutually pumped phase
conjugator (MPPC) [Wei87, Smo87, Ewb88 & 90, Wan90, and Sha90], and the induced
self<pumped phase conjugator (ISPPC) [Yau92 & Riu93]. Phase-conjugate mirrors
[PCMs] have found application in optical signal & image processing [Gin88], optical
pattern recognition [Ande86 & Owe87], laser phase locking [Cro86 & Fei86], Phase-
conjugate resonators [AuY79, Bel79 & 85, Fis89, and Pep94], interferometers [Ewb8S5,
Chi86, and Kwo86], gyros copes[Yeh85 & 86, and McM86 & 87], and many other
devices. In this thesis we are concerned and mainly with identifying novel phase-conjugate
mirrors (PCMs) with optimal performance and with constructing phase-conjugate
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resonators (PCRs) using these phase-conjugate devices to implement optical associative
photorefractive holographic memories using an optical neural network (ONN)
architecture [Owe87, And87, Sel91, and Due93]. For the purpose ofunderstanding these
inventions the radical concept and theory of optical phase conjugation must be described

in detail in advance in the next section.

2.1.1 Definition ofaphase-conjugate Hght wave

Optical phase conjugation is an nonlinear optical interaction that generates what is known
as, a phase-conjugate wavefront. A device that produces such a wavefront is called a

PCM. The concept ofphase conjugation is illustrated in Fig. 2.1. Here, the incident wave

Q2.1

falls onto a PCM, and the wave

e (2.2)

which is known as the phase-conjugate wave, is generated by means ofa non-linear optical
process. Where A\fr) is the complex amphtude of E{n{r, t) and”~d”r) is the complex

conjugate of/4in(r). The constant  appearing in Eq. (2.1) is known as the phase-

conjugate amphtude reflectivity. Furthermore,

ENT ) =ENr-t). (2.3)

Fig. 2.1 Phase conjugation ofa wavefront by a phase-conjugate mirror (PCM).

Phase-Conjugate Mirror
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This indicates that the shape of the wavefront here remains the same and that there is
inversion only with respect to the time axis. The phase-conjugate wave here can be
treated as a time-reversed wave. In the process of reflection from a PCM, the most
advanced portion of the incident wavefront generates the most retarded portion of the
phase-conjugate wavefront. This property is opposite of that which occurs in reflection

from an ordinary mirror as described in following subsection.

2.1.2 Properties o fpitase-conjugate Ught wave

One ofthe principle apphcations ofphase conjugation is the removal ofphase aberrations
from optical systems. Fig. 2.2 compares the aberration wavefront correction abilities of
conventional and phase-conjugate mirrors. The aberration correction process only occurs

in the phase-conjugate mirror, which is illustrated schematically in Fig. 2.2b.

Fig. 2.2 Phase correction by optical phase conjugation illustratedfor the case ofa
plane wave by: (a) reflectionfrom a conventional mirror, (b) reflectionfrom a
PCM. I: wavefront before incidence on glass, 2: wavefront after passing
through glass, 3: wavefront after reflection by mirror, 4: wavefront after
passing through glass a second time.

(@
Phase Distorter
(Glass)

Conventional Mirror

(b)

Phase Distorter
(Glass)

Phase-Conjugate Mirror

Initially plane wavefront 1 passes through glass (distorting medium) having a

higher refractive index than air. As a result of a phase delay caused by the glass the
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wavefront is converted to wavefront 2. Ifthis wave was incident on a conventional mirror,
the reflected wavefront 3 would become reversed from 2 since the direction of
propagation is reversed at the surface ofthe mirror as a result ofthe folding back ofthe
wave. Ifthe wave passes through the glass a second time, the wavefront 4 is produced
with a double phase delay at the part ofthe wavefront, which is passed through the glass,
changes from 3. One the other hand, if wavefront 2 is incident on a phase-conjugate
miiTor, the reflected wave 3 has the same shape as the incident and only the direction of
propagation reversed, as was seen in Eq. 2.3. Ifthis wave again passes through the same
glass, there is a phase delay at the portion ofwavefront, which passed through the glass
only, and the phase delays coming and going through the glass offset each other. Because

ofthis, spatial phase correction is a feature of phase-conjugate light.

Fig. 2.3  Phase conjugation ofan image. A beam bearing the image ofa resolution
chart (top left) passes through a distorter (diffuser) and its phas-conjugate
image passed back through the distorter again (bottom left) after phase
conjugation by a phase-conjugate mirror (induced self-pumped phase-
conjugate mirror [Yau92], illustrated).

Input Image Distorted Image

Laser

s Beamsplitter
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Here, we give an example carried out by us to prove experimentally the idea
described above. An incident wavefront containing information in the form of an image
(US Airforce resolution chart), which we show as a plane wave, passes through an
aberrating medium (such as phase distorter or diffuser) and becomes distorted. After
reflection from one kind of PCM, e.g. induced self-pumped phase-conjugate mirror
(ISPPCM) (which will be discussed in detail in Section 2.6.4), the sense of the distortion is
reversed, and after passing a second time through the aberrating medium, the wavefront
distortion is removed (shown in Fig. 2.3). In the example of Fig. 2.3 a special geometry
uses total internal reflections at the crystal corner and self-generated pumped waves giving
the freedom to choose the orientation that optimises the phase-conjugate signal providing
an excellent quélity of reproduction. Conjugator reflectivities as high as 56% have been

reported [Yau92] in spite of Fresnel reflection losses.

2.2 The Photorefractive Effect

The photorefractive effect was first observed in non-linear optical experiments as a
reversible form of optical damage [Ash66]. At room temperature, the photorefractive
damage has a persistence ranging from microseconds or less for semiconductor to months
or more for LINbO;. However, the effect is reversible in the sense that can be erased by
intense uniform illumination. This form of optical damage occurred at relatively low
intensity thresholds and, therefore, proved to be detrimental in many non-linear
experiments. This effect was quickly put to use, by Chen et al. [Che68] to record and
store phase (index) gratings in doped LiNbOs using low intensity laser beams without the
need for chemical development as with photographic film. This stimulated not only
investigations concerned with the physical understanding of the effect itself, but also a
large number of applications ranging from optical mass memory storage in volume media
to non-linear wave-mixing, all resulting from the ability to form gratings in real time and to
store them for long periods of time (e.g. few day to months kept in dark room for doped
LiNbO; crystals).

The photorefractive effect is defined as spatial modulation of the index of
refraction due to charge redistribution in an optical non-linear material. The effect arises
when charge carriers, photogenerated by a spatially modulated light intensity, separate by

drift and diffusion processes and become trapped to produce a non-uniform space-charge
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distribution. The resulting internal space-charge electric filed modulates the refiractive
index to create a phase grating which can diffract a fight beam. This photorefi'active
response can be considered as a third-order non-linear effect relating the index change to
the excitation fight intensity. However, at variance with other third-order phenomena, the
photorefi'active index gratings are non-local effects due to charge redistribution within the
crystal, and involve the photoionisation, transport, and retrapping of charge carriers. The
photorefractive effect is most often explained mathematically by means of a set of
equations introduced by Kukhtarev et al. [Kuk79], Here, we present two models that

explain the nature ofthe photorefractive effect.

2.2.1 Thephysics ofthe photorefractive effect: band-transport and hopping
models

To understand these models and to investigate the response ofthe material we consider

the effect of a sinsoidal interference pattern, as would be produced by interfere of two

mutually coherent plane waves, a pump beam and a signal beam, generated from a laser at

an angle, 0, to one another (Fig. 2.4(a)) in a photorefractive material.

Fig. 2.4  The generation of a sinusoidal interference pattern in a photorefractive
material: (a) experimental arrangement and (b) wavevector diagram.
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The two coherent beams with wavevectors and /fsare made to interfere inside the crystal
and induce a Ught intensity grating with period A=27/A"g, K"=kp-ks being the grating
wavevector) Fig. 2.4(b)). Then, the photorefractive effect gives rise to an associated
refractive index pattern with the same period, and allows charge separation to take place,
which may be electron migration in a conduction band, hole migration in a valence band,

or both.

Fig. 2.5 Model ofthe photorefractive effect in a photorefractive medium (the carriers
are electrons), (a) Band-transport model, (b) Hopping model.
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Photo-ionisation
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Fig. 2.5 shows the band-transport [Kuk79] and hopping models [FeiSO]. In the
first, a majority carrier (electron) is photoexcited into the conduction band, then drifts and

difihises through the band, and finally is trapped by a donor site left vacant by
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recombination. A charge distribution corresponding to the intensity distribution is
thought to migrate by drift or diffusion as a unit [Kuk79]. On the other hand, in the
hopping model an electron on absorbing a quantum of energy has a constant probability of
hopping to adjacent donor sites. A carrier distribution matching the intensity distribution
is thought to be formed in the medium [Fei80].

The two models are in agreement when the modulation of the charge distribution is
low [Mul85 & Duc86]. If the electric field distribution is described in terms of the charge
distribution, both models can be treated similarity. Simple models of the photorefractive
effect consider only one charge species and, although in reality this depends upon the
material, the main properties of the photorefractive effect can be established by
considering electrons only. Basically, the generation of phase-conjugate light can be
explained by means of a band-transport model.

Now, if the intensity /(r) of the light within the crystal (shown in Fig. 2.6(a)) is
non-uniform, the charge density p(r) (Fig. 2.6(b)) within the material will become
nonuniform, because electrons will tend to migrate from regions of high intensity to
regions of low intensity. This non-uniform charge distribution will produce a non-uniform

static electric field Ey, in accordance with Poisson's equation

&,V (e E,(r)) = olr). (2.4)

In the scalar approximation [Kuk79], the change in refractive index is given by

An(r) = --;nareﬁ,E,, ) 2.5)

where » is the mean refractive index and 7.z is the appropriate combination of components
of the electro-optic tensor. For simplicity, for example, we assume two beams of light
interfere within the crystal to produce an intensity distribution of the form J (r)=lo+Iicosqx.
Under most circumstances, the spatial distribution of charge density within the crystal will
then be of the form p(r)= picosqx, where the amplitude of the charge density variation
depends on the material properties of the optical medium. From Eq. 2.4, the spatial
variation of the static electric field will be of the form E, (r)=E] +E, singx and,

according to Eq. 2.5, and the change in refractive index will be of the form An(r)=n;singx.
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Fig, 2.6  Photorefractive index gratings produced by a pair ofinterfering (Fig. 2.4)
The periodic variation of the intensity in the crystal creates a space-charge
separation which mimics the intensity pattern. The space-chargefield induces
an index grating in the medium via PockeVs effect. This static electricfield
will change the optical properties of the material by means of the linear
electro-optic effect. A is the index grating spacing and (p is the phase
difference between I(r) atid An(r).
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Optical Intensity Distribution
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Note that An(r) (as shown in Fig. 2.6(d)) is shifted in phase (p with respect to the
intensity distribution /(r). Tliis phase shift can lead to the transfer ofenergy between tow
beams interacting in a photorefi'active crystal called asymmetric two-beam couphng. Tliis
non-local property ofthe photorefi'active effect arises from the physical motion ofcharges
in the material, usually over a distance ofthe order of micrometres. A asymmetric two-
beam coupling plays an important role in the operation ofa PCM that operates by means
ofthe photorefractive effect. Ifthe coupling is sufficiently strong, the two-beam coupling
gain may exceed the absorption and reflection losses of the example, and optical
amplification can occur.

The photorefractive effect has heen examined theoretically and experimentally in

the family of photorefractive materials including the ferroelectric crystals of barium
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titanate (BaTiO;) and strontium barium niobate (SBN), the sillenite crystals of bismuth
silicon oxide (BSO), bismuth germanium oxide (BGO) and bismuth titanium oxide (BTO),
along with semiconductor materials such as gallium arsenide (GaAs), indium phosphide
(InP) and caMm telluride (CdTe), and very recently organic compounds such as
DMNPAA:PVK:ECZ:TNF. Some more thorough reviews and monographs on the effect
have been published [Gin82, 87, 88, & 89, Hal85, Smi77, Fei88, Pep90, Pet91, Moe94,
and Vol95]. The electrical characteristics of photorefractive media can be found in Table

2.1.

Table. 2.1 Physical properties of materials existing the photorefractive effect.

Parameter LiNbO; KNbO; | BaTiO; Bi1,S105 | SBN

Crystal symmetry Group 3m 4mm 4mm 43mm 4mm

Wavelength A (um) 0515 0.515 0515

Refractive Index n 2.3 223 24 2.6 235

Static Dielectric Constant & | 98 (&) 55 4300 (&) | 56 3400(&5)
168 (&)

Electro-optic Coefficient 7; | 31 (r33) 64 (r33) | 1640 (r42) | 5 (ra) 37 (n3)

(pm/V) 80 (r43) 1340(rs3) .

Donor Density Np (m™) 10 - - 10% -

Trap density Na (m™) 102 - 2x10% 10% -

Ionic cross-section Area s - - - 1.6x107% | -

(m?)

Coeff. of Recombination % | 10™"° - 5x10™M 2xi0"17 -

(m?/s)

Transition  (m*/Vs) 10° - 5x107 3x10° -

Absorption Coeff. & (cm™) | - - - 0.3 -

References Car86 Giin88 Val83 Val83 Emb87
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Table. 2.1 Physical properties of materials existing the photorefractive effect

(continued).
Parameter ' GaAs InP | CdTe
Crystal symmetry Group 43mm 43mm 43mm
Wavelength A (pm) ' 1.06 1.06 1.06
Refractive Index n 3.6 33 2.8
Static Dielectric Constant ¢ | 12.9 12.7 94

Electro-optic Coefficient i 1,4(}‘4]) 1.45 (r41) 5.5(7‘41)
(Ppm/V)

Donor Density NVp (m™) - - -

Trap density N, (m™) 1.5x10%" | 2x10% ~10%

Tonic cross-section Area s - - -

(m?

Coeff. of Recombination % | - - -
(m’/s)

Transition z (m*/Vs) - - -

Absorption Coeff. @ (cm™) | 1.5 1.4 -

References Vai83 | Fab88 Byl87

As shown above, various types of bulk material can show photorefractive effects in
non-uniform illumination. In particular, the very different electrooptic responses are
observed. We have summaried their advantages and disadvantages as follows:

(1) advantages:

(a) the ferroelectric photorefractive materials, such as BaTiO; and SBN, show
the largest intrinsic photorefractive effects because of their large
electrooptic properties. This gives rise to the larger nonlinear effects of
fanning and self-pumped phase conjugation.

(b) the sillenite photorefractive crystals, such as BSO, BGO, and BTO, have
response times in the region of milliseconds at CW laser power.

(c) the semiconductor photorefractive materials, such as GaAs, InP, and CdTe,

have fast response times on the microsecond time scale, and can be used in
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the infrared with lower absorption making them compatible with current
telecomunication technologies.
(i) disadvantages:

(a) the ferroelectric photorefractive materials exhibit poor charge mobility that
limits their speed of response to the order of seconds with CW laser
powers.

(b) the sillenite photorefractive crystals exhibit small electrooptic effects

(c) the semiconductor photorefractive materials have small electrooptic

coefficients which gives rise to small nonlinear effects.

For convenience, the photorefractive effects for semiconductors are also included.
We see that the electro-optic coefficient of BaTiOs (r4,=7s;) is extremely large. High
reflectance in the production of phase-conjugate light is obtained by this effect. That
motivated us to use this kind of photorefractive material in this project.

2.3 Two-Wave Mixing (TWM)

The process of forming a refractive index variation pattern inside a nonlinear medium
using two-beam interference (as shown in previous section) is identical to that for
hologram formation. Such a refractive index variation is often periodic and is called a

volume phase grating. Unlike the holographic process known traditionally, beam coupling
occurs in real time. This is a unique property of photorefractive materials. In what follows,
we briefly review the coupling and energy transfer of two beams inside a photorefractive
material.

Consider the interaction of two beams inside a photorefractive medium (Fig. 2.7).
If the two beams are of the same frequency, a stationary interference pattern is formed.

Let the electric field of the two waves be written.

E,(r,t)= A", i=1,2 (2.6)

where A, A, are the wave amplitudes, o is the angular frequency, and k,, k; are the wave
vectors. For simplicity, we assume that both beams ate polarized perpendicular to the

plane of incidence (i.e., s-polarised containing the 2 writing beams).
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Within a scaling factor, the intensity can be written
2 2
I=|E|" =|E, +E,|". (2.7)

Fig. 2.7 Schematic diagram illustrating the basic geometry for photorefractive two-

wave mixing (TWM).
Tc-axis /
i / \E2
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z=0 7z=L

Photorefractive
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Using Eq. (2.6) for the electric field, the intensity of flight in the medium can be written

I=|A] +|4[ + & Ae™™" + AAe™" (2.8)
where

K=ko-k, (2.9)

and |K | =2/ A, where A is the period of the fringe pattern. The intensity [Eq. (2.8)] has

a spatial variation inside the photorefractive material. According to Kukhtarev's model
[Kuk79], such an intensity pattern will generate and redistribute photocarriers, creating a
space-charge field in the material. This field induces a volume refractive index grating due
to the Pockels effect. In general, the index grating will have spatial phase shift relative to
the interference pattern [Vin79] as described in the previous section. The refractive index,

including the fundamental component of the intensity-induced gratings, can be written

. *A ~jK-r .
n=n, + lnle”’ Al—ze——+c.c. (2.10)
2 1,
where
I=1 +1,=|A)" +|4,[ (2.11)
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ny is the refractive index when no light is present, ¢ is real, and », is a real and positive
number. For the sake of simplicity, we assume a scalar grating. The phase ¢ indicates the
degree to which the index grating is shifted spatially relative to the intensity pattern. In a
photorefractive material that operates by diffusion only (i.e., no external static field), for
example, BaTiOs, the magnitude of ¢ is 7t/2 with its sign depend on the direction of the
c-axis. Kisthe grating wave vector given by Eq. (2.9). The parameter, »; , depending on
the grating spacing and direction and on the material properties of the crystal, e.g., the
electro-optic coefficient. Expressions for 72,/ can be found in Ref. [Kuk74] and in [Fei80
& 81, Ducg4].

The spatial phase shift between the interference pattern and the induced volume
index grating [Ash66 & Vin79] allows for non-reciprocal steady-state transfer of energy
between the laser beams [Kuk73, Mar79, & Mar81]. To investigate the coupling, we
substitute Eq. (2.10) for the refractive index and E=E,+E, for the electric field into the

wave equation. This leads to a set of coupled wave equations

dd_ AdA o4
dz I +1, 2

“, __, AA Al od,
dz L+, 2

(2.12)

where A; are the slowly varying amplitudes of the optical electric fields; 7, = }A y Iz are the

respective intensities; a is the incident intensity absorption per unit length, and y is the
coupling strength per unit length.

The solution for the incident intensities /1(z) and /x(z) are [Feinberg80]

1+1/q

I,(2)= 1(0)1+ o)™ e, (2.13)
1, (Z)=12(0)1:eq-ﬂ e (2.14)

where z is normal to the crystal surface and g is the input intensity ratio

_L(0)
q= 12(0) . (2.15)
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In the absence of absorption (i.e., a=0), I>(z) is an increasing function of z and /;(z) is a
decreasing function of z, provided v is positive. The sign of y depends on the direction of
the c-axis. As a result of the coupling for y>0 beam 2, E,, gains energy from beam 1, E;.
If this two-wave mixing gain is large enough to overcome the absorption loss, then beam 2,
(E>) is amplified. This amplification enhances fanning which will be described in detail in
the next section, stimulated scattering and can cause oscillation of a laser beam in a
photorefractive crystal [Fei82, McM87].
If we refer to E, as the signal beam, then a useful parameter is the gain

-1l 1+g . (2.16)
L(0) 1+ge™”

where we recall that g is the intensity ratio at input face (z=0). For the particular case
where I<<I, Eqs 2.13 & 2.14 lead to [1(z)~[1(0)~/, and I,(z)~I5(0)e" indicating that the
weak beam experiences an exponential growth (beam amplification), whereas the strong,
pump, beam becomes only slightly depleted. The logarithmic gain per unit lengthisyz,i.e.
it occurs when there is no phase shift +#0 between the incident light distribution and the

refractive index grating. The gain coefficients y are large (210 cm™) for LiNbO;, BaTiO;,
and KNbO; , and small (<1 cm™) for BSO and GaAs. A value y=16.3 cm~! has been

reported for semiconductor gallium arsenide when recording is performed with a
wavelength near the band edge [Par89]. The gain in a material such as BSO can be
significantly enhanced by applying alternating electric fields [Ste85] or by oscillating the
light interference fringes during recording when a DC filed is applied [Hui81, Ste82,
Reg85, & Buc95]. Gains as high as 20 or more have been reported for BSO. The increase
in y can be understood as a resonance effect enhancing the nt/2-shifted component of the
complex amplitude of the field. Now, we consider the amplification of a weak signal beam
with intensity 7,(0)=1.0x10"° W/cm’ by using a photorefractive BaTiO; crystal. Let the
pump beam intensity be 7;,(0)=1.0x10° W/cm’ and the coupling strength be yL=10. The
intensity gain, according to Eq. (2.16), is G=958 assuming o=0. If the signal beam
intensity is />(0)=1.0x10"® W/cm?, the gain becomes G=9.6x10* .

The process [i.e., energy gain (loss) in the signal (pump) beam] can be explained by
the self-diffraction of the pump (signal) beam by the dynamic volume hologram written by
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the two beams in conjunction with the constructive (destructive) interference: of the
diffracted component of one beam with the transmitted component of the other. The
photorefractive coherent amplifier, in which a signal beam is amplified by a coheremt pump
beam, has been mcorporated into many applications such as into a two-wave mlxmg beam
steering system [Rak84] and into a beam deflector [Mat93]. It has also been used in a ring

resonator/oscillator which will be discussed later in Section 2.6.6 of this chapter.

2.4 Four-Wave Mixing (FWM)

When two counterpropagating (pump) waves and a third input (probe ) wave interact
inside a nonlinear medium, a phase conjugate replica of the signal (probe) wave is
generated (Fig. 2.8). This process is known as four-wave mixing [FWM] [Yar78, Spe86].
FWM generally denotes the interaction of four light waves with different frequencies
®;...04 and propagation directions k,...ks. The interaction is due to a third-order nonlinear -
polarization of the material leading to a number of different effects, such as third-harmonic
generation and Raman-type frequency mixing. These effects have been investigated
extensively [Blo79] since the pioneering work of some researchers [Yab74, Lev74,

Mak75] in this area.

Fig. 2.8 Grating interpretation of FWM, (a) schematic diagram, (b) grating due to
E+E, interference, and (c) grating due to E,E, interference.
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In degenerate four-wave mixing (DFWM), the frequencies of the incident light
waves are equal (0;=0;=0;=0,~0) and the wave Qectors are mutually antiparallel in pairs
ki=k,, ks=-k, in the k-matching condition (£4=0). This is only one possible form of
degeneracy, so that the term DFWM is not fully specific. In the simplest but
experimentally most important form of FWM especially for understanding our new
discoveries (described in Chapter 4, 5, and 6), only two pump waves with ©;=0,=® and
ki=-k,,, and a signal wave with ©,=o and k, arbitrary are incident on the nonlinear material
(Fig. 2.8(a)). Due to the third-order polarization, a reflected wave with ;=0 is created
which has the opposite direction ks;=k, to the probe wave. If a fourth wave, E;, with
ks=k, is incident, this wave caﬂ be amplified [Cro84].

The FWM process can be viewed as the writing of a real-time volume grating by
two interacting waves and the simultaneous readout of the grating by the third wave. The
recording implies the formation of four refractive index caused by the interference of all
pairs of waves:

(a) atransmission grating formed by E;-E, and E>-E3,
(b) areflection grating formed by E;-E; and E>-E,,
(c¢) 2k grating formed by E;-E, and E;-E,.

In particular, the conjugate of the signal wave arises from the diffraction of wave E, by
the transmission grating. Consider the transmission case, the incident waves E; and E,
interfere (Fig. 2.8(b)) and induce a grating with a vector K,=k4-k,. Bragg diffraction of E,
leads to the wave E:; with k;=kr-K;~=k,-ki+ki=k,. A second contribution to the wave E;
comes from the grating that is produced by the interference of E, and E, and diffracts the
wave E; (Fig.2.8(c)). In the case of an instantaneous, non-local and linear response of the
material, the two contribution to the reflected wave are equal and in phase and it is
sufficient to consider only the grating which is produced by interference of E, and E;.

In order to understand the essential interaction amongst the four waves in a
photorefractive material we use the kogelnik coupled-wave approach [kog69]. Consider
now that such a photorefractive medium interacts with three incident electromagnetic

waves of the same frequency and polarization:

E (r,f)= Ae’™ "), i=1,4 (2.17)
i i

causing a refractive index pattern made up of the four gratings, transmission, reflection,
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and two 2k gratings. The general expression for the complex refractive index, », is

o A A+ AA;

e +e. c.j| (2.18)
10

n=n, +{%nle

where only the transmission grating has been considered, 7, ="|4,| and no is the

average refractive index of the materials.

In order to obtain the stead-state solution, we substitute the index distribution
equation (2.18) into the Helmholtz scalar equation to yield four coupled differential
equations for the z-dependence of the complex wave amplitudes. The general solution of
these coupled equations is given in reference [Cro84]. A very simplified situation, while
reatining the main feétures of the effect, occurs under the following assumptions: -‘

(1) lossless medium; (ii) predominant transmission grating; (iil) undepleted pump

: , S0 that /; and /; remain constant.

approximation, i.e. Iy, [, >> I5, s, where I, = IA,.

According to assumption (ii) one can infer that the z-dependence of wave E, arises
from diffraction of wave E, by the transmission grating. For the transmission grating
geometry of Fig. 2.9, the coupled equations can be obtained from those derived by
Kogelnik [kog69], and can be written as

Fig. 2.9 Optical phase conjugation by FWM. The PCM consists of a non-linear
medium interacting with two counterprogating pump beams E; and E,.

E,

7=0  z=L

Nonlinear Material
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dAl(z) -0
dz
) _,
& (2.19)
dA;(z) _ A1A4Az + AAA; '
dz I
A _ A+ AL,
dz 12

where x = (a)nle"” ) /20 cos$ is the appropriate coupling constant applicable to
diffraction by transmission grating. And, the boundary condition are 4,(0) = A, (0) and
A, (L)=0.

The solution is as follows [Cro84],

Al(z) = Al(O)
A4,(z) = 4,(L)

_ADAQ
4,(5)=- A4'(0) m,+e

e ~Jd(s-L)

(2.20)

m+

()= 0

m+e

where m, = |A2 (0)‘2 / ‘AI(L)I2 is the pump ratio. The phase-conjugate reflectivity, ., is
obtained from the value of 43(z) in the plane z=0,
LA A(L) 1-e
40 A4O)m,+e )

__(A,A,J% sinh( jxL/2)
- \4'4]) cosh(jxL/2)+1lnm,’

(2.21)

2.4.1 FWM Amplification (Gain)

FWM in photorefractive media provides phase conjugation and energy coupling between
beams of coherent radiation. Significant signal beam amplification can be achieved under

the appropriate conditions. If such amplification is introduced into a resonator, oscillation
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can be easily achieved. In this section, we discuss the amplification by FWM under the
appropriate conditions required for it to occur. In practice, with two equal intensity

pumps, the phase-conjugate reflectivity, r., can be s1mphﬁed

r, = tanh(f ’2‘1‘) (2.22)
and intensity reflectivity R, =
R =149 _ ©_ tanh’(’ "L) (2.23)
L,(0)

This formula, obtained independently by Yariv and Pepper [Yar77] and Bloom and
Bjorklund [Blo77], shows that, for kL>n/2, the reﬂectivify is larger than 100%. Under
theses conditions the phase-conjugate mirror has gain. Reflectivity much higher than
100% have been experimentally observed by several groups, and values of R, of the order
of 10% (10* %) are not uncommon. In fact, optimum reflectivity result for pump beams
having unequal intensities. More details about the dependence of 7. and R. on kL are given
in reference [Cro84]. The possibility of oscillation (parametric oscillator) can be easily
achieved by using a FWM phase-conjugate mirror with reflectivity, R, larger than 100%.

2.5 Beam Fanning Effect

Photorefractive beam fanning [Ash66, Cro82] is a common phenomenon in which a
primary incident beam is scattered into a broad asymmetric fan as it propagates through a
photorefractive crystal. In photorefractive crystals with a large two-beam coupling (TBC)
coefficient, for example, BaTiO; and SBN crystals [Fei82a], beam fanning is strong. It is
a decisive factor in enabling self-pumped phase-conjugation to occur [Fei80 & 82a,
Cro84]. However, in some cases beam fanning is undesirable; for example, it may prevent
high-gain signal amplification in TWM in thick photorefractive crystals [Fai86, For89,
Vas91]. As a result, various methods to suppress beam fanning have been proposed
[Rab91, Jos90, & Raj89]. The existence of beam fanning can, thus, greatly influence the
optical nonlinear coupling in photorefractive materials. Various studies of the mechanism
of beam fanning have been reported [Vor80, Rup86, Val87, & Fei82a]. In this section we
will introduce the basic concept of beam fanning in photorefractive crystals that is very
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relevant to the research reported in this thesis.

When a laser beam passes through a photorefractive medium, it may encounter
some scattering centers in the medium. The scattered light appears to be asymmetrical
with respect to the beam except for propagation along the c-axis. Although the fraction of
energy scattered may be extremely small, the energy transfer process described in Section
2.3 can take place between the scattered beams and the main beam, resulting in the
amplification of the scattered components. Consequently, the output intensity exhibits a
very non-uniform spatial distribution [Fei82a], which is shaped like a fan when observed
on a plane normal to the direction of the beam propagation; hence, the name “beam
fanning”.

The beam fanning originates from the energy coupling between the incident beam
and the scattered beams. Scattering due to surface roughness, refractive index
inhomogeneity, impurities in solids, etc., occurs when a beam of light passes through a
photorefractive crystal. If the incident beam has a finite transverse cross section, the
scattered beam has a large number of angular components, the overlap leads to the
formation of photo-induced gratings. Depending on the orientation of the crystal, some of
the angular components may be amplified by the incident beam via the energy transfer of
TBC. The amplified scattering can be quite strong as many of the phptorefractive media
exhibit strong coupling strengths (i.e.,yL), even though the initial scattering is quite small.
Photorefractive beam fanning plays an important role in the initiation of many phase
conjugators and resonators, even though the fanning itself can be a source of noise in many

experimental measurements.

2.6 Phase-Conjugate Mirrors (PCMs)

Photorefractive phase-conjugate mirrors (PCMs) with several different configurations
have been constructed that exploit the properties of the photorefractive effect. In this
section, we discuss all of the designs which are shown in Figures 2.10-2.15. These are
self-pumped phase-conjugate mirrors (SPPCMs) (Section 2.6.1 - 2.6.3), mutually pumped
phase-conjugate mirrors (MPPCMs) (Section 2.6.5), and a type of PCM (Section 2.6.4)
called an induced self-pumped phase-conjugate mirror (ISPPCM) which I developed
before starting my PhD thesis research. The designs are described briefly in the sections
following in turn.
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2.6.1  Self~-pumped phase-conjugate mirror (SPPCM)

A series of photorefractive “self-pumped” phase conjugators were developed [Fis81,
Whi82, Cro82a, 82b, 83 & 84, and Fei82] which did not require external pump beams.
The various devices are shown in Fig. 2.10. They include a unidirectional ring oscillator
based on TWM [Whi82], and others based on FWM. All ofthese devices share the abihty
to self-generate, as an output beam, the phase conjugate ofimage-bearing input beams and

also these oscillators are known as self-pumped phase-conjugate mirrors (SPPCM:s).

Fig. 2.10 Self-pumpedphase conjugators: (a) using FWM in a photorefractive crystal
with a ‘linear” cavity, (b) using FWM in a photorefractive crystal with a
‘semi-linear” cavity, (c)operating through FWM in a photorefractive crystal
using total internal reflection from acorner of'the crystal, and (d) operation
through TWM in a photorefractive crystal with a ‘ring ” cavity.

Mirror Photorefractive Mirror

medium

Photorefractive Mirror

medium

Mirror
P hot.or efractive Photorefractive
medium R
medium
Mirror

(©)
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The first SPPCM was the linear configuration demonstrated by White [Whi82]. It
consists of a photorefractive crystal placed between two mirrors that have been carefully
aligned to form a resonator cavity (Fig. 2.10(a)). The input beam causes a pair of
counterpropagating beams to form between the two mirrors. These self-generated beams
serve as "pump” beams to generate the phase-conjugate signal by FWM. Once the device
is working, one of the resonator mirrors can be removed (Fig. 2.10(b)), although the
device needs both mirrors in order to start [Cro82].

Subsequently, the total-internal reflection SPPCM (Fig. 2.10(c)) was developed.
This is also known as theTIR, or the two-interaction region or the "cat" SPPCM) [Fei82].
This phase conjugator also generates its own pump beams, but the self-generated pump
beams are contained completely inside the crystal by internal reflection at the crystal faces
(Fig. 2.10(c)). In addition, the pump beams automatically self-align to maximise the
phase-conjugate gain. In 1983, Cronin-Golomb et. al. [Cro83] demonstrated a self-
pumped phase conjugator that uses mirrors to deflect the incident beam into a ring that
loops back k into the photorefractive crystal (Fig. 2.10(d)). All of these oscillators
included some type of optical feedback to the interaction region, either through an
external ring or through linear paths, or through an internal reflecting loop within the
crystal. Since no external pump is needed, it is possible to use the SPPCM as a mirror of
a laser resonator, with the ability to oscillate and correct in real time for intracavity phase

distortions [Cro82, McF83].

2.6.2 Cat-total internal reflection SPPCM

In order for comparing with our novel phase conjugators, which will be demonstrated in
detail in Chapters 4 and 5, this section we describe “cat” phase conjugator in more detail.

Figure 2.11 shows a schematic of a SPPCM using two crystal faces as internal
reflectors. Abeam entering the crystal from the left with extraordinary polarization (Fig.
2.11(a)) suffers asymmetric self-defocusing or fanning in the plane formed by the incident
beam and the +c axis of the crystal, creating a fan of light that illuminates the sidefaces of
the crystal (Fig. 2.11(b)) [Mac83, Fei82b]. The edge act as a two-dimensional corer
reflector and, by means of two total internal reflections, it directs the fan of light back

towards the incident beams.
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Fig. 2.11 “Cat "SPPCMformed by beam bending through the photorefractive effect and
reflection from a crystal corner, (a): incident beam passing through the
BaTiOi crystal before the photorefractive grating is built up;, (b): beam
bending andfanning,; (c): beam bending and refection from crystal corner
after photorefractive gratings have built up; (d): schematic of FWM giving
phase conjugation.

+c +c
b
(a) Photorefractive Media ®)
|
+C +C
Crystal Edge Crystal Edge
(c) (d)

Fig. 2.11(c) shows that the fan actually collapses into at least two narrow beams
(scattered hght beams). The scattered hght beam, 2' (2), created in interaction region I (II)
is reflected twice by adjoint faces in the high-gain BaTiOg crystal to become beam 3 (3").
It is speculated [by Feinberg et. al. [Fei82b] that each beam is composed of a pair of
counter propagating beams, so there are two counter propagating loops of hght in the

crystal, see Fig. 2.11(d). Each pair of counter propagating beams interacts in each
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interaction region, through photorefractive gratings, with the incident beam (1) to create
the phase-conjugate signal beam (4). The phase-conjugate beam leaves the crystal exactly
back along the direction of the incident beam. Phase-conjugate reflectevities typically of
up to 30% have been measured in this configuration [Fei82b].

2.6.3 Other internal reflection SPPCMs

Another configuration for a SPPCM that is completely self-contained is shown in Fig. 2.12
[Giin85]. The object beam incident through face A fans towards the face B which is
covered by a reflecting layer and reflects the diffracted wave towards the face C which is
also covered by a reflecting layer. Each pair of counter propagating beams between the
mirrors B and C act as pump beams and mix with the incident beam by the photorefractive
effect to create a phase-conjugate beam. Depending on the orientation of the crystal with ‘
respect to the incident beam direction , the phase-conjugate beam can have a stable -

reflectivity, but it may also self-pulsate or oscillate in a chaotic manner [Giin85].

Fig. 2.12 SPPCM formed by beam fanning through the photorefractive effect with
internal reflections from a pair of parallel mirrors coated crystal faces.

+C

These self-pumped phase-conjugate mirror configurations that need no external
mirrors and which are both self-starting were demonstrated in BaTiO; crystals (Figs. 2.11
and 2.12) [Fei82a, Gin85]. The pump beams are self-generated from the incident wave
and are internally reflected at the crystal faces. Since the pump beams do not leave the
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crystal, the device is compact, relatively insensitive to vibration, and completely self-
aligning. The quality of phase conjugation by the above device was demonstrated by
focusing complicated images into the crystals and observing the faithfulness of
reproduction even though the image-bearing input and output beams passed through a
severe phase aberrator.

It is worth mentioned that the above two SPPCMs [Fei82, Mac83, Gin85] depend
on beam fanning inside the photorefractive crystal for their initiation, the magnitude of
which relies on the number of scattering centres (or imperfections) encountered by the
input beam and the interaction length of the two beam coupling occuring between the
input beam and the scattered light. However, if we want to optimise the reflectivity and
response time of SPPCMs, the angle, position, and intensity of the incident beam must
satisfy some critical conditions. The use of a spherical lens to focus the signal beam tightly
decreases the fanning response time by increasing the intensity (power density) but
reduces the magnitude of the beam fanning by decreasing both the number of scattering
centres accessed and the twé-beam coupling interaction length. Use of a cylindrical lens
to produce a line focus parallel to the extraordinary polarization direction increases both
the number of scattering centres accessed in the high-gain direction and the interaction
length and results in an order-of-magnitude decrease in the self-pumped phase-conjugate
response time [Sal91].

2.6.4. Induced self-pumped phase-conjugate mirrors (ISPPCM)

If we introduce an additional suitable “inducing” beam into the crystal, the SPPCM can be
established more easily and achieve high reflectivity and shorter response times in
photorefractive media. The details are discussed below:

Fig. 2.13 shows the configuration for the induced self-pumped phase-conjugate
mirror (ISPPCM). The beam to be conjugated was first adjusted so that alone it caused no
conjugate wave occur. Depending on the impinging position and incident angle, it fanned
to surface D and reflected to surface C (see Fig. 2.13(a)). The inducing beam was then
allowed to impinge on the crystal. Only after, the inducing beam had been switched on and
had deflected to the lower right corner of the crystal the self-pumped phase-conjugate

output was observed.
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Fig. 2.13 Induced SPPCM (a) The geometry ofdivergent beam to be phase conjugated
inside the crystal before the inducing beam impinges on the crystal, (b) The

inducing be is turned on so two beams enter the crystal,
diagram o fthe proposed 4-interaction-region model.

beam to be

phase conjugated

Inducing beam

beam to be

phase conjugated
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(¢) The schematic

Inducing beam
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One model was proposed to explain this phenomenon by Prof. Yau and myself

[Yau92] in Taiwan before I began the research for this thesis. We speculated that the

various portions ofthe scattered hght ofthe inducing beam interfere with one another and

estabhsh a comphcated grating system since they themselves are coherent. When the
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incident beam to be phase conjugated falls on this grating system, some parts of it will
deflect to the lower right corner and will satisfy the conditions for self-pumped four-wave
mixing (as shown in Fig. 2.13(b)). An induced self-pumped phase-conjugate wave, thus, .
is generated. According to this model, the more intense is the inducing beam, the more
prominent is the grating system; thus, the incident beam to be phase conjugated has a
better chance of meeting the self-pumping conditions and this may result in a shorter tine
before phase conjugation. We speculated further [Yau92] that when the inducing beam
establishes its self-pumped phase conjugating loop in the crystal, it chooses the optimum
one. Since the phase-conjugate wave reflectivity depends on the loop configuration, it is,
thus, independent of the intensity of the induced beam. In last three years, throughout this
reaserch we have obtained several experimental evidences, such as muti-beam induced
phase-conjugate nirror and self-pumped phase-conjugate resonator which will be
described in detail in Chapters 3 and 4, to support thses ideas.

Furthermore, we found that once the inducing beam is removed, the main beam
shows itself to be composed of four rays (see Fig. 2.13(c)) and phase conjugation
continues and the loops remain after the inducing beam is turned off [Yau92]. We
observed that this group of four rays constitutes two geometrically separate loops, each of
which produces its own phase conjugate waves; thus, more conjugate waves are generated.
Accordingly, the reflectivity of this SPPCM should be higher than that of the Cat SPPCM
which only has one loop. This is only true if the phase-conjugate beams formed by each
loop are phase locked otherwise we might see instability in the output. Experimental
results [Yau92] have confirmed that a higher and actually more rather than less stable
output as a function of time is produced. The reflectivity obtained in this experiment was
found to be 56%, which is higher than that found in the Cat SPPCM with 30% reflectivity
[Fei82b]. Since the configuration consists of two geometrically separate loops, we
speculated that, in a very simple model instead of 2 interacting regions as in the Cat
SPPCM, there are at least four regions: region IT and region III constitute one loop, and
region I and IV constitute another one (see Fig. 2.13(c)). Actually it is more likely that in
reality discrete interaction regions do not exist and that gratings are distributed along the
path of the rays giving distributed reflections but the simple model may be helpful for
intuitive thinking.

From the above analysis, we conclude that a photorefractive crystal of BaTiOs,
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illuminated with an Ar+ laser beam in such a way that it does not generate any phase
conjugate wave may yield conjugate waves with high reflectivity and shorter response
time due to the influence of another inducing beam. This inspired us to investigate the
phase conjugation ofmultiple beams induced simultaneously in a BaTiOg by crystal using

one inducing beam. More details about this will be discussed in Chapter 4.

2.6.5 Mutually pumpedphase-conjugate mirrors (MPPCMs)

The mutually pumped (or double) phase-conjugate mirrors (MPPCMs), illustrated in Fig.
2.14, 1s pumped by two input waves, Si, and, S2. These input waves need not be, and
preferably are not, mutually phase-coherent. The waves Ri and R2 are both generated by
the non-linear interaction. Ri is created by the scattering of S2 off*the grating R2S*, Ri
will be the phase-conjugate of Si but will be phase-coherent with S2. Likewise, R2 is the

phase-conjugate of S2 but is phase-coherent with Si.

Fig, 2.14 Schematic ofthe mutually pumped phase-conjugate mirror geometry.

Photorefractive
Material

Fig.2.14 shows a diagram of a generic MPPCM. Two input waves (which may be
fi-om different lasers) are directed into the photorefi'acitve crystal. Under appropriate
conditions, a phase-conjugate rephca ofeach beam appears. Both waves are required for
either conjugate to exist and the energy for the conjugate of one wave is supphed by the
othe beam. For example,if SI is blocked the conjugate of S2 (or R2) disappears instantly
while the conjugate of Si (or Ri) disappears slowly with the characteristic erasure time of

crystal. A similar behaviour is observed if S2 is blocked.
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The MPPCM is potentially very useful because it can form an amplified phase-
conjugate reflection of a signal beam (or probe beam) even though the beam supplying the
energy (the pump beam) is incoherent with respect to signal beam. In addition, several
other applications are found in optical processing [Cau87, Wei87,and And93], for
coupling two incoherent laser beams [Seg87, Shi93, and Wri94], and in optical neural
networks [Dun91] for pattern recognition. The MPPCM was predicted theoretically by
Cronin-Golomb et al.[Cro87], and was demonstrated experimentally by Weiss et
al [Weiss87].  This behaviour is displayed by each of the MPPCMs previously
reported[Eas87, Smo87,Ewb88, and sha90]as well as m the geometry reported for our
new MPPCMs in Chapter 6. Six configurations have already been discovered which
demonstrate mutually pumped phase conjugation. The various configurations reported to
date can be categorised by the number of internal reflecitons that the beams experience: no
reflections in the double phase conjugate [Wei87], bridge [Sha90], and modified bridge
[Wan90] configurations; one reflection in the bird-wing [Ewb88] configuration; two in the
mutually incoherent beam coupling [Smo87] configuration; and three in the frog-legs
[Ewb90] configuration. These conjugators (diagrams for the demonstrated MPPCM's are
shown in Fig.2.15)differ in their geometry rather than in their physical mechanism and

have the following characteristics:

(i) conjugation of two waves occurs at the same time,

(ii) the two conjugating waves may be mutually incoherent,

(iii) no cross talk is observed between conjugating waves,

(iv) digital temporal information can be immediately transferred between two waves,
(v) images can be conjugated with excellent fidelity, and subtraction and addition of

images can be performed.

Even though the basic physical mechanisms(FWM & beam fanning)are the same
foreach of the MPPCs, there are significant bendfits to be derived from specific geometric
arrangements. For example. both the response time and magnitude of the magnitude of
the phaSe-conjugat signal will vary significantly depending on which geometry is
employed for a particular crystal. Having described the concept and merit of the MPPCMs,
the behaviour of our new configurations for MPPCM will be examined in greater detail in
Chapter 6.
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Fig. 2.15 Geometry of some of the MPPCMs. In MPPCMs, two mutually incoherent
laser beams, S,, and S,, pump each other to generate a pair of phase-
conjugate reflections, R, (S;) and R, (S;) by cross readout of photorefractive
gratings (formed inside the crystal). Here, S;, Sy R, and R, are short
notations for E(r)e? N0, g (e F Y gi(n)e Y and
&,(1)e®* respectively. The MPPCMs demonstrated are (a) the double
phase-conjugate mirror [Weiss87], (b) the mutually incoherent beam coupling
[Smo87], (c) the bird-wing phase conjugator [Ewb88], (d) the bridge phase
conjugator [Sha90], and (e) the modified phase conjugator [Wan89], (f) the
frog-legs phase conjugator [Ewb90].

Ry,  on R

g

BaTiO, BaTiO,
@ ®)

/
\

2.6.6 Optical ring resonators

Resonators can be constructed in which some or all of the gain is provided by a
conventional laser gain medium. Such resonators exhibit properties associated with phase
conjugation and photorefractive holography. In this section we describe three basic
optical ring resonators which can be categorised into three types (Fig. 2.16) as:
(i) unidirectional ring resonator in which the photorefractive crystal and one pump
beam provide gain for the resonator beam by TWM,
(ii) bidirectional ring resonator in which the two counterpropagating waves in a ring

laser interact by TWM in the photorefractive medium,
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(iii)) FWM ring resonator which uses FWM in a photorefractive medium to sustain the

resonator beam.

Fig. 2.16 Various optical ring resonators using a photorefractive crystal. (a)
unidirectional ring resonator. A single pump wave in a photorefractive crystal
creates gain by TWM for a beam that travels around the ring resonator in one
direction. (b) the bidirectional ring resonator: A conventional laser medium
provides gain for beams traveling in either direction around the ring
resonator. These two beams interact with each other via TWM in a
photorefractive. (c) FWM resonator. Two pump waves in a photorefractive
crystal create a phase-conjugate pair of resonator beams.

Mirror

Mirror

Pump F;:de;r:uf‘ru‘!iv:
(a)
Mirror Mirror
Pump
Mirror Mirror
Photorcfractive .
Medium Photorefractive

Medium

(b) (c)

(i) Unidirectional ring resonator

" The unidirectional ring resonator consists of a photorefractive crystal inserted in a
ring cavity and pumped by one external beam [Whi82]. To make sure that light circulating
in the cavity in one direction experiences TWM gain the orientation of the crystal in the
cavity and the angle of incidence and polarisation of the pump beam are chosen. When this
gain is large enough to support oscillation, the resonating beam builds up from the
amplification of stray light. The unidirectional ring resonator exhibits two attractive
properties: (i) there has a slightly frequency shift ( on the order of a few Hz) between the
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oscillating beam and the pump beam [Fei85].; (ii) oscillation occurs almost no matter what
the optical path length of the cavity. An associative memory based on a photorefractive
unidirectional ring oscillator will described in Section 2.7.5.

(i) Bidirectional ring resonator

The properties of a ring laser which contains, in addition to the usual gain medium,
a photorefractive crystal in which the counterpropagating beams interact with each other
by TWM (Fig. 2.16(b)). It was found that. Theoretically analysed results [Yeh84] show
(1) there is a frequency shift between the counterpropagating oscillator beams; (2) the
only situation for which oscillation of both beams might occur is when the cavity is not
detuned and the beams have the same frequency. However, the likely experimental result
shows that the loss for one oscillation direction larger than the other so oscillation will

occur only when the cavity is in resonance and then in only one direction.

(iii) FWM ring resonator

White et al. [Whi82] first demonstrated a FWM ring resonator, which is of interest
because the two oscillation beams are a phase-conjugate pair. In this ring resonator a ring
cavity contains a photorefractive crystal, which is pumped by two counterpropagéting
beams (Fig. 2.16(c)). The counterpropagating oscillating waves are generated if the
coupling strength is large enough and have frequency shifts relative to the pump beams
depending on the cavity length, the intensity ratio of the pump beams, and on the cavity

losses.

2.7 Applications for Optical Phase Conjugation

The reported experiments on photorefractive materials show that theycan act as efficient
CW phase conjugators with weak light beams in the milliwatt range give the most promise
applications, In addition they can exhibit a remarkable optical amplification effect and can
demonstrate associated processes such as oscillation and thresholding and others are
available. These facts have triggered an explosion of exciting applications for optical
phase-conjugate mirrors, and some of the most relevant will be described in this section.
Applications rely on the phase of the conjugated wave or on the image content of the
generated wave, and as with other phase-conjugation applications, the major drawback of

present phase-conjugate mirrors comes from material limitations: slow response times,
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low light sensitivities, limited lateral and angular acceptances, expensive materials or
crystal growing difficulties. In spite of the lack of commercial success due to these
limitations, many of the demonstrated applications are very promising. Although the
potential applications of optical phase conjugation are wide ranging, pratical uses of

PCMs already implemented are still in their infancy. Many possibilities and discussed here.

2.71 Lensless and speckle-free imaging

Optical phase-conjugate mirrors have been successfully applied to lensless imaging , an
important example being mask-copying in photolithography [Lev81]. In Fig. 2.17, the
signal beam coming from the illuminated mask with features of the order of 10" m is
relected at a high quahty beamsplitter and addresses to a LiNbOs phase-conjugate mirror.
The retroreflected conjugate wave then forms an image on the substrate surface, coated
with a light-sensitive material. As shown in Section 2.2, most ofthe optical aberrations
are corrected in the projection process because ofthe phase conjugation. Higher spatial
resolutions over image fields larger than with conventional lens lithography have been
obtained [Lev81]. Further improvments ofthis experiment for eliminating pumping and

having a faster response time have been achieved with a BaTiO) SPPCM [Gow84].

Fig. 2.17 Schematic of a letisless photolithographic setup using a FWM phase
conjugation [LevSl].
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2.7.2 Phase distortion correction in laser cavities

The PCMs have been proved usefiil as elements of laser resonator cavities in order to
correct aberrations from the laser medium, mirrors or other intracavity components. The
first experimental demonstration of such a device was achieved by Cronin-Golomb et al.
[Cro82]. Fig. 2.18 is the schematic showing the experimental setup.

In Fig. 2.18, the distorter consists of a piece of etched glass. With the aid of a
conventional mirror, lasing with the PCM can be initiated, since the coherence of the
fluorescence is insufficient to allow the formation ofthe required photorefractive grating
inthe crystal. The auxihary mirror can be removed once the grating has been estabhshed in
the crystal. In the normal laser cavity the distorter drastically lowered the spatial mode
quahty and the output power decreased from 2 W down to 1 mW. On the contrary, with
the PCM the mode shape was restored and the power output boosted back to 500 mW.

Later on, several other configurations apart from SPPCMs were used.

Fig. 2.18 Correction of'the phase disturbance introduced by a distorter imide a laser
cavity using (a) a conventional mirror (CM) and (b) a BaTiOs SPPCM.

CM /-,
ig SPPCM
Ar+ laser gain Distorter Ar+ laser gain Distorter y
(@ (b)

2.7.3 Phase-locking o findependent lasers

There are many apphcations that require that two or more independent lasers to be locked
together. In this apphcation, we discuss how the output beams ofindividual lasers can be
coherently combined into a single intense beam and phase locked together with PCMs.
For example, the signal transmitted and received by an optical fibre can be coherently
processed ifalocal laser is phase-locked to the frequency ofthe incoming laser beam. The
first experimental demonstration of phase-locking two separate lasers using PCMs was
proposed by Feinberg et al. [Fei86]. The schematic of Feinberg’s configuration is
sketched in Fig. 2.19.
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In Fig. 2.19, the beam from the “master” argon-ion laser incident on a
photorefractive BaTiOg crystal excites a self-pumped phase-conjugate beam in a “Cat”
PCM. A slave laser, without output mirror, is pointing at the BaTiOs crystal. In the slave
laser cavity, lasing takes place between PCM and the remaining mirror, as shown in Fig.
2.19(a). The frequencies ofthe two lasers stayed locked within less than 1Hz for BaTiOg,
Fig. 2.19(c) schematically demonstrates the setup for phase-locking several independent
lasers. Cronin-Golomb et al. [Cro86] demonstrated this process with semiconductor
lasers showing that strong coupling could be obtained between beams in the near infrared
(a BaTiO] PCM working at A<<850 nm was used). This suggests the apphcability ofthe

method to phase-locked arrays ofdiode lasers.

Fig. 2.19 Scheme for phase-locking (a) two independent lasers, (b) three independent
lasers and (c) many independent laser using PCMs. Thepump beams o fFWM
phase conjugation were provided by the master laser. The opticalfeedback
was provided by the slave laser. Thefrequency o fthe slave laser is locked to
thefrequency o the master laser [Feinberg86].
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2.7.4 Phase-conjugate interferometers

PCMs are very useful tools in interferometry. They eliminate the need for a perfect
wavefront. A Twyman-Green interferometer as shown in Fig. 2.20, using a PCM, has
been proposed by Feinberg [Fei83] and Howes [How86 & 87]. The property of this
SPPCM is that the wavefront incident on the mirror is reflected back along the same ray
directions as the incident wavefront. Thus, the wavefront deformations change sign as
shown in Fig. 2.20. Since the returning rays have the same directions as the incident rays,
the quahty ofthe focusing lens is not important. However, the quahty ofthe hght source
cohimator is important. Any wavefront distortions produced by this collimator wiU appear
in the final interferogram, but duphcated. In other words the wavefront is not tested
against a flat reference but against another wavefront, with deformations opposite in sign
Then the lens under test is the cohimator, and the sensitivity is the same as that in the
common Twyman-Green interferometer, but with only a single pass through the lens. The

main advantage is that no perfect lenses are necessary.

Fig. 2.20 Twyman-Green interferometer with a SPPCM. The spatialfilter (SF) and the
lens (L]) provide an approximately collimated laser beam to the beamsplitter
(BS), which divides the beam into two directions and couples the two beams
(one is returningfrom the SPPCM the other is reflectingfrom a conventional
mirror (CM)) into screen (S). The BaTiOj crystal acts as Cat SPPCM. it
corrects for any distortion between the crystal and the BS, yet preserves
information about the distance between them.

SPPCM
(BaTiO,)

56
Optical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 2 Phase-Conjugate Mirrors and Their Applications

2.7.5 Optical information processing

Optical image processing A highlight experiment in the field ofreal-time optical image
processing with photorefractive materials was performed with the basic layout shown in
Fig. 2.21. Image -correlation was performed with a FWM arrangement in a
photorefractive medium [Pep78 & WhiSO], where one ofthe pun” beams, 2, carries the
object information represented by the complex amplitudefj, and the other one, 3, is a
plane wave with uniform amphtudef. The signal beam, 1, carries the reference patternf.

Beams, 1 & 2, are focused on the crystal by lenses that yield the Fourier transforms

3{/i}and of f and The three beams 1, 2, and 3 interact inside the
photorefractive crystal and generate the conjugated beam, 4, whose amphtude is
{/4}=c3*{yi}5{/3}3{/3} (2.24)

Fig. 2.21 Real-time optical correlator using nonlinear FWM on a photorefractive
crystal. M.mirror; BS:beamsplitter,; L:lens; S.screen,; SF.spatialfilter.

BaliO,
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After Fourier transform 3{f,} through another lens, one obtains a final beam, whose

amplitude f; , i.e. the correlation product of the object and the reference patterns, is

Jo (L@ /WS (2.25)

where ® denotes the correlation operation and stands for convolution operation. Since f3

is practically a delta function, the final output becomes

o= (HLOF) (2:26)

Another related scheme had also been proposed by myself [Cha92a & 92b] to
implement shift- and rotational- invariant pattern recognition successively. In our scheme

the input, £, is the first order circular harmonic component of the reference instead.

Optical associative memory A suitable application for optical neural networks is
provided by associative memories, which can combine holography and optical resonators.
One can retrieve a complete optical image from a partial or noisy version of the image.
During the last decade many researchers have made great efforts in the field of optical
associative memory, such in numerical algrorithms [Hop82, Far85, & Psa85], geometries
[I(oh84], and holographic models [Coh86, Sof86, Sel91, & Mao092] for an optical
associative memory.

Here we describe Anderson’s approach using a ring resonator with a holographic
mirror [And86 & 87], as shown in Fig. 2.22. The information is stored by injecting an
image into the resonator, and exposing the hologram to the injected image (as the object
beam) and its round-trip version (as the reference beam). This is repeated for each of the
images to be stored. The hologram is then fixed, so that it is not erased by light. The
injected light is removed and the gain of the cavity is increased until it self-oscillates. The
spatial modes of this cavity correspond to the images previously stored in the hologram,
and the beam in the cavity hops from mode to mode. Injecting a partial version of one of
the stored images increases that image’s gain over the others, and only that image
resonators. Because the hologram contains the entire image, the entire image is displayed
from only a partial input. The best results are obtained when the different modes compete
for the cavity gain, which is provided by TWM in a separate BaTiO; crystal.
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Fig. 2.22 Optical associative memory with a generalised transformation (T) in a ring
resonator cavity. (a) Recrding the hologram. (b) Recalling the entire image by
injecting a partial image. Optical gain is provided TWM with an external
pump beam in a photorefractive crystal [And86].

Mirror Mirror Mirror

Object Wave
>

Mirror Mirror

(a) (b)

2.8 Conclusions

Beam fanning (Section 2.5) enhanced by two-wave mixing (Section 2.4) is a key effect to
initiate phase conjugation and we will show later that can even more detailed
understanding of it is essential for explaining our discoveries reported in this thesis.

A comparison of the photorefractive properties of a range of materials showed that
Barium Titanate is an optimum choice for experiments on phase conjugation due to its
large electrooptic coefficient (rs;=rs;=1640) which can result in high diffraction
efficiencies in certain geometries for blue (488 nm) and green (514.5 nm) light. This is
convenient as an argon laser has available to us for our current investigations.

The self-pumped phase-conjugate mirror configurations that need no external
mirrors and which are both self-starting in pﬁotoreﬂactive BaTiO; crystals. The pump
beams are self-generated from the incident wave and are internally reflected at the crystal
faces. Since the pump beams do not leave the crystal, the device is compact, relatively
insensitive to vibration, and completely self-aligning. This gives the most promising of
applicable in practice systems.
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Moreover, any discoveries made in the use of Barium Titanate for phase
conjugation are likely to be also applicable to Rhodium doped Barium Titanate operating
in the infrared (between 720 nm to 1004 nm) where compact efficient semiconductor laser

are readily available giving the prospect of more compact systems in the future.
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Chapter Three

DESIGN OF OPTICAL ASSOCIATIVE MEMORY
USING PHOTOREFRACTIVE HOLOGRAPHIC
TECHNIQUES

3.1 Introduction

In this chapter we describe a novel, compact associative memory system, and advances
relating to photorefractive crystals in conjunction with phase-conjugate mirrors (PCMs) in
various configurations, which bring the possibility of realising a useful compact and
practical optical associative memory system several steps closer. An optical neural
networks (ONNs) is proposed, which is essentially a structural variant of the conventional
4-f correlation system [Van64] with the additional new features of a high efficiency
holographic memory and a phase-conjugate feedback system with 2 PCMs in a 2-f
correlation system. The proposed compact associative memory model has a simple
conceptual structure which facilitates its implementation as a high order feedback neural
networks (HOFNET) [Sel91 & Ma092].

Sections 3.2 to 3.3.2 are essentially reviews of earlier work while Sections 3.3.3 to
3.4 describe our new research. Section 3.4.1 is a review too. We begin by reviewing in
Section .3.2, the developments in optical parallel processing systems and associative
memories employing photorefractive memories, which are stored in a volume medium by
holographic multiplexing, and two photoreractive phase-conjugate mirrors. We then go
on to describe several advances: Section 3.3 proposes the novel development to make the
present system, which is used to implement associative memory for ONNs, more compact.
In addition, we discuss briefly two fundamental correlation systems based on the 4-f
correlation system and holographic technique for associative memory, then we
theoretically analyses our compact associative memory system, which is based on 2-f
correlation in detail; Section 3.4 describes the use of two PCMs during recording of the
holographic memories to reduce recording times and to achieve higher diffraction
efficiencies; Section 3.5 experimentally demonstrates the exposure dependence of Bragg

shift occurring in the photorefractive volume medium during the holographic storage. By
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using the Bragg-angle-shifted reading beams to readout the holograms, which are
recorded by using non-unity beam ratios between the reference and object beams, we can

obtain significantly higher diffraction efficiencies. Finally we conclude in Section 3.6.

3.2 Reviews of Optical Associative Memory

This review encompasses research on optical pattern recognition systems employing
four-wave mixing (FWM) and self-pumped phase conjugation during last decade; earlier
work can be found in the reference lists in the early papers. In 1984 King‘s College
London and GEC Hirst Research Centre London, UK reported [Con84] on the beam
power and recording geometry necessary for accurate real time correlation using
degenerate four-wave mixing (DFWM). Pattern recognition can be achieved by
correlation, or comparison, of two pattems. The photorefractive crystal was BSO and the
best results were obtained using a paraxial geometry in which the two beams were incident
at a small angle of 18° to each other so that the interference volume of the beams extended
outside the crystal. They demonstrated recognition of one simple pattern out of four
memorised patterns. This work did not include storage of images for longer than a few
seconds since BSO is a very sensitive material and earlier holograms are strongly erased by
subsequent recordings. The maximum number of gratings stored in a BSO crystal to date
is four [Ta093].

The phase-conjugate resonator including a holographic store was first introduced
for use as an associative memory by Dana Anderson in 1985 [And86] and this was
followed by simultaneous reports from Hughes Research Laboratories [Sof86] and by
California Institute of Technology [Yar86]. These letters were followed up by more
detailed discussions by the two groups [Yar86 & 91, Sof86, and Owe87 & 93].

In Dana Anderson‘s initial paper [And86] he proposed but did not demonstrate a
configuration in which a holographic store is placed in a “linear” PCR consisting of a
FWM, externally pumped PCM with gain and a plane mirror. He also proposed and
demonstrated a “ring” PCR containing the holograms and an externally pumped two-wave
mixing (TWM) configuration to introduce gain to offset the loop loss. The gain medium
was a crystal of barium titanate operating at 514.5 nm from a single frequency argon ion
laser. This system was designed to have two eigenmodes and would usefully resonate

with equal strength in each mode. The modes were designed to be due to two orthogonal
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patterns which were stored in a bleached silver halide emulsion. He demonstrated that
“injection” of part of one of the patterns caused the system to injection lock so that
resonance of the other eigenmode was suppressed. It was also hoped that each image
could be stored using a slightly different frequency but experimental work was not
successful due to insufficient thermal stability of cavity length. In Dana Anderson’s later
system a PCM based on a bistable ring resonator was used and was supplemented by
spatial filtering using optical fibres.

In the optical resonator configuration, introduced by Owechko [Owe87], feedback
takes place back through the system itself. This is achieved by placing PCMs at each end
of the system to send the beams backwards and forwards exactly along the same path.
This approach is particularly attractive as aberrations in optical components, misalignment
and vibration can all be automatically compensated and the design could potentially lead to
a more compact system. In the original system design an angularly multiplexed hologram
was to be placed in the resonant cavity to perform the correlations. Hughes [Owe87]
demonstrated several key features of an optical associative memory. Angularly
multiplexed Fourier transform holograms were used with a single PCM. The images were
gray scale and were illuminated via a diffuser to improve fidelity. Shift invariance of the
object to be recognised was demonstrated due to the translation invariance property of
Fourier transform holograms. The holograms were formed on thermoplastic film with the
object and reference beams at +10° and -15° to the normal to optimise the diffraction
efficiency. The PCM was produced by DFWM in barium titanate using 514.5 nm single-
longitudinal mode argon-ion laser illumination. The presence of a non-linear element in
the ONN s allowed them to converge to a stable state and increased the storage capacity.
However, the non-linearity in the PCMs [Owe89] was not usually used for this. The
PCMs were used in their approximately linear range and other elements were used to
introduce the nonlinearities. The Hughes group proposed resonator system consisting of
two PCMs into which cavity was to be placed an angularly multiplexed hologram. A full
resonator was not implemented because of the relatively low diffraction efficiency of the
thermoplastic hologram. However, we are not aware that any such system has been
demonstrated and reported until now. The maximum number of angularly multiplexed

holograms reported in reference [Owe87] was two although we understand [Owe93] that
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up to 7 were stored in practice and that this was limited by the high loss through the
hologram and other optical components used and due to the low gain obtained elsewhere.

More recently a group from Kyoto University, Japan [Tan90 and Che92] has
investigated the use of 0.09% and 0.1% mol Fe:LiNbO; as a FWM medium and have
demonstrated a gain of 3 independent of the total incident optical intensity in an optical
associative memory configuration using Fe:LiNbO; crystals for both the memory and for
the phase-conjugate medium. Similar work has also been carried out in China at Nankai
University [Zha93] using two LiNbO; crystals for both storage and phase conjugation. In
China [Gon93], Ningbo University demonstrated an interesting configuration in which a
Ce:KNSBN crystal was used as both memory material and as the PCM. These
experiments using the same type of crystal throughout may lead the way to more compact
systems using spatially separated parts of the same crystal with compact planar reflecting
and focusing optics [Tak93].

The Hughes Research group has, more recently [Sof90a & 90b, Owe90, Dun90,
Owe91, Wan91, and Yar91], directed their attention to a system in which a single barium
titanate crystal is used to perform both as the storage medium for several holograms and as
a self-pumped phase conjugate mirror, which they refer to as a “Self~Pumped Optical
Neural Network (SPONN)”. When both functions are combined in the same crystal cross
interactions take place which mean that it is difficult to optimise both the storage capacity
and the PCM reflectivity. It does, however, have the advantage that crosstalk is reduced
between images due to spatial (in the depth dimension of the crystal) and angular
multiplexing. Effectively each image or set of weights is shared between several gratings
and beams must diffract from all of the gratings in succession to reconstruct the image. In
reference [Owe91] the experiments were preformed using a self pumped barium titanate
crystal (supplied by Sandoz Associates) with a single frequency argon ion laser at 514.5
nm. Associative recall was demonstrated when only 1/1000 of the image stored was
entered. The group also showed [Sof90a & 90b] that a single pixel or neuron could be
deactivated by storing another image identical except that the phase of that individual pixel
was shifted, presumably by 7 radians. This shifts all of the gratings so that they cancel
when the exposure is the same. However, more than one hologram could not be stored in
the crystal as cross connections were formed between the hologram being stored and

earlier holograms. This may be because both images were shared between the same large
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continuum set of angularly and spatially multiplexed gratings. The same group has also
investigated combining storage of holograms and a mutually pumped phase conjugate
mirror [Dun90] in the same crystal of barium titanate. In this configuration two beams
enter the crystal, one writes gratings which are read by the other beam.

More recently a new approach [Owe91] investigated by the Hughes research group
removes the requirement for the barium titanate crystal to perform as a PCM and only uses
it to store holograms. This involves the formation of a set of gratings between a fanned
beam and an un-fanned beam. Beams at certain angles entering the crystal are fanned out
by scattering and two-wave mixing and a spatial phase aberrator was used to increase
fanning and connectivity. Multiple holograms have been stored without crosstalk and
without suffering from Bragg degeneracy. In this case the crystal stored several images.
Two sets of weights representing positive and negative weights were used and the outputs
resulting were subtracted electronically in a computer. 14 random patterns with 2048
neurons were arbitrarily divided into two sets. 5 exposures of the complete set were
required for training the net so that it could correctly distinguish which set contained an
entered pattern. It has been suggested that the holograms could be fixed by switching the
ferroelectric domains which is permanent at room temperature. However, the memory is
likely to be limited by the sensitivity of the crystal to erasure by subsequently recorded
images. Further related research is described in the following references [Ath86, Whi88,
Hen89, Gin89, Wag91, Bas92].

3.3 Compact Associative Memory for ONNs

This section describes the design of a compact associative memory architecture for optical
neural networks (ONNs). Most of the conventional neural networks are very
complicated, and need a lot of components. The use of a 4-f correlation system to
implement inner-product or outer-product, results in a long system (in the high order
feedback neural network (HOFNET) [Sel91 & Ma092]) that made losses in the round
trip. So reducing these losses will be the main aim for establishing the resonant ONNGs.
We have designed a compact optical photorefractive resonator neural networks
shown in Fig. 3.1. It is a modification of the resonating loop reported by Owechko et al.,
which is shown in Fig. 1.1. Our system is more compact than that Owechko et al.
proposed. In addition, two key differences between the systems are the nonlinear storage
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crystal of Fig. 3.1 in place ofthe hologram of Fig. 1.1 (Owechko proposed this idea but
did not demonstrated it) and the address system which consists of'a microlens array and a
2-D SLM. In our resonator neural network implementation the crystal is photorefractive
hthium niobate (LiNbOg), which is capable ofrecording multiple holograms with highest
diffraction efficiency using Spatio-Angular Multiplexing [Tao93 & 95] and phase-
conjugate holographic storage (will be described in Section 3.4). Contrast this use ofa

crystal with Fig. 2.22, in which a fixed hologram is used.

Fig. 3.1 Schematic diagram illustrating the High Order Resonant Neural Network
(HORNET) using (1) the compact configuration (2fcorrelation system), (2)
opticalfeedback by two PCMs, (3) SAM hologram, and (4) the new addressing
system of the SAM memory: MA, microlens array, SLM, spatial light
modulator; BS, beamsplitter; FTL, Fourier transform lens;, PCM, phase-
conjugate mirror.
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3.3.1 Associative memory by means o f holographic techniques

The implementation of associative recall of two-dimensional images by vector-matrix

multiplication techniques [Goo78] is very compheated. However, holographic correlation
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methods are more appropriate in such situations. Also, optical holography can process
analog phase and amphtude objects. A schematic diagram showing the recording of the
holographic memory is shown in Fig. 3.2. In Fig. 3.2 a set ofFourier transform holograms
of the objects to be memorised are recorded sequentially using a plane wave reference
beam with a different angular offset for each object. The plane wave illuminating the
object (centered on axis) propagates parallel to the optic axis, and, therefore, the Fourier
spectra of different objects, modulated with different carrier frequencies, are all centered
on the axis. The diffraction process for these holograms stored in a volume has a very
strong wavelength and angular selectivity. This is relevant to evaluate the capacity of a
photorefractive volume medium to record different holograms by using holographic
multiplexing schemes, which will be discussed in the following section. Various recording
arrangements are possible [Sta75, Mok91, Ta093, & Psa94 &95]; for example, Tao et al.
[Ta093] arrange all the memories to overlap partially in the front focal plane ofthe Fourier
transform lens, use distinct tilted reference beams and record the holograms into a

photorefractive volume medium (LiNbO":Fe).

Fig. 3.2 A schematic shows the arrangement for recording multiple holograms of
different imagesfin(x,y). A series ofangular offset reference beams were used
to record these images. The image and the recording material are situated in
thefront and backfocalplanes oflens Lj.

Reference Beam

Object Beam
> z

Recording Medium

We now analyse the recording and the retrieval ofone ofthe objects. The amphtude

transmittance ofthe object is f,, (x,y), and the associated reference source is located at
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x =—d_ . The amplitude transmittance ¢ of the hologram, assumed to be proportional to

the incident intensity, is given by
2

, 3.1

toc

27 .
F(x, )+ exP(J — oo 9,..x1)

where @, is the angular offset of the reference beam, and F,(x,,y,) is the Fourier
transform of £, (x, y) evaluated at the frequency pair (x,/Af,y,/Af). Here, we assume

that the total exposure associated with all the stored objects lies in the linear dynamic
range of the recording material [Col71]. In general, the correlation operation of 4-f
correlation system can be categorised into two methods. One is the spatial correlation and

the other is the spectral correlation which can be described as follows:

Spatial correlation architecture We read this hologram located in the back focal lens

of lens L; (or the front focal plane of lens L,) with an object g, (x,y), which is placed in

the front focal plane of lens L, and centered on axis, and can be a distorted or incomplete
version of f, (x,y) (Fig. 3.3(a)). The amplitude in the x,, y; plane just after the hologram

(retaining only the term of interest) is

. 27 .
Gm(xl’ yl)Fm(xl’ yl)exp(.l 7 s emxl)’ (32)

Where the symbol * denotes a complex conjugate. In the plane x,, y,we obtain the Fourier
transform of G, (x,, y,)F.(x,,y,) centered at the point x, = d,,. This Fourier transform
is the correlation of fand g. If g, (x, y) isidenticalto £, (x,y), the autocorrelation is a

sharp peak centered at x, =d,.

Spectral correlation architecture We read this hologram located at the x, y plane with
an reference plane wave offset with an angle 6, (Fig. 3.3(b)). The object g,(x,y),
distorted or incomplete version of £, (x,y), is placed in the front focal plane of lens L,
(located at x;, y; plane) and centered on axis. The amplitude in the x;, y; plane just after

the hologram (retaining only the term of interest) is

* . 27 .
Fm(xl,yl)eXP(JTSIn 0.,.x1) . (3.3)
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At the back focal plane of lens Li we obtain the which is the same as
/~(x,y) for areal object and superimposed with object gj<y,y). At the back focal plane
oflens L] in the X, y2 plane, the correlation of the Fourier transform of f/*{x,y) and

centered at the point is

(3.4)

Where ® denotes correlation and 5 is the Fourier transform. As described in spatial

correlation this Fourier transform is the correlation off and g. If g”(x,y) is identical to

f., {x,y), the autocorrelation is a sharp peak at the centre ofthe correlation plane.

Fig. 3.3  Schematics showing the correlation systems. (a) spatial correlation recording
a multiple hologram o fdifferent imagesfm(x,y),; (b) spectrum correlation

Hologram (F*)

Hologram (F¥*)

» Z

(b)

In both cases, if g”{x,y) is a partial or somewhat distorted version of /*(x,y),

the correlation peak will be less intense and rather difilised. We can isolate the peak and

eliminate the unwanted Hght in its vicinity using a small hole positioned at x* =d” in the

spatial correlation plane or at the centre ofthe spectral correlation plane. Alternatively, by
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means of a nonlinear thresholding mechanism, the diffused light can be suppressed, and the
peak retained and even enhanced. If a mirror is placed in x; ,y; plane, the sharp peak acts
as a point source and gives rise to a plane wave which addresses the hologram in the

reverse direction. Since the hologram contains all the information about £, (x,y), the
complete object f, (x,y) is reconstructed on axis in the X, y plane, and is retrieved using

a beamsplitter in the spatial correlation case. There is a problem is the spectrum
correlation case due to inversion of image.
The hologram contains the Fourier spectra of all the object memorised, and when it

is address by g,(x,y) in the input plane, a large number of spatially separated cross-

correlation peaké are obtained in the x;, y, plane. The angular separation between the
reference beams used during the recording process is sufficiently large that those
correlation peaks do not overlap each other. These peaks will be present even if the
hologram is recorded in a thick medium. Since f, (x,y) is the most similar to
g,(x, y)say, the peak at x, = d, will be the brightest and sharpest of all. A nonlinear
thresholding operation quenches all the peaks except the brightest. Ifthe hologram is thin,
the back-propagating plane wave will reconstruct all the memorised images, but they will
be spatially separated in the output plane. The desired object £, (x,y) will, of course, be
on-axis. With a thick hologram, only £, (x, y) is reconstructed, but the shift invariance, a
characteristic of a Fourier transform hologram, is lost.

The associative characteristics of holography, and the possibility of complete image
retrieval from a partial input, were appreciated at its very inception [Van64, Col66 & 71,
and Gab69]. By incorporating thresholding feedback, gain, and iteration, the recent
developments have led to improved selectivity and signal-to-noise ratio. Owechko et al.
[Owe87] have used a phase-conjugate mirror (PCM) after lens L, to achieve thresholding,
amplification, and feedback (Fig. 3.4(a)). This PCM ideally selectively feeds back the
strongest correlation peak while quenching all others. The gain of the PCM is generally
not sufficient, but it is possible to form a resonator with two PCMs that will permit
iteration (Fig. 3.4(b)). The PCM was implemented by degenerate four-wave mixing
(DFWM) in a photorefractive BaTiO; crystal. The pump-probe angle, and the angle
between the grating wavevector and the crystal c-axis, were optimised to achieve

maximum phase-conjugate reflectivity. Two objects were stored, and either complete
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image was reconstructed from its associated partial input. The system with two PCMs did
not resonate because the gain did not exceed the losses. Since the dififraction efiSciency of
the hologram was 10% it alone accounts for a loss of 90 % in the round trip. If more

reflectivity could be obtained that would ease the difficulty ofreahsing such a system.

Fig. 3.4 Schematics showing the Owechko’ associative memory system based on
correlation systems with (a) one PCM for achieving thresholding,
amplification, andfeedback and (b) two PCMsfor iteration.
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Before embarking on a theoretical analysis of our compact model, we should review
the operation ofthe holographic resonant associative memory ( Fig. 3.5) in detail to help
to explam the optical photorefractive resonant neural networks shown in Fig. 3.1. The
holographic resonant associative memory is primed with a partial or distorted input
pattern a“". This is reflected off the second beamspfitter in Fig. 3.5 toward the fixed,
previously recorded hologram (which consists of the Fourier transforms of object a™
recorded using different angularly shifted plane wave references b*", as illustrated in Fig.

3.6) to address it. A set ofpartially reconstructed reference beams b*“" is excited. Each
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reconstructed reference beam is weighted by the correlation ofthe input object with the
stored object associated with that particular reference beam. The reference beams are
phase conjugated by a thresholding PCMi (which is positioned in the object and reference
legs ofthe hologram, as shown in Fig. 3.5) and retroreflected back toward the hologram,
which reconstructs the conq)lete stored objects and sets up a resonant loop between the
PCMI and PCM2. The loop is biased by the presence ofthe hologram and by the injected
signal & , and it suppresses all stored patterns (and their reference beams) except for the
one most closely matching a . The stored image with the strongest correlation with the
input survives at the expense ofthe weakly correlated ones. This causes a readout ofthe

stored image a™ an undistorted version, closet to the input a

Fig. 3.5 Readout ofdata in the resonator associative memory.
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In the resonator configuration ofFig. 3.5, the reference beams and the reconstructed
objects are phase conjugated by PCMi with thresholding and PCM2 with gain,

respectively, and the process is iterated until a self-consistent solution of the system is
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found. These self-consistent solutions or eigenfunctions of the system are simply the

stored objects in the hologram

Fig. 3.6 Recording ofdata in the reference-based associative memory.
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In fact, the thermoplastic hologram in Owechko's system had a dififraction efihciency
of 10% whereas the spatio-angular multiplexing (or SAM) hologram in our system has a
dififraction efificiency 0.5%. Because the hologram is double passed in a resonator
configuration, it accounts for a loss 0£99% which has to be overcome by the gain ofthe
system. Because of diffractive spread and other optical elements in the cavity, the total
round trip loss is even higher. PCMs utihsing optimised geometries typically can obtain
gains of 25. These geometries simultaneously optimise both the angle between the
phase-conjugate resonator optic axis and the pumps and the grating vector c-axis angle.
One would also want to minimise the phase-conjugate resonator cavity losses due to
diffractive effects. This can be done by maintaining a large f number as defined by the
cavity length and diameter of the output coupler. Two such PCMs in the object and
reference leg ofthe system should, therefore, have sufficient combined gain to overcome

the losses in the system.
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Unfortunately, the configurations used for the associative memory cannot realise the
optimum value for the gain. This is because different parts of the 2-D input image enter
the crystal at different angles. Most of the angles differ from the optimum value, and,
therefore, the gain is reduced from that of the simple phase-conjugate resonator. The
associative memory also has unavoidable losses produced by the various beamsplitters in
the system. Because of the reduced gain and inherent losses of the system, Owechko's
system did not oscillate. For oscillation to occur, the hologram diffraction efficiency or
the system gain must be increased. This can easily be achieved in the SAM hologram by
overlapping adjacent holograms less but this is at the expense of using a larger crystal.
Similarly more TWM crystals (described in section 2.4) can be added to amplify the gain at
intermediate points in the system. A hybrid optoelectronic version of a similar system
where the nonlinearities are implemented electronically was constructed by Owechko et
al. [Owe88]. The system consisted of a hologram in an optoelectronic cavity, and gain,
feedback and nonlinear processing of the reference beams were provided by vidicom
detectors, an image processor, and liquid crystal light valves. The system also contains a
number of components such video cameras and liquid crystal light valves, and is therefore
quite bulky, like most complex optical systems. It is difficult to say at this point to what

extent it can be scaled down.

3.3.2 The compact correlation system design

The high order resonant neural network (HOFNET) was inspired by the system proposed
by Owechko et al. and HOFNET by Selviah et al., and it uses a LINbOj; crystal to have high
memory capacity. There are two main key points which were changed in designing the
system to implement the neural network. One is making the HOFNET system more
compact and the other is designing an all optical resonator with FWM PCM for gain and a
new multi-beam induced phase-conjugate mirror (or MIPCM) for feedback (will be
described in following chapter). The spectrum correlation for optical neural networks was
proposed by Selviah et al. [Sel91] (called high order feedback neural networks or
HOFNET in short) and is more convenient than the VanderLugt spatial correlation. In
this section, we try designing one novel system to make the HOFNET [Sel91] more
compact by using 2-f correlation [Hor89] instead of conventional 4-f spectrum

correlation. The theoretical derivation is considered in what follows.
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Assume that an input pattern generated on a spatial light modulator (SLM) with its
amphtude transmittance plane shown in Fig. 3.6(a), is

illuminated by a uniform plane wave ofunit amphtude and that the wave immediately past

the SLM, then propagates through the lens Li offocal lengthf to xg, " plane.

Fig. 3.6  Optical Fourier transform module: (a) general system and (b) variable-scale
system.
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By use of the dififraction formula and the Fourier transform property of a lens

[G0068], we find the distribution in the X3, yj, plane is

3<*3.J'j) = >>"35°2 )] >N yis )1 A0+ 0 - )

exp{-y %) +72(" +7) 1} (3-9)

where

hix,y;d) = . d

Ifthe input pattern appears behind the lens Li as shown Fig. 3.6(b), the transform
appears in the back focal plane ifthe lens is illuminated with a uniform plane wave ofunity

amphtude. We find that the distribution in the Xg ys plane [G0068] becomes
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S

V(5,3 = e ™ h(x,,yy:d, )T(22-, 22, (3.6)

A, Ad,

where 7 is the Fourier transform of z. Notice the scale factor 4, instead of fas in Eq. 3.6.
This indicates that, when the input pattern is behind the lens, the scale of the Fourier

transform is a function of d; and that the transform does not appear in the back focal plane

—Jk(x +.V3

of the lens. That means a quadratic phase factor exp[ :I has been introduced at

the back focal plane. The phase factor is proportional to the distance from the input
pattern to filter d,.

A typical 4-f correlator as shown Fig. 3.7(a) consists of a Fourier-transform

operation, a matched filter (can be SAM hologram) that introduces G'(%,%), and a

second Fourier-transform operation. Such a system, with a scale searching capability, is

shown in Fig. 3.7(b). The wave distribution emerging from the x;, y; plane is
W5(%5, 0, )G"(;;T3 : %) . A second lens, with focal length f;, takes the Fourier transform of

this product and images the filtered signal at the output image plane x,, y; plane. Before
doing that, one phase compensation lens can be used to remove the quadratic phase term
as in Eq. 3.6 at the filter plane. L; is placed close to the filter at x3, y; plane (see Fig.
3.7(c)) and should have a focal length f; equal to d> because it introduces a phase factor

-J x2 2 x . . .
exp[ ’k(Z;:y 2 )] or exp[ Tk yz)] at that plane. The wave distribution at the x4, y, plane

can be represented as

o Hs

Wa(%40,) = A —h(x,, 5,34, )Hp(xs:.}’a)'/’(xssys)G (uza;uz)h(xsays’ /2)

h(xy, ys;d;) expl— jk i“}:ﬂld-"s‘b’ss (3.7)

where P; is the pupil function of L; (Ls=1 when lens is large enough in our case) and the
matched filter G* can be a SAM hologram [Tao93].
Now, if we move one Fourier transform lens L, in the 4-f correlation system to

— 7k ("3 +J’3 )

contact the lens Ls, we introduce a phase factor, exp[ ], at the correlation plane.

Then, we use the thin lens combination formula,
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(3.8)

Fig. 3.7 Evolution ofthe optical correlatorfrom a 4fto a 2fsystem: (a) VanderLugt 4f
system; (b) & (c) ¥ system; (d) & (e) >f system.
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to combine lenses L, and L3 as shown in Fig. 3.7(d) into one lens L. in Fig. 3.7(e) to make
the 2f system. Thus, y,(x,,y,) can be rewritten as

Jkdy

V(X Da) = —— J 7 e ) P.Ceys v )W (s, 3,)G" G, 2%, 35 1,)

h(x;,y,;d,) exp[— jk x3x4+y4y4 —=oR ld,dy,, (3.9)

where P,(x,,y,) is the pupil function of L. (L.=1 when lens Lc is large enough in our
case).

By substituting Eq. 3.6 into Eq. 3.9, we can make the arrangement as following:

W a(%00) = = J(E N Shx, v d)[ TG, 267G %)

expLk(ZE) (& +4 - 1) exp[—jk 25224 d(5)d (). (3.10)

The function y,(x,,y,) is the Fourier transform of thé signal if dy=ds,
2+ —7 =0 and the change in scale is not taken into account. And, we know that in the
correlation plane we physically observe light intensity and not the amplitude. Therefore,
any arbitrary phase factor appearing with the correlation signal is not observable (that
means the phase factor term in Eq. 3.10 can be dropped). The final output at the

correlation (x4, y4) plane is
V(x4 75) = [[ T, v)G' (w,v)e > tucky , (3.11)

where u = 33~ and v =52-. The output signal is equal to the convolution of the functions #

and g (inverse Fourier transform of G*). This result can be applied to the spectral
correlation system by exchanging the input # and matched filter G* in order [Sel91].

From the above analysis, a 2-f correlator has been designed. This system is typically
half of the physical length of the 4-f VanderLugt correlation system. By using this
configuration the HOFNET [Sel91] can be made more compact.
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3.4 Improving Holographic Diffraction Efficiency

The resurgence of interest in the use of holography has been, in part, encouraged by many
new developments and demonstrations in multiplexing holography and associated
techniques. The successful storage of 500 high-resolution angularly multiplexed
holograms in LiNbO; by Mok et al. [Mok91] and 756 high diffraction efficiency spatio-
angular multiplexed hologram LiNbO;:Fe by Tao et al. [Ta093] sparked renewed interest
in holographic data storage followed by more recent results that have demonstrated the
storage'and recall of up to 10,000 complex image-bearing holograms superposed in
relatively small volumes (e.g., on the order of 1 cm’) [Mok93, Bur94, & Ta093 & 95].

Although the concept of using multiplex holography for data storage in
implementing associative memory has been considered for several years, recent advances
in several critical device technologies along with developments in storage material and
aréhitecnlres have greatly enhanced the likelihood of successful implementations. A
number of design options for the overall mass memory for neural networks systems are
available, each offering a unique set of trade-offs involving bit error rate, capacity,
diffraction efficiency, data transfer rate, and ruggedisation/packaging issues. The details
of the multiplexing techniques along with the demonstrations of the leading candidate
schemes are the subject of this section. We also describe some aspects of current effort in
this project to develop a holographic memory device with high diffraction efficiency using
phase conjugation feedback.

3.4.1 Reviews of volume holographic memory

The understanding of the various multiplexing operations has been upgraded by numerous
analyses and experiments. In this subsection, we mainly discuss the four most prominent
holographic multiplexing schemes that allow the storage and retrieval of independent
pages of data in a common recording volume: spatial [Mok94], angular [Sta72 & Mok93],
wavelength [Rak92 & Yin93], and phase code [Den91 & For90]. All four multiplexing
options are based on the Bragg-selective readout of thick (volume) holograms. It is
worthwhile to mention that newer promising multiplexing techniques have been proposed
and successfully demonstrated [Ta093 & 95]. Also, some combinations of angular,
wavelength, and/or phase code multiplexing can be considered although the significant
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increase in cost and complexity of the resulting device and system may not be justified by
the benefits.

The concept of storing information in the form of multiplexed holograms in volume
media as memories originated from the 1960s [Lei66, Van63, & Ram72]. These
- holographic memories are promising for large capacity neural-network-based computer
storage system, such as arithmetic databases or for computer needs in providing both
archival and backup data storage as well as the emerging applications involving network
data and multimedia services. They also offer the potential of providing parallel
associative search capability to the database and perhaps can include data processing
within the memory itself The fundamental idea underlying a variety of holographic
storage strategies is the recording of a large number of complex holograms in a common
volume of holographic material (static or dynamic) and subsequently spatially multiplexing
such common volume storage units to build up the required storage capacity [d‘Au74].
Each object beam that is spatially modulated with data (page) is recorded with a reference
beam. Bragg selectivity provided by the volume interaction allows independent retrieval
of each stored page on the basis of optical parameters such as the wavelength, the angle of
arrival of the reference beam or the spatial phase distribution of the reference beam.

A generically multiplexed storage architecture for volume holographic memory
systems is shown in Fig. 3.8 in which the necessary object and reference beam were
supplied from a tunable laser at wavelength, A, for both the recording (data storage) and
reconstruction (data retrieval) processes. Two spatial light modulators (SLMs) were
used; one spatially encodes the object beam with a page of data to be recorded, and the
other spatially phase modulates the reference beam, which is first passed through a
scanning device (mirror on rotational stage or acoustic-optic deflector) then passes
telecentrically onto the holographic medium, to serve as the proper page address. To date,
there exist several multiplexed schemes fulfilled by controlling optical parameters for

holographic storage, which can be categorised as follows:

Spatial Multiplexing In the spatially multiplexed scheme, the modulation frequencies
for all the images are the same, while the positions on the recording plane are different. In
such a scheme each information page (image) can be stored into a volume hologram

written with the object and reference beam at a particular interbeam angle, 0, and area, 4,
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located at x/, yt. To diminish the cross-talk occurring during the readout process, these
images can be stored in well-separated locations on the recording medium by multiplexing
the Fourier transform holograms. However, the capacity of storage was limited by the
resolution of the image and the/-number ofthe lens used to Fourier transform the image

into the Fouirer transform plane (hologram plane).

Fig. 3.8 A generic schematic shows the setup ofrecording different types of multiple
hologram by controlling optical parameters of storage from exposure to
exposure as

(@) spatial multiplexing: vary the location, (X, y f by shifting the crystal
along xy plane;

(b) angular multiplexing: vary 6 and/or 6 by scanning the reference beam or
rotating the recording medium along z-axis ;

(c) wavelength multiplexing: vary wavelength Aby tuning the laser;

(d) phase-encoded multiplexing: vary ¢ (xy) by ;

(e) spatio-angular multiplexing: change (uy” and vary 6 and/or O;

() wavelength and angular multiplexing: vary X and 6 and/or Q

(2) phase-encoded and angular multiplexing: vary @ (x,y) and 0and/or S

SLM

Y Storage

SLM Medium

Angular Multiplexing Angular multiplexing is based on the observation that a volume
hologram written with the object and reference beams with a particular interbeam angle, 0,
and superimposed on the same area, located at x,, y, of the recording medium will
reconstruct with an efficiency that is strongly dependent on the difference in angle of
arrival between the recording and reading reference beams. The advantage of such
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recording is that is fully uses the volume of the crystal, and the resolvable angular spacing
of reference beams to distinguish the pages which are multiplexed in the same area, so that
very high storage density can be achieved. The disadvantage is that the exposures made
later in a superposition can erase holograms recorded earlier. Therefore, the problem of
exposure scheduling, in which photorefractive holographic recording times must be
adjusted for each recorded holograms, is unable to eliminated. Cross-talk or interference
between the holograms, which are superimposed together onto the same area, are
inevitable when spatial data bearing object beams are used since multiple plane wave

components contribute to the blurring of the angular selectivity.

Wavelength Multiplexing In the case of the wavelength multiplexed scheme, the
reference and object beam angles are kept constant but the laser wavelength is varied from
exposure to exposure. The addressing mechanism is provided by wavelength selection,
which must be provided by a tunable laser. For data retrieval, a properly addressed
reference beam (wavelength) illuminates the holographic storage medium yielding an

optical reconstruction of the associated page of data.

Phase code Multiplexing  In the phase-encoded multiplexed scheme, each reference
beam consists of a set of plane waves with unique phase distribution across its component
waves. Each reference beam is coded with a phase distribution from an orthogonal set of
such codes. During readout, a particular object pattern (or a page of data) can be retrieved
by illuminating the hologram with the corresponding phase code reference beam. By
introducing the angular selectivity of volume hologram this significantly reduces the level
of cross-talk, thus enabling the data storage application that requires a high level of
multiplexing capability. Because each reference consists of a large set of plane waves, the
phase code technique results in more uniform output behaviour during replay since effects
that arises from individual plane wave components are averaged. However, inaccuracies
introduced by the phase coding element, the reference beam phase spatial light modulator
(SLM), are the possible drawbacks of the phase code approach. For data retrieval, a
properly addressed phase code reference beam illuminates the holographic storage

medium yielding an optical reconstruction of the associated page of data.
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Spatio-Angular Multiplexing (SAM) In the case of spatio-angular multiplexed
(SAM) scheme, each hologram, which is written with the object and reference beam with
a particular interbeam angle, 0;, and superimposed on the recording medium, is partially
overlapped with its neighbors. Each information page stored can be retrieved by reading
holograms with the appropriate reference beam, which was used for recording, without
cross-talk. By using partially overlapping holograms, several advantages provided by
SAM are: (i) the storage capacity can be increased since more holograms can be
accommodated into a crystal, as compared to spatial multiplexing; (ii) the erasure effect
can be minimised during the sequential recording, as compared to angular multiplexing;
(iii) the diffraction efficiency can also be increased, as compared to existing multiplexing
schemes, to date. The disadvantage is that the device made for replaying holograms
becomes complicated.

In ONNS s the density of memories can be increased using hybrid multiplexed scheme
by incorporating several holographic multiplexings as described in previous section.
However, the exposures made later in a superposition can erase holograms recorded
earlier. Therefore the problem of exposure scheduling, in which photorefractive
holographic recording time must be adjusted for each recorded holograms, is unable to
eliminated. Because of the erasure that occurs when multiple holograms are recorded in
photorefractive crystals, the diffraction efficiencies for multiple holograms fall off
asymptotically as the inverse of the square of the number of hologram. Therefore, when
5000 holograms are stored, the diffraction efficiency for each hologram is only of the
order of 10°. Obviously, it is very difficult to optical implement associative memory in
ONNSs by the use of these holograms.

3.4.2 Photorefractive phase-conjugate holographic storage

In this section in order for increasing the diffraction efficienies of holograms stored in
volume photorefractive medium we propose on novel photorefractive holographic storage
in the use of 2 self-pumped phase conjugate mirrors (SPPCMs) and demonstrate
experimental results.

It is always important to store the original “template” images in memory and to be
able to replay them with good fidelity, high efficiency and good signal-to-noise ratio. Two

beams are usually used to record the holographic image one being the reference beam
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which is usually a plane collimated beam while the other is the object beam which usually
passes though a spatial hght modulator on which has been displayed the template image to
be stored. A convenient optical configuration for this (Fig 3.9(a)) consists ofthe reference

beam and the object beam equally inclined either side ofthe normal to the crystal face.

Fig. 3.9 Holographic grating recording in a photorefractive crystal, (a) iismg the
conventional configuration, (b) using apair ofmirrors, and (c) iising apair of
phase conjugate mirrors

kom .

PR Material PR Material
(LiNb03:Fe) (LiNbOjiFe)

@ (b)

BaTiOs . -UR
(PCM 2)
Lens
(©)
-ko
PR Material
Lens (LiNbOiiFe)
BaTiOa
(PCM 1)

84
Optical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 3 Design of Opfical Associative Memory Using Photorefractive Holographic Techniques

The two beams are arranged to overlap and interfere within the recording crystal to
give a periodic interference pattern with the fringes oriented normal to the surface. The
recording medium is oftea lithium niobate doped with a 0.05% weight of iron which is a
brown crystal and so absorbs the light significantly - a typical 7 mm thick crystal had a
transmittance of 34.010.2%. This means that the light intensity in the writing beams and,
hence, in the interference fringes drops through the crystal and so the exposure effectively
drops with penetration depth. This becomes more serious for thicker and darker crystals.
Moreover, in order to record the hologram in a short time sufficiently powerful initial
beams are required. It would certainly be more convenient if a lower power and generally
more compact laser could be used.

If the reference and object writing beams are both plane and collimated we can set
up the experiment shown in Fig 3.9(b). Here two mirrors are arranged to reflect the
transmitted object beam back along the incident reference beam and at the same time the
mirrors reflect the transmitted reference beam back along the incident object beam.
Moreover, the incident reference beam diffracts from the grating as it is formed and is
diffracted into the direction of the transmitted object beam and the incident object beam is
diffracted into the direction of the transmitted reference beam. The two beams travelling
from the mirrors into the crystal write a holographic grating which decays in strength with
the depth penetrated. The grating formed by the reflected beams can be made to coincide
with the grating written by the original beams to add constructively if the angles between
the reflected beams are identical to those between the incident beams and the crystal and if
a truly symmetric arrangement is used to ensure that the phase difference between the
reflected beams is the same as that between the initial beams. The reverse decay of grating
amplitude through the crystal due to the reflected beams offsets, to some extent, the decay
in the opposite direction of the initial beams although the sum of two offset exponential
decays of opposite sense and of differing magnitude can never give a constant exposure.
The increased light intensity in the interference pattern in the crystal means that shorter
exposures are required. This system requires critical alignment and will not work if the
object beam is other than plane and collimated.

This leads to the second more promising configuration (Fig 3.9(c)) in which the two
ordinary mirrors in (Fig 3.9(b)) have been replaced by two phase conjugate mirrors
[Yar91] operating in a self-pumped phase conjugating mode without externally applied
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pump beams or other power source. In this case both the reference beam and the object
beams (no matter how complex) are returned to retrace their original paths but in the
opposite direction with the same phase as they had on their incoming journeys. The
amplitudes of the beams decay exponentially in both directions through the
photorefractive crystal again offsetting, to some extent, the non-uniform depth profile.

In our experimental system (Fig 3.10) the laser was a Spectra-Physics argon ion
laser with intracavity etalon (A=514.5 nm) which was power stabilised to within 0.5%.
The total exposure intensity was 28 mW/cm’ and both beams had an equal intenéity and
diameter. The size of the region illuminated was a circle of diameter 2 mm. Each beam
was angled at 0 =45° to the normal and was extraordinarily polarised (in the plane of the
figure). The photorefractive crystal was Y-cut lithium niobate with 0.05% weight of iron
doping resulting in a 34.010.2% transmissivity for our 7mm thick crystal and was mounted
on a Micro-Controle motor-driven rotary stage, having angular resolution of 0.001°. The
diffraction efficiency was monitored using a Newport picowatt digital power meter. Both
the rotary stage and the power meter were controlled by an IBM compatible personal
computer.

The lenses shown in Fig 3.10 are simply to focus the wide beams into the small
barium titanate crystals (5 mm cubes) used for the phase-conjugate mirrors. This has the
added advantage that the power density is increased which should improve the response
times. The optimised reflectivity of the self-pumped crystals in the “Cat” configuration
was 30% for the Chinese grown one and 35% for the American grown one. One of the
phase-conjugate crystals was induced by illumination using a He-Ne red laser beam. This
is a recent technique developed by us during this research and reported in reference
[Sel93] in which a red beam is directed into the crystal at a completely different angle and
improves the response time, the phase conjugate reflectivity and, most importantly here,
the angular range over which the self-pumped phase conjugation is possible. It was not
required to induce both phase-conjugate mirrors because only one was subjected to
incident beams over a wide range of angles. The diffraction efficiency of the holograms
(defined to be the ratio of the diffracted power to the transmitted power through the
unrecorded crystal) was measured during the recording by using a red probe beam from a
helium-neon laser (A=632.8 nm) as shown in Fig 3.10. The red beam had to be incident at
a larger angle from the normal than for the green beam to obtain the highest diffraction
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efficiency due to the longer wavelength. The power was recorded using a Newport

picowatt digital power meter. The room temperature was measured to be 26.0=0. 1"C.

Fig. 3.10 (a) Schematical layout and (b) experimental arrangementfor recording high
diffraction efficiency holographic gratings. M:mirror, BS:beamsplitter,
VBS.variable beamsplitter;, HWP:half~wave plate; L.lens; FTL.Fourier
transform lens,; ES:electronic shutter; MCM:motor-controlled mirror; CR:x-t
chart recorder; S.screen; PDiphotodetecter; IB.inducing beam; OB.object

beam; RB.reference beam.
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Figure 3.11 shows a plot of the diffraction efficiency as a function of time. The
curve dotted was obtained experimentally without using phase conjugate mirrors with the
recording set up shown in Fig 3.9(a) while the solid curve was obtained when phase
conjugate mirrofs were used in the configuration shown in figure 3. 9(c). Both curves
have similar forms showing initial growth and relaxation back to a lower more stable value
with time. The cﬁfves grow at the same rate for the first 15s and, thereafier, the curve
using PCMs, grows at a much faster rate than that without PCMs dnd attains a higher
maximum efficiency of 22.1% after 220s than without PCMs which has a maximum of
17.9% after 179s. This represents an improvement in diffraction efficiency 0f 4.2%. Both
curves tend to a diffraction efficiency of about 16.511% at longer exposure times of 9
mins so the exposure must be stopped at the optimum time for maximum diffraction

efficiency.

Fig. 3.11 Plots showing the growth of the holographic grating diffraction efficiency with
time; dotted curve uses the conventional configuration while solid curve uses
the novel phase conjugate mirror recording configuration.
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The curves do not appear to fit well to a model based on the usual inverse
exponential saturation, but simply for the sake of comparison, we have calculated the

writing time constants assuming the maximum refractive index modulation is achieved in

88

Optical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 3 Design of Optical Associative Memory Using Photorefractive Holographic Techniques

each case at the maximum diffraction efficiency using the same method as that used in ref
[Ta094] assuming that 1, is a function of the total writing power. This gives a writing
time constant of 30.4s for the curve using PCMs and 42.2s for the curve without. The
experiment was repeated several times using different spatially separate parts of the same
crystal and similar results were obtained. It is possible that this arrangement can be
theoretically modelled by coupled wave theory although this has not yet been carried out.
We conclude that the method using two PCMs results in reproducible higher rates of
growth of diffraction efficiency i.e. shorter writing time constants, resulting in a higher
maximum diffraction efficiency. This supports our proposition that increased light
intensity is achieved resulting in faster growth of diffraction efficiency. The higher
maximum value may be linked to a better diffraction efficiency uniformity with depth.
This recording method was also used to record up to 24 angularly multiplexed holographic
gratings which were used in the system described in the next chapter. '

3.4.3 Bragg-off diffraction in a LiINbOj;: Fe crystals

In volume holography, the angular selectivity is essential for both the storage and retrieval
of multiplexed holograms. The selective angle determines the optimum angular separation
during recording to achieve a storage capacity as high as possible with minimum cross-
talk. The optimum access configuration must be used during readout that results in the
highest diffraction efficiency and signal-to-noise ratio. Both the effects of polarisation and
intensity coupling on the angular sensitivity have been demonstrated by S. Tao et al.
[Ta093 & 94]. In their efforts they, for the first time, experimentally verified the theories
proposed by Heaton et al [Hea84], who concluded that the maximum diffraction
efficiencies of photorefractive gratings should happen at reading angles very slightly
different from the writing angles. Tao et al. [Ta094] referred to this phenomenon as the
“Bragg-shift”. According to Heaton's and Tao's results, a slanted grating will be recorded
by two writing beams with unequal beam intensity (beam ratio, g, is not equal to 1) in a
photorefractive crystal using a symmetrical geometry. As a result, the maximum
diffraction efficiency of grating occurs at a readout angle different from the recording
angle. However, there is still a shift in the Bragg angle when the exposure of the recording
process exceeds some level even when the grating is formed by two writing beams with

equal beam intensities, i.e. g=/. In this section we experimentally investigate these
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peculiarities of the angular sensitivity and the diffraction efficiency of single transmission
gratings recorded in a photorefractive LINbO;:Fe crystal.

We use an experimental arrangement similar to that used for investigating the
phase-conjugate storage with two PCMs as shown in Fig. 3.10. The writing wavelength
was 514.5 nm and the reading either 632.8 nm or 514.5 nm operating at a lower power
level, which eliminated erasing during readout. We monitor the grating formation process
by using a red probe beam from a helium-neon laser (A=632.8nm). The diffraction
efficiency of the grating was measured by blocking one of the writing beams.

We first performed a series of measurements of the optimum angular deviation for
our sample and the results are shown in Table 3.1. and Fig. 3.- 12. In Table 3.1 we have
found that The maximum diffraction occurs when the readout angles are 0.006° (4=1), and
0.008° (g=5), and 0.016° (¢=10), respectively. There are slightly greater than those
achieved when read out at the writing angle for g=1 and 5.

Table 3.1 Experimental measurements of the grating formation with respect to different
exposures for beam ratio, q=Ig/lo, equal to 1, 5 and 10. A symmetric
recording was used with a writing angle of 25° between the object beam and
reference beam.

Exposure 62 |125 |252 |378 |[63.0 |82 |113.0 |151.0
(Jem?®)
q=1,/I, Bragg-shifted | 0.000  0.004 | 0.006 | 0.008 | 0.014  0.018 | 0.022 | 0.022
=33mW [33mW =10| angle (°)
Liota=6.6mW NBrogg, (%) 51 (101 [122 |114 |79 |59 |42 3.6

Lea=13.5 pW Nbmegatinea (%) | 5.1 120 | 142 [168 [134 [150 [103 |83

q=1,/1, Bragg-shifted | 0.004 | 0.01 | 0.012 | 0.014 | 0.018 | 0.020 | 0.022 | 0.020
=55mW [1LlmW =5 | angle (°)

Lot =6.6mW Brags, (%) 05 |10 (22 [17 |15 |11 |07 |11

Leas=4.5 pW MBroeg-stiea (%0) | 0.7 (2.8 119 [122 |74 146 (3.0 2.0

q=1,/1, Bragg-shifted | 0.006 | 0.010 | 0.012 | 0.016 | 0.020 | 0.020 | 0.024 | 0.020
=6.0mWV[0.6mW =1| angle (°)

Lota=6.6mW NBrogg (%) 16 |28 |13 |34 |44 |50 |41 |63

Lewi=3.2 pW MBregeatiiod (%) | 2.5 |66 [4.4  [320 (313 |281 [141 [10.9
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Fig. 3.12 S-D Plots showing the experimental results for angular shift and diffraction
efficiency of the resultant grating with respect to exposure for beam ratio,
q(IR/Io), equal to 10. A symmetric recording was used with a writing angle of

11 30-40
m 20-30
10-20
o 0-10
Diffraction
Efficiency (%)
113
63
0.008
0.016 , 2 Exposure
0.024 «2 (J/sz)

0.032
Angular Deviation from Recording Angle (dcg.)

Fig. 3.13 shows the 3-dimensional plot of the dif&action efficiency with respect to
angular deviation from recording angle and exposure ofrecording for q - 10 case, we have
found that the read out angle for the maximum efficiency (32%) is Bragg slfrfted with
0.008° when total exposure is 37.8 J/ecm”.

Compare our results with those obtained from Tao et. al. [Tao 93 & 94] and Heaton
[Hea84], it can clearly be seen from our experimental measurements of selective angle for
LiNbOs that is usually shifted into a typical angle depending on not only infensity ratio
between two writing beams but the fotal exposure during the recordmg. These results
suggest that to obtain the optimum readout performance from gratings written by two

beams in LINbOg crystal, readout beams must be angularly shifted with a desirable angle.
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3.5 Conclusions

In conclusion, we have proposed a compact optical photorefractive holographic correlator
employing a 2-f correlation system. This compact scheme is suitable for incorporation
into an optical photorefractive resonator with the spatio-angular multiplexing (SAM)
[Ta093] scheme for recording holograms to implement a high order feedback neural
network (HOFNET) [Sel90 & 91] system. Based on the merits of the HOFNET the 2f
systems physical length can be shortened to half as much as in the conventional 4f
correlation system and losses can be avoided.

We have increased the diffraction efficiency of volume holograms stored in a
photorefractive crystal by making use of two self-pumped phase conjugate mirrors
(SPPCMs) as part of the recording technique. One of the SPPCMs was induced to widen
the angular range over which phase conjugation of beams could take place which again has
not been done before. We recorded 21 angularly multiplexed holograms. When a single
grating was stored the highest efficiency of 32% was obtained using a diode pumped
frequency doubled YAG. To our knowledge this is the highest efficiency reported to date
for volume holograms in this material.

We discovered that the Bragg-shift depends on the total exposure during the
recording and not just on the beam ratio. The Bragg-shift effect was discovered several
years earlier at UCL by Tao et al. [Ta093] when she found that higher efficiency replay of
volume gratings formed in photorefractive crystals was possible by altering the replay
angle very slightly from that used for recording in the case when the two recording beams
had had different intensities. In some case we found that an increase in efficiency from

3.4% to 32.8% was possible by choosing the correct angle.

92

Optical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 4 MIPCM and Applications in Optical Resonant Systems

Chapter Four

MULTI-BEAM INDUCED PHASE-CONJUGATE
MIRROR (MIPCM) AND APPLICATIONS IN
OPTICAL RESONANT SYSTEMS

4.1 Introduction and Motivations

In recent years, multiple beam optical phase conjugation has been displayed in two kinds
of experimental arrangement: double colour pumped phase-conjugate geometries [Sol93
& 94] and multigrating phase conjugation by four-wave mixing (FWM) in a crystal. The
exact result of multigrating phase conjugation by means of degenerate four-wave mixing
in photorefractive media was first obtained by Krolikowski et. al [Kro87]. Thereafter,
multiwave mixing in photorefractive BSO crystals was proposed, phase conjugation of
four beams was performed [Vai87], and optical logic operations using phase conjugation
interferometry was also demonstrated [Ogu90]. But no successful experimental
demonstration of multiple beams in a self or mutual phase-conjugate arrangement in a
photorefractive crystal has been reported so far. In both self and mutual phase
conjugation, no external pumps are needed so that these devices are compact and feasibly
applicable for optical feedback in optical associative memory [Owe87]. In this chapter a
new technique, for the first time, has been developed to induce (not external pump) the
phase conjugation for several input beams simultaneously in a 0°cut undoped
photorefractive BaTiO; crystal.

The phenomenon of "induced" phase conjugation was first reported by Yau et.al
[Yau92] including myself before coming to UCL. In this phenomenon a single beam, to be
phase conjugated, is positioned and angled correctly on one face (a face) of a S mm barium
titanate crystal cube so that no self-pumped phase conjugate beam is generated. Then
when a second "inducing" beam is positioned and angled on an adjoining face (-c face) of
the crystal the first beam begins to be phase conjugated. The conjugate beam grows in
strength to a maximum value with little oscillation. When the inducing beam is removed
the first beam is no longer phase conjugated in the case when the two beams, operating at

514.5 nm with coherence length ~3m, are single-longitudinal mode and coherent. It is
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thought that one strong grating or a lot of gratings is formed which is erased by the signal
beam when the inducing beam is removed. However, when the two beams, operating at
514.5 nm with coherence length ~5cm, are multi-longitudinal mode and incoherent the
phase conjugation behaviour continues to exist after the inducing beam is removed. It is
thought that of the many phase conjugate loops set up, some have a longer lifetime. It was
found that higher efficiency phase conjugation was obtained using the incoherent inducing
beam. Effectively these represent an optically switchable and latchable phase conjugation
mechanism. We named these "induced self-pumped phase conjugation (ISPPC)". Qiu et
al [Qmu93] also demonstrated the same effect using a differently angled inducing beam in a
slightly larger volume érystal of (BaSr)TiOs. In both experiments both of the beams were
kept in the same polarisation, extraordinarily (horizontally) polarised and incident onto
two adjoining faces of the crystal with the inducing beam always incident on the -c¢ face.
Despite the promise of ISPPC for high reflectivity and a fast response time for phase
conjugation, the mechanism responsible for the phase conjugation in this phase conjugator
has not been conclusively identified, and this lack of understanding hindered the control
and optimisation of its optical phase conjugation property.

In this chapter we extend our previous investigation [Yau92] of ISPPC to deepen
our understanding and to optimise the performance by demonstrating the simultaneous
phase conjugation of several input beams incident on the a face (Fig. 4.1(a)). This was
performed as follows: The input beam power, angle and position was set as in earlier work
so that no phase conjugation occurs unless a switchable inducing beam is present on the -¢
face of the crystal. If now several (1 to 4) angled beams are directed onto the a face, only
when the inducing beam is present multi-beam phase conjugation (Fig. 4.1(b)) occurs.
The input beams are derived from the same laser with the same wavelength and are
incoherently related whilst the inducing beam is incoherent and can be of a different
wavelength. We refer to this phenomenon as "multi-beam induced phase conjugation
(MIPC)". Unlike the setup of traditional phase-conjugate mirrors, which require a more
precise arrangements, the optical setup of our multi-beam induced phase conjugation is

relatively relaxed.
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Fig. 4.1 Schematic diagrams of multi-beam induced phase conjugation (MIPC), (4)
before inducing beam is applied, and (B) after inducing beam is applied.
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The chapter is organised in the following fashion. Section 4.2 gives the theoretical
understanding of multiple beam phase conjugation in the form which is most appropriate
for interpretation of the experiments with photorefractive crystals. In Section 4.3 we
describe our novel configuration for phase conjugation with multiple beams in a
photorefractive BaTiO; crystal, in detail, together with the details of the experimental
apparatus used in our experiments. In Section 4.4 we demonstrate our investigation of the
single beam induced self~-pumped phase-conjugation process and more detailed analysis is
given including more diagnostic experiments, such as intensity and polarisation
dependence measurements. Section 4.5 mainly deals with four beams, the largest number
to date, for the first time, to our knowledge, phase conjugating simultaneously and gives
more details of the induced mutual incoherent beam coupling process with two beams,
and two types of phase conjugation, one is induced self-pumped and the other is induced
mutually pumped phase conjugation, occurring while three beams were guided into a
crystal. However, externally pumped four-wave mixing multiple phase conjugation with 4
beams has already been shown [Nai87]. In Section 4.6 the discussion will be directed to
the possible explanation for our results. Applications such as self-pumped phase-
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conjugate resonator and multi-mode phase conjugate resonator will be illustrated in

Section 4.7. Finally, we give our conclusion in Section 4.8.

4.2 Theoretical Background

The popular self-pumped phase-conjugate mirror (SPPCM) [Fei82] and mutually
incoherent beam coupler (MIBC) [Smo87 & Eas87] have been observed in some
photorefractive crystals, respectively, and some theories [Mac83, Smo87 & Eas87] have
been proposed to explain these devices, respectively. In these two phase-conjugate
devices, two usually self-generated phenomena exist when a laser light beam illuminates a
photorefractive crystal. One is the self-generated fanning, and the other is the self-pumped
four-wave mixing (SPFWM) that corresponds to the SPPCM for single beam incident or
MIBC for dual beams incident. In photorefractive crystals, the self-generated fanning
often takes most energy from the incident beam by TWM. It should be noted that the
self-generated fanning affects the formation of SPPCM [Bog93 & Z0z93] and MIBC
[Smo87 & Eas87]. When the gains of the two effects are comparable, strong competition
between the self-generated fanning effect and SPPCM or MIBC formation take place. We
think that the competition of the two sets of gratings (transmission gratings) is an unstable
process that leads to the dynamic instability of the SPPCM or MIBC. More often the
fanning effect wins the competition and takes all the energy from the incident beam, in the
other words, the phase conjugation has been destroyed.

Here, we describe how the SPPCM and MIBC are formed and the self-generated
fanning disappears in a photorefractive crystal using the special technique- induced phase
conjugation. For simplicity, we just consider (i) a single beam and (ii) two mutually
incoherent beams incident on a photorefractive crystal. As described in Section 2.5, the
self-generated fanning is always produced by TWM between the scattered light and the
incident light. Fig. 4.2 shows the self-generating fanning of a single incident beam and two
mutually incoherent incident beams, respectively. In fact, the self-generated fanning
depends on the intensity of the input beam in some limited angular range of incidence with

respect to the c-axis of the crystal.
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Fig. 4.2  Photos ofthe self-generatedfanning of (a) a single beam incident and (b) two
beams incident initially on a BaTiOs crystal, where the c-axis ofthe crystal is
pointedfrom the top to the bottom on each photo.

(b)
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Ideally, the self-generated fanning is to be a seed for initiating phase conjugation
under some critical conditions. Once the SPPCM or MIBC are formed, the self-generated
fanning will disappear. Particularly, in certain arrangements, such as when multiple beams
(to be phase conjugated) generated from replaying angularly multiplexed holograms are
incident on a photorefractive crystal with a wide angular range, which do not chance upon
the conditions for spontaneous self-pumped phase conjugation or mutually incoherent
beam coupling or both.

Now we consider there are four waves in each interaction region [Mac83, He88]
(Fig. 4.3), such as regions 4 and B in Figs. 4.4(a)-(b), the coupled wave equations of

(a) TWM for self-generated fanning are

&

Ez— = —(1/2)721(A1A;)A2/[o >
& = (I/Z)Y 21 (AI‘AZ )Al /IO ?
dz “4.1)
%- = —(1/2)7 43(A3A; )A4 /IO ’
% = (1/2)'Y43(A::A4)AS/I° ?
and
(b) FWM for self-pumped phase conjugation are
% = —(1/2)7216/‘2/]0 ]
% = (1/2)721G.A1/10 >
& (4.2)
_&Z— = _(I/Z)Y 43GA4 /Io’
dA

dz4 = (1/2)Y4sG‘A3/Io >

where v, and y4; and are the coupling constants which are related to the angles of the
incident beams with respect to the c-axis of the crystal. , is the total intensity of the four
waves, that is, I, =|4|" +|4,[ +|4,[ +|4,[ [Yeh94]. A, (i=1,4) are the complex
amplitudes of the four waves. A, (i=1,4) are the complex conjugates of A4; (i=1,4). G,
(1/2)y(A,A; + A,A})/I, , is the amplitude of transmission grating. G* is the complex
conjugate of G.
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Fig. 4.3 Schematics of four-wave mixing (FWM) in photorefractive medium.
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Fig. 4.4 Schematic diagrams of (A) “Cat” self-pumped phase conjugate mirror with
two interaction regions [Fei82 & Mac83], and (B) mutually incoherent beam
coupler [Smo87 & Eas87] with two interaction regions A and B in a
photorefractive crystal, respectively.

(a) (b)

When the self-generated fanning forms, A, is the input beam and A; is the intemal
reflection beam in the photorefractive crystal, and 4, and A4, are the scattering light beams
of A, and A;, respectively. Here, the first two equations of Eq. 4.1 show the self-pumped
fanning of the incident light beam, A4,, and scattering light beam, A,, and the last two
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equations of Eq. 4.1 present the self-generated fanning of the internally reflected light
beam, 43, and the scattered light beam, A;, When the SPPCM or MIBC forms, the corner
total internal reflections create a pair of light beams 43 and A4, with 4;=0A4, and A;=cA,
where o is the loss of light in the SPPCM and the MIPC. Thus, the grating amplitude
terms in Eq. 4.2, for the self-pumped FWM are

G =21+ N (44)/1, (4.3)
and

G* =(2)1+Yo*Jy(44,)/1,, (4.4)

where Y21=Y43=y. Under suitable conditions [Fei82 & Smo87] (precise incident angle and
position of each input beam) for the SPPCM and the MIBC formations, G and G* of the

SPPCM and MIPC in each interaction region are greater than (1/2)y(A,A2' ) /I0 and
(1/2)7(A3' A4) /I , for the self-generated fan formation. So the gains of the SPPCM and
MIBC are (1/ 2)(02)7(A1A; ) / I, and (1/2)(1/ az)y(A;A4) /10 greater than those for self-

generated fanning, respectively. In other words, the SPPCM and MIBC can win the
competition between the phase conjugation formation processing and the self-generated
fanning effect. Thus, the SPPCM and MIBC can be well established and the self-
generated fanning grating is suppressed. It should be noted that a pair of light beams, 43
and A,, is generated by the internal reflection of the cubic crystal in each interaction of the
SPPCM and MIBC.

According to above the analysis, in the SPPCM and MIBC, it is necessary that the
internal reflection light beam be generated by the corner reflection at the correct angle and
with a reasonable energy. In the crystal, the self-generated fanning of each input beam in
multiple beams incident a BaTiOs crystal, as shown in Fig. 4.2, initially propagates in a
wide angle range. Some scattered light propagates toward the corner direction and is
internally reflected by the corner. The reflected light beams 3 and 3 meet the incident light
beam in regions 4 and B, as shown in Fig. 4.4. In suitable incident conditions for SPPCM
and MIBC, the gain of the FWM is greater than that of fanning, as described above. Thus,
the self-pumped FWM takes place and wins the competition between the self-generated
fanning and SPPCM (or MIBC) formation. In the interaction regions 4 and B of SPPCM
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(or MIBC), the FWM take place, as described by Eq. 4.2, thus the phase-conjugate light
beam, I, (or I, and Iy,), of the incident beam, I (I, and L), is generated.

So far we have analysed the cases, i.e. either SPPCM for a single input beam or
MIBC for two input beams, which were established in a cubic crystal, separately. Until
now, there is no evidence that shows that the SPPCM and MIBC can coexist in a
photorefractive crystal for multiple input beams. The larger the number of input beams
incident (to be phase conjugated), the more self-generated fanning light there is to
compete. In this case the phase conjugation conditions will be destroyed by this strong
self-generated fanning. Based on these ideas of how induced phase conjugation occurs
and on our theoretical analysis in previous paragraph, we think that by introducing one
inducing beam, which can provide a wide angular range of gratings in the crystal, we can
diffract more incident light into the internal reflection, overcome the energy losses from
fanning, and to meet the phase conjugation conditions of either SPPCM or MIBC or both.

In conclusion, we have proposed a mechanism for the establishmentof SPPCM or
MIBC which involves competition between fanning and FWM. We have used this theory
to make a prediction of what will happen with an inducing beam. And we have previously
shown and will again show in Section 4.3 that the predictions are in good agreement with

experiments.
4.3 Experimental Design and Apparatus for MIPCM

To verify the above conclusion and theory in this section we experimentally induce both
self-pumped phase conjugation and rﬁutually incoherent coupling in a photorefractive
crystal at the same time for the first to our knowledge. We arrange the experimental setup
as follows. A Spectra Physics 165 Argon-ion laser with intra-cavity étalon was tuned the
514.5 nm wavelength in the green with a laser radiation coherence length of ~48 cm and
was power stabilised to within 0.5%. The beam was a single longitudinal mode and was
extraordinarily polarised, i.e., horizontal to the Newport 8x12 feet optical table. The laser
was not decoupled from the setup, since a Faraday isolator was not available although
ideally one should be used. The beam was subdivided by a series of beamsplitters and
mirrors as shown in Fig. 4.5. The phase-conjugate outputs were coupled out by
beamsplitters (BS; and BSs) and monitored by photodetectors (PD; ; j = 1,4)
simultaneously. The electronic shutters (ES; ; j= 1,5) all were controlled by a IBM
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computer through an IEEE interface (or general purpose interface, GPIB) to control
(switch on and off) the input (which will be conjugated) and inducing beams.. The crystal
used in our experiments was grown in the Institute of Crystal Material, Shandong

University, China and was supplied to us by Photox Optical Systems, Oxford, UK

Fig. 4.5 Experimental arrangementfor multi-beam inducedphase conjugation.
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In our experiment, the system was arranged to generate four incident beams (Jj ;j
= 1,4) each of diameter 0.5 mm and to orient them so that they all converged and were
loosely focused by lens L (f= 125 mm) to one point making equal angles (approx. 15
degrees) to each other in the form ofa fan. The beams were allowed to fan out from this
point so that they, once again, no longer overlapped each other and then they were
allowed to fall onto one pohshed face, a, (5.16 mm x 4.74 mm) of a single domain 0"-cut
undoped BaTiOs crystal of dimensions 5.16 mm x 5.00 mm x 4.74 mm at the same time

whilst none of the 4 beams stimulated self-pumped or mutually-pumped phase
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conjugation. Fig. 4.6 schematically shows the phase conjugation formation of the four
beams, I; ~L, shining on a crystal at the same time with angles, 08,~8,, at positions, y; ~ys,
without the inducing beam (Fig. 4.6(a)) and with the inducing beam, Iin4, with angle (Fig.
4.6(b)), respectively.

Fig. 4.6 Schematic diagrams of multi-beam induced phase conjugation (MIPC), (4)
before inducing beam is applied, and (B) after inducing beam is applied.
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It is worth noting that each input beam itself diverged by a small angle into the
crystal. The beams were angled in this way to simulate angled reference beams emerging
from an angularly multiplexed hologram (as shown in Fig. 4.7) although in that case each
beam is formed to closely adjacent spots rather than the same spot in general. When the
beams entered the crystal their behaviour depended to some extent on their angle of
incident (Fig. 4.6(a)). Beams almost normal to the surface travelled in a straight line
through the crystal with the usual fanning of the beam towards the +C djre.ction of the
BaTiO; crystal. Beams entering the crystal at more inclined angles bent more while
continuing to fan out until for the steepest angle the bent beam become incident on the

adjacent +c face of the crystal where they reflected internally.
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Fig. 4.7 Schematic diagram of system for replaying the angularly multiplexed
holograms stored in aphotoreflective LINbOs.Fe crystal..

Image Multiplexed

SAM Lens PCM

The optical setup is arranged as follows:

(a) the input beam intensities were chosen arbitrarily as [i=4.0 mW, 12=5.0 mW, 13=4.7
mW, and 14=5.4 mW, respectively from top to bottom (Fig. 4.6). Again this
simulates the different strengths ofthe correlations in Fig. 4.7;

(b) the incident angles ofthe input beams with respect to the normal ofthe incident plane
are 0iF7/0® , 02=55”, 03=40”, ,and 04=25", which were positioned at yi=0.24L,
y2=0.31L, y3=0.42L, and y4=0.51L, respectively, where L=5.16 mm is the width
dimension ofthe BaTiOs crystal as indicated in Fig. 4.6(B);

(c) the inducing beam, L, d with 4 mW enters the crystal from the -c surface at angle 60”

(inducing angle) with respect to the normal to the surface so 0=30in Fig. 4.6(B).

The inducing beam also was focused just outside the crystal prior to entering in the
form ofa sHghtly (30 deg) divergent beam. This was done to ensure that a wide angular
range of fanning grating were formed within the crystal. For the sake of simplicity, we
designate the phase conjugate ofan incident beam Jj as Ijsp. and IIMP where the subscript SP
or MP specifies the nature of output as self-pumped or mutually pumped, respectively.
The strength ofthe light, travelling in the opposite directions and being detected using a
series of beamsplitters and detectors was checked to be zero initially to confirm that no
phase conjugation occurs at the start. Now, we concentrate on showing the experimental

results in detail in following sections.
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4.4 Single Beam Induced Self-Pumped Phase Conjugation

In our arrangement, the optimum coupling loop at the bottom-right hand comer of figure
4.8(a) is very difficult to form for each beam by itself because their coupling strengths per
unit length, y, are too far away from the optimum conditions for self-pumped phase
conjugation, so .y is less than 2.34 [Fei82] for each beam, where /. is the effective
interaction length, i.e., the self-pumped FWM can not win the competition against the
self-generated fanning and so SPPCM formation is not usually observed. For example,
one incident beam (beam 1 only, i.e., switched off beams 2~4 ) (shown in Fig. 4.8(a))
entering the crystal from the left surface a at a lateral position y;,=0.24L with quite a large
glancing angle of , 0,=75°, will travel along the +C direction and immediately fans toward

the +c surface then reflects twice by intemal reflection from the +c¢ and a surfaces.

Fig. 4.8 Schematic of a single beam ISPPCM (a) before the inducing beam, I, is
applied and (b) after the inducing beam is applied.

(A) (B)

In this case the reflected light does meet the incident face at the correct angle and
may return meet the incident beam so no phase-conjugate loép is formed. In the maximum
coupling constant, y, direction, the gain of TWM is large enough to couple most of the
incident light in this direction of propagation. For this original direction of the incident
beam, the light propagates mainly in a single pass and the loop of the SPPCM does not
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form. It takes a long time for the light power to move from the maximum coupling
constant direction to the corner direction. The same argument can be used for the other
three beams. When one inducing beam enters (Fig. 4.8(b)) into the crystal with an incident
angle 6=30° on the -c surface at z,=1 mm away from the upper left comer of the crystal
then reflects from the left hand surface, a, with a large fan the incident beam, e.g. beam 1
will meet the fanning gratings formed by the inducing light. Since the incident light will be
diffracted by the large angular range of fanning gratings it will have good chance to meet
the conditions required for forming the phase conjugation loop of the SPPCM.

Fig. 4.9 shows the experimental results for the induced phase conjugation process
in three different cases at 0,=70°; y;=0.24L, 6,=40°; y,=0.42L, and 0,~25°; y,=0.51L,
respectively, where L=5.16 mm. In each case described above the phase conjugation
beam, Isp, approached 60% (~ twice as good as for the Cat-SPPCM) efficiency for the
ISPPCM with a response time of 1 second. These results are in very good agreement
with those of the experimental results obtained by Yau et. al. [Yau92] in the ISPPC
device. It shows that the ISPPCM has large angular and positional acceptance ranges for
phase conjugation with uniform phase-conjugate reflectivites by virtue of the induced
phase conjugation scheme.

These experimental results suggest that, for progressively weaker incident powers
under the non SPPCM incident-angle condition, the amplitude of the photorefractive
gratings reduce. Self-pumped phase conjugation appears to form provided the grating
have an amplitude greater than threshold. Once the amplitude of the photorefractive
grating decreases below the threshold due to the bending beam-fanning decay and overlap
with other scattered light, the bending beam-fanning collapses and does not form again by
self-generation, and the phase-conjugate light is not generated. However, by introducing
one beam to induce the phase conjugation occur, the devices not only give higher
reflectivity (~60%) but also have faster response (~1 sec). The input beam was
| continuously diffracted by reading the fanning gratings formed by the inducing beam so
that increases the effective interaction length, /g via the multiple interaction regions
[Yau92]. So the gain-length product, ¥4 will be increased to a large value. This is the
reason the ISPPCM giving a much higher reflectivity.

Our interest next is to establish the intensity- and polarisation- dependence
between the inducing and input beams (to be phase conjugated) in the ISPPCM for
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optimisation. Also we wish to find how fast the induced phase conjugation can be

estabhshed?

Fig. 49 Experimental results for single beam induced phase conjugation in three
cases,; (a)-(c) before the inducing beams applied, and (d)-(f) after the inducing
beam has been applied, where the power o feach ofthe input beams is kept in
20 mW while the inducing beam is 10 mW at 0i=7(f; yj=0.24Lo, 02=40I":
v2=0.42Lo, and 04=25"; y4=0.51Lo

(a) (d)
(b) (e)
(©) (1
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4,4.1 Intensity dependence o fISPPCM

Figs. 4.10(a)-(c) show the power dependence ofthe phase-conjugate reflectivity, R, in the
ISPPCM. Here we measured the dependence of the ISPPC reflectivity, R, and the
response time, i, on different experimental conditions. It is evident that R is nearly
independent ofthe incident intensity in both (shown as Fig. 4. 10(a)-(c)). We can also see
that the higher intensity speed up the response time by noting the increased initial slope. It
can be explained that the more intense inducing beam causes a stronger inhomogenity and
a wider angular fan in a shorter time so the input beam can be guided by the fanning
gratings to meet the phase conjugation conditions faster. However, although time taken
to set up the phase conjugation can speeded up by the use ofhigher inducing powers it is

not always helpful to keep the inducing beam turned on and it may even be detrimental.

Fig. 4.10 The plots ofphase-conjugate reflectivity, R, against the inducing time tmd in
three different inducing powers, (@) 20 mW, (b) 30 mfV, and (c) 60 mW.
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As seen in Figs. 4.10(a)-(c) the reflectivities were increased in each case as soon as
the inducing beam was blocked. These results are perhaps due to the fanning-assisted
two-beam coupling effect which gives the inducing beam itself an effectively greater gain
than the incident beam then more competition occurs between the input beam and
inducing beam. It suggest that we were able to obtain higher phase-conjugate reflectivity
after the inducing beam was turned off.

The following experimental investigation of the single beam self-pumped phase

conjugation was carried out for two polarisation states of the inducing beam.

4.4.2 Polarisation dependence of ISPPCM

To further verify the above conclusion at the end of previous section and to induce the
self-pumped phase conjugation, we carried out experiments exploring the means to
restrain the self-generating effect (to eliminate the dynamic instability) and to induce the
self-pumped phase conjugation to increase the phase conjugation efficiency, giving higher
reflectivity and faster response times by using the o-polarised wave instead of the e-
polarised wave to investigate the influence of the polarisation of inducing beam. In this
experiment, the ISPPC process using an e-polarised inducing i)eam in BaTiO3; was formed
to have a faster response time than that induced by an o-polarised wave. This is related to
the difference of the gratings formed by the inducing beam, which diffract the beam to be
conjugated to the correct position for self-pumped phase conjugation. This means that the
self-generated fanning effect can be effectively weakened when ordinary-polarised
inducing light replaces the extraordinary-polarised inducing light. Using the experimental
arrangement of Fig. 4.5 under the same incident conditions as those of Fig. 4.8 except for
the polarisation of the inducing beam, we observed the time for initiating the self-pumped
phase conjugation changes when the polarisation direction of the inducing light was
changed with the results shown in Fig. 4.11.

In our experiment, even though the incident inducing light is ordinarily polarised,
the observed reflectivity of the induced self-pumped phase-conjugate light has not
changed, only the response time is extended by ~20 seconds which much slower that for
the extraordinary polarised inducing beam. We note that the rate of build up of phase
conjugation, i.e. the initial slope is the same in both cases but the onset of this build up is

delayed in the case of an o-polarised inducing beam. This delay is because ordinary-
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polarised light does not satisfy the Bragg-dififraction conditions for the grating that is
required to form the SPPCM. We found that the more stable phase-conjugate reflectivity
(dashed line in Fig. 4.11) was obtained in ordinary induced self-pumped phase
conjugation. It could be explained that the ordinary-polarised component is transmitted
through the interaction region of the SPPCM and plays only the role of erasing the

competing fanning gratings.

Fig. 4.11 Plot of'the phase-conjugate reflectivities against the inducing time ti,dby the
use ofextraordinarily polarised (solid line) and ordinarily polarised (dashed
line) inducing beam.
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Also, the phase-conjugate reflectivity Re, which is obtained using an extraordinarily
polarised beam, is the same as (Fig. 4.11) the phase-conjugate reflectivity Ro, which is
obtained by the use of an ordinarily polarised inducing beam. Reason is once onset the
self-generated fanning effect is restrained, and previous self-generated fanning light is
coupling into the self-pumped phase-conjugate loop. The results described above are
universal for any incident condition. We can use partially extraordinary polarised hght to

induce the SPPCM to verify when their two polarisation states existing in inducing beam.
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It must be mentioned that when the inducing beam was switched off the phase
conjugation behaviour had a higher reflectivity (as shown in Figs. 4. 10 & 11). That
proves that the inducing beam (either extraordinarily polarised or ordinarily polarised)
plays a role that is helpful for establishing self-pumped phase conjugation but it is
detrimental to obtaining the highest efficiencies if left on.

4.5 Multiple Beams Induced Phase-Conjugate Mirrors

In the previous sections we have theoretical and experimentally demonstrated that the
performance of a conventional SPPCM can be significantly improved by introducing an
inducing beam. Here we extend the research to encompass multiple input beams incident
on a photorefractive BaTiO; crystal. The following experiments show the phase-
conjugate performance and the behaviour of the beams in the crystal during phase

conjugation when the technique of induced phase conjugation is used.

4.5.1 Four-beam induced PCM

We carried out an induced phase conjugation experiment similar to that described in
Section 4.4 for a single input beam but this time we used 4 differently angled input beams
(Fig. 4.6).

When the input beams , I; (j=1,4), entered the crystal their behaviour depended to
some extent on their angle of incidence (Fig. 4.6(A)). Beams nearly normal to the surface
travelled almost in a straight line through the crystal with the usual fanning of the beam
towards the +C direction. Beams entering the crystal at more inclined angles bent more
while continuing to fan out, until for the steepest angles the bent beams became incident on
the adjacent -c face of the crystal where they reflected internally. The inducing beam Iixq
(= 4.4 mW) extracted from the laser was extraordinarily polarised and made to travel a
different path to be incident on the +C face (5.16 mm x 5.00 mm) of the crystal. This
"inducing beam" was angled (Fig. 4.6(B)) so that the beam after entering the crystal would
reflect from the adjacent crystal face giving total internal reflection (as described in the
previous section). The inducing beam was focused to a point well outside the crystal so it
diverged into the crystal and this angular spread is particularly apparent after total internal
reflection. This spread of angles is thought to enable at least some gratings to be formed at

correct angles for setting up the necessary phase conjugating loops. The inducing beam
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travelled a much longer path length than the beams to be phase conjugated and so was
effectively incoherent. The position of the inducing beam was selected to place the point
of reflection on the adjacent face above the fan of beams entering the crystal. We found
that the angle and position were not critical to obtain induced phase conjugation but we
adjusted both to obtain the highest efficiency and found that an inducing beam placed 1
mm from the crystal corner at an angle of 60 degrees (i.e., 6=30° as shown in Fig. 4.6(B))
to the normal gave the optimum reflection efficiency of 20% for our case of four beams.

We noticed that the phase-conjugate reflectivity of the inner two beams of the fan
was larger than for two outer beams and that I, gave the lowest phase conjugate
reflectivity indicating that efficiency may depend on angle of incidence. As soon as the
inducing beam began to illuminate the crystal, phase conjugate beams appeared in each of
the incident fan beams but travelling in the reverse directions. These grew until they
reached a stable saturation value. We observed slight oscillations in the power of these
beams with time. The growth of the phase-conjugate beams is shown in Fig. 4.12 and
took about 10s.

Fig. 4.12 The plot of the phase-conjugate reflectivities against the inducing time tya
These phase-conjugate powers were coupled out by beamsplitter BS; (j=1,5),
respectively, as shown in Fig. 4.5. The total power phase conjugated (i.e. the
sum of the 4 phase-conjugate beam power) is shown a solid curve.
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At the same time within the crystal we observed the spontaneous development and
strengthening oftwo loops oflight. One loop connected the outer two beams and one the
inner two beams by reflections at a perpendicular pair of faces (Figs 4.13(b)). Each loop
appeared to be similar to that reported [Smo87 & Eas87] in mutually-pumped phase
conjugation of two incoherent beams (mutually incoherent beam coupler; MIPC).
Perhaps MIPC is occurring in which there is httle cross-talk between inner and outer loops
but this was not confirmed. This demonstrates four beam induced phase conjugation.
When the inducing beam was switched offthe phase-conjugate signals vanished quickly

unlike the case for single beam induced phase conjugation reported by Yau et al [Yau92].

Fig. 4.13 The photos show the beam paths of the multiple beams (four beams) in a
photorefractive BaTiOs crystal, (a) before the inducing beam is applied, and
(b) after inducing beam is applied.

(a) (b)

In next experiment we examine the positional ahgnment required for the inducing
beam for MIPCM. In Fig. 4.14 the measurements show the total phase-conjugate
reflectivity on the lateral position ofthe inducing beam. Phase-conjugate signals could be
observed over a wide range over a range of about 1.5 mm in lateral positioning. The
maximum total phase-conjugate reflectivity in the four-beam induced phase-conjugate

mirror was measured to be 30% for zo=1 mm at 0=30".
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Fig. 4.14 The positional dependence of inducing beam of the growth of 4-beam total
phase conjugation power with time after introduction of inducing beam.
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In a further experiment (shown as Fig. 4.15) we replaced only the inducing beam
described at 514.5 nm with one from a He-Ne laser at 632.8 nm with a power of about 4
mW. We observed phase conjugation of each of the 4 green fan beams although the
strength of the phase-conjugate beams was about one third of that achieved using an
inducing beam of a similar 514.5 nm green wavelength. This is the first observation of this

type of behaviour and we refer to this as "non-degenerate multi-beam induced phase

conjugation (NMIPC)".
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Fig. 4.15 Experimental setup for non-degenerate multi-beam induced phase
conjugation (NMIPC).

A

4.5.2 Triple and dual beam induced PCM

After the experiment using 4 input beams described in last section we blocked one ofthe
inner beams, 1%in the input fan 0f4 beams to give three beams as shown in Fig. 4.16. We
observed that the strength of the total phase-conjugate signal dropped and within the
ciystal. We noticed that the previous loops changed and that new loops were set up in
which the outer two beams formed 2 loops, which are as usual as MIPC whilst the single
remaining inner beam spontaneously set up a loop on its own which appeared similar to
that occurring in self-pumped phase conjugation (see Fig. 4.17 (B)). Perhaps both
mutually-pumped and self-pumped phase conjugation were occurring independently but
this was not confirmed. This behaviour occurred whenever we had three beams incident

on the crystal no matter which beams.
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Fig. 4.16 Schematic oftriple beams inducedphase conjugation (a) before the inducing
beam, Id "cis applied and (b) after the inducing beam was applied.

(A)

Fig. 4.17 The photos show the beam paths of triple beams in a photorefractive BaTiOs
crystal, (a) before the inducing beam is applied, and (b) after the inducing
beam is applied.

(a) (b)
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During phase conjugation, we found that the triple-beam induced PCM
configuration formed in the BaTiOs consisted of two types of PCM, i.e. one is being a
SPPCM and the other one a MIBC. The triple-beam induced phase conjugation depends
on the lateral position ofthe inducing beam (as in the earher cases). We think that the
optical beam paths of the three input beam are scattered by the fanning grating created by
the inducing beam with itselfafter internal reflection. Fig. 4.18 shows the beam behaviour
in the triple-beam induced PCM in three inducing cases, zo= 0.5mm, Imm, and 1.5 mm,
where zo s the distance ofinducing beam away from the upper left comer ofthe crystal. It
is worth mentioning that while we are smoothly shifting the postion ofthe inducing beam
the configurations ( SPPCM + MIBC) remained within the BaTiOs crystal. However, the

total phase-conjugate reflectivity was different in these three cases.

Fig. 4.18 The photos show the beam paths of the three beams in a photorefractive
BaTiOs crystal after an inducing beam has been applied. The maximum total
phase-conjugate reflectivity was measured to be 35% for z0=1 mm at 0"3(f
(defined in Fig. 4.16).

z0=0.5 mm z0=1.0 mm zo=1.5 mm

This seems to fit in with our proposed mechanism in that we would expect that
changing the position ofthe inducing beam would alter the vertical (Fig. 4.18) portion of
the grating formed by internal reflection ofthe inducing beam from the adjoining face (a),
and that this would change the overlaping volume with the incident beams (to be phase
conjugated). Also, it can be seen from Fig. 4.18(A) that, for a wider angular range of
fanning gratings formed by the inducing beam (which occurs for longer propagating paths
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of the inducing beam, i.e. larger z,), the input beams could be diffracted more effectively
into the crystal’s comer giving higher phase-conjugate reflection values. The growth of
the total phase-conjugate signal with time after switching on the inducing beam is shown in

Fig. 4.19.

Fig. 4.19 The growth of the total phase-conjugate power of three input beams with time
after introduction of the inducing beam.
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When only two of the incident beams were switched on (or any two of the same
four beams were blocked) a loop formed between the two beams remaining showing
induced mutually incoherent beam coupling [Smo87 & Eas87] phase conjugation as
shown in Figs. 4.20. The dependence of the induced geometries on the lateral position of
the inducing beam was obtained (Fig. 4.21). Note that the output of the IMIBC formed
between 1 & 3 is weaker in the presence of 'bealﬁ 2. It appears that there is a competition
for energy between the IMIBC loop between beams 1 & 2 and the mduced self-pumped
phase-conjugate (ISPPC) loop of beam 2.
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Fig. 4.20 Schematic of IMIBC (A) without applying an inducing beam, (B) after
applying an inducing beam. Photographs showing the beam paths for two
beams in a photorefractive BaTiOs crystal, (C) before the inducing beam is
applied, and (D) after the inducing beam is applied.

ind

»Z

fC
(A) (B)

Fig. 4.21 Photographs showing the beam paths for two beams in a photorefractive
BaTiOs crystal after the inducing beam is appliedfor various positions o fthe
inducing beam at 9=3(f (a) z0=0.5mm, (b) zo=I mm, and (c) Zo=T5mm.
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To understand this competition further we investigated by adding a third beam, I,
(or L or I depending on the existing choice of the pair of beams), to the induced mutually
incoherent beam coupler, as shown Fig. 4.21(a) (or Fig. 4.21(b) or (c)) setup between
beams 2 & 3 just discussed. There are three phase-conjugate outputs but this time the
mutually incoherent phase conjugation coupler between beams 1 and 2 is destroyed.
Beam 2 now forms a ISPPCM that produces an output I,sp. Beams 1 and 3 form a new
IMIBC that generates the phase-conjugate output I;ve and Ismp, respectively. In the
triple-beam interaction, the coupling between beams 1 and 2 is weaker than that between
beams 1 and 3. Thus, the IMIBC formed between beams 1 and 2 is destroyed by the
introduction of beam 3. Now beams 1 and 3, having a coupling stronger than that
between beams 1 and 2, form a IMIBC and beam 2 returns to a ISPPCM. In our
experiment with the inputs I;=4.0 mW, 1,=5.0 mW, I;)=4.7 mW, I,s= 4 mW, the phase-
conjugate outputs Ijnp=1.9 mW, Lsp= 2.8 mW, and Lp=1.6 mW are obtained, i.e.
reflectivities of 47.5%, 56.0%, and 34.9%.

We now briefly discuss the principle of operation of the phase conjugation of three
beams using the analysis of the SPPCM [Fei82] and MIBC [Smo87 & Eas87]. In reality,
competition takes place between three IMIBCs and three ISPPCMs (shown as Fig. 4.21),
the first IMIBC of beams 1& 2, the second of beams 2 & 3, and the third of beams 1 & 3,
the ISPPCM of beam 1, the ISPPCM of beam 2 and the ISPPCM of beam3. The IMIBC
process of beams 1 & 3 has a large coupling strength compared to the others of beams 1 &
2 and of beams 2 & 3. This mode competition favouring the IMIBC of beams 1 & 3 will
continue while the ISPPCM of beam 2 is establishing. The ISPPC process prevents the
IMIBC processes occurring of beams 1& 2 and of beams 2 & 3. But the ISPPC loop of
beam 2 introduces a fluctuation (shown as a ripple in time if Fig. 4.19) into the interaction
of the IMIBC for beams 1 & 3. The phase conjugation output for the IMIBC with beam 2
is lower than that without beam 2. The ISPPC output 6f beam 2 is also lower for the case
of the triple-beam configuration than that of beam 2 alone. This is due to the fact that the
gratings of the IMIBC of beams 1 & 3 introduces a fluctuation into the ISPPC loop and
decreases its gain. So the IMIBC of beam 1 and 3 competes with the ISPPCM of beam 2,

each drawing energy from the other.
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4.6 Discussion

It should be pointed out that the performance of the “cat” SPPC not only basically relies
on the self-organisation of the gratings due to interaction of beams having the largest
coupling but also on the photorefractive response time of the crystal. The former
determines the phase-conjugate efficiency and the latter determines the time required to
initiate the phase conjugation. Certain arrangements exist which do not meet the
conditions nexessary for self-pumped phase conjugation to self-start. This is particularly
the case when large positional and angular ranges uniform phase-conjugate reflectivities
are required which is often required for practical systems. We may initiate phase
conjugation in there cases using a weak inducing beam.

The appearance of various self-pumped FWM geometries for phase-conjugation
and mutual-conjugation (or double phase conjugation) of laser radiation have been shown
in photorefractive media. The output characteristics of these geometries, such as their
nonlinear reflectivity, are determined by the value of the gamn-length product y/ of the
photorefractive crystal. According to theory described in Section 4.2, in all these
geometries the value of the gain-length product exceeds some threshold value. In fact, the
effect of the gain-length product saturates above a certain optimum value, since further
increases result not in the improvement but in the degradation of the performance of the
SPPCM or MPPCM, especially when multiple beams are incident on the crystal at the
same time (shown as Fig 4.6).

The reason for the existence of an optimum value for the gain-length product is
related to the fact that photorefractive crystals that are suitable for self-pumped FWM
phase-conjugation and mutual-conjugations frequently characterised by a significant level
of fanning. It is not unusual for a single laser beam, after passing through a crystal, to lose
as inuch as 90% (and sometimes more) of its energy through fanning. When a self-
pumped FWM geometry is operative in the crystal, the level of fanning may drop to small
values, but this does not mean that fanning exerts no influence on the operation of this
geometry. Indeed, the final state of the electromagnetic fields is the result of a balance
between the phase-conjugate radiation and fanning; both are competing for the energy of
the same pump beam. The level of fanning as compared with that for a single pump beam
is diminished because of this competition. Similarly, the value of the FWM reflectivity is
reduced compared with the value that would be attained in the absence of fanning. In the
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case of a SPPCM with a high non-linearity, fanning always wins, strongly suppressing
FWM. This latter statement has simple underlying physics, which is connected with the
different characters of the depletion of the pump radiation by fanning and by FWM. For
high values of non-linearity, fanning significantly reduces the intensity of the pump
radiation inside the crystal. In contrast, in the geometry of the MIPCM the intensities of
the pump beams remain high, even when this geometry operates at high values of non-
linearity, giving the maximum possible output.

4.7 Applications in Optical Resonant Systems

We now turn our attention to some devices and systems which can be realised using the
multi-beam induced phase conjugation discussed in the previous section. Potential system
applications will then be descibed in which such induced phase conjugation may be utilised
for providing a feedback capability.

4.7.1 Phase-conjugate resonator via a beamspiltter between two ISPPCMs

A novel resonator configuration was designed (Fig 4.22) between two self-pumped phase
conjugate mirrors and was tested using a 50% beamsplittér initially before later replacing
this by first one and then multiple holographic gratings. The losses in the system were
offset by continuous injection of a sustaining laser beam via the beamsplitter. Although
faster response times could be achieved using the phase conjugate mirrors if high powers
were used we tried to minimise the optical power to still achieve phase conjugation in
about 10s. This was so that later when the unfixed holographic gratings in a
photorefractive crystal were substituted for the beamsplitter they would not be erased too
quickly. Clearly higher powers and faster response times can be achieved using fixed
holograms. We used a 532 nm 400 mW ADLAS frequency doubled, diode pumped
Nd:YAG laser for these experiments. This laser was sufficiently stable that no spatial filter
was required nor electro-optic amplitude stabiliser which would have introduced extra

loss.
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Fig. 4.22 Self-pumped Phase Conjugate Resonator incorporating a 50% beam splitter,
(@) schematic and (b) experimental setup.
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As the self-pumped phase conjugate reflectivities of our barium titanate crystals
were 30% and 35% only 10.5% of the incoming signal remains after two reflections
(neglecting the beamsplitter) and this continues to fall on subsequent reflections.
However, the incoming signal itself continues to pump the system, provided it is cw, and
so can maintain the resonance. There will always be more power entering the lower crystal
in figure 4.22 as the incoming beam is directed there first. Ideally the laser should have a
very long temporal coherence length so that incoming light arrives in phase with light
resonating in the system at the beamsplitter. Nevertheless even if it does not arrive in
phase the resonator should still operate but now the phase measured at the beamsplitter
will change on each iteration. After n iterations the power oscillating in the system will

grow to

PoT[l-(l'll'z)ll]/(l-l'll'z), (4 5)

measured after the beamsplitter in the beam travelling towards the left, where P, is the
initially incident power assumed to be completely coupled in, r; and 1, are the reflectivities
of each of the PCMs and the transmittance of the beamsplitter is T. After a larger number

of iterations the power stabilises at
PoT/(1-1115). (4.6)

In order to raise the reflectivities of the PCMs and to increase their speed as well as
allowing a relatively large angular range of 4.2° to be phase conjugated at the same time in
a self-phase conjugate manner we used again the technique of “induced” phase
conjugation [Yau92 and Qiu93a & b]. In this method another beam is allowed to diverge
into the crystal from quite a different angle and position. The best results are achieved
using an incoherently related beam. We also found that the inducing beam could be of
another wavelength [Sel93] which we termed “non-degenerate multi-beam induced phase
conjugation” (MIPC). This has the advantage that it can easily be filtered out to maintain
a good signal to noise ratio. In this work we used an inducing beam from a He-Ne laser of
632.8 nm for one of the phase conjugate mirrors to increase the angular range over which
phase conjugation could occur. Only one PCM was induced since the other one did not
have incident beams over a wide range of angles and so did not require inducing. We set
up the orientation of the PCMs so that no phase conjugation occurred until the inducing
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beam was turned on. This shows how the inducing beam can be used to lower the
threshold powers at which the PCMs would begin phase conjugation which was
particularly useful as we were using the lowest power to avoid erasure ofthe holograms in
the Uthium niobate crystal which replaced the central beamspHtter.

The experimental results are shown in figure 4.23 which shows how the phase-
conjugate beams emerging fi-om each ofthe PCMs increase quickly to a saturation level
only after the inducing beam has been turned on. The different magnitudes of the final
saturation values are due to the different powers incident on each PCM and on their
different efficiencies (Fig. 4.24). In Fig. 4.23 the two traces show similar behaviour. Both
curves have an oscillatory fluctuation. This is purely an artifact caused by the particular
laser that we borrowed which had a photodiode at its exit pupil which was finked in an
electronic control feedback loop to stabilise the fight power emitted. The phase-conjugate
mirrors sent back a phase conjugate signal to the laser which increased the fight at the
output detected by the photodetector. This caused the power ofthe laser to change under
the control of the electronic feedback loop. Combined with timing delays within the
optical and electronic feedback loops and resulting temperature fluctuations this gave rise
to the power fluctuations observed. This problem could easily be overcome by the use of

an optical isolator placed at the laser exit.

Fig. 4.23 Plots ofthe power o fthe phase conjugate beams emergingfrom thefirst PCM
(curve 1) and the second PCM (curve 2), as a function of time after the
inducing beam is turned on.
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Fig. 4.24 Plots of the power of the phase-conjugate beams emerging from the second
PCM as a function of time after the inducing beam is turned on for four input
cases with incident powers 6.2 mW, 4.2 mW, 3.6 mW, and 2.8 mW,
respectively.

1 —

Phase-Conjugate Power of PCM2
(arbitrary unit)

0 2 4 6 8 10

4.7.2 Phase-conjugate resonator via multiple holographic gratings between a
MIPCM and a ISPPCM

In this section we setup a resonator via multiple holographic grating between a MIPCM
and a ISPPCM and demonstrate experimental results . The beamsplitter was then replaced
by a single holographic grating recorded in a photorefractive crystal (as shown in Fig
4.25). This grating initially had a diffraction efficiency of 32% ,which is the highest
reported efficiency to our knowledge in this crystal, and was recorded using our new
method described in the previous chapter. This is higher than that achieved using the argon
laser. It was not fixed and so on subsequent iterations was gradually erased. The incident
beam power was very carefillly selected so as to be high enough to just stimulate self-
pumped phase-conjugate behaviour in both of the barium titanate crystals in a short time

(~a few seconds) and yet low enough not to erase the grating too quickly (~10mins).
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This problem was made more difficult by the fact that the light falling on the right
hand PCM was substantially reduced in intensity by the loss experienced in diffraction
from the hologram. After n iterations the power oscillating in the system will grow to

Pon[l-(rlrz)n]/(l-rlrz) (47)

where P, is the initially incident power assumed to be completely coupled in, r; and 1, are
the reflectivities of each of the PCMs and 7 is the diffraction efficiency of the hologram.

After a larger number of iterations the power stabilises at
Pon/(1-1112). (4.8)

Fig. 4.25 Self-Pumped Phase Conjugate Resonator incorporating a single holographic
grating recorded in a photorefractive crystal.
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We verified that the power in the resonator did, indeed, grow by plotting the power
measured at the power meter shown (photodetector 1 in Fig. 4.25). The power was
observed to rise initially and then to fall due to the erasure of the holograms. The room
temperature was recorded to be 24+0.1°C.

The experiment was repeated storing 4, 9, 13, 15, 17 and 21 gratings. The
angularly multiplexed transmission gratings were formed in a small part of a 4cm x 4cm x
7mm 0.01 % iron doped lithium niobate crystal using our new recording technique
described in section 4 of previous chapter to improve the diffraction efficiencies. High
efficiency gratings were needed to ensure that the power incident on the second PCM was
above its threshold and would give a response time under 10 minutes which was chosen to
aid experimentation and to avoid complete erasure of the multiplexed gratings. The object
and reference beams were initially at 90° and the reference beam was stepped several times
either side of its original position in steps of 0.3° by means of a unity magnification 4f
telescope arrangement as in ref [Ta093]. In the case of 15 beams this gave a maximum
angular range of 4.2°. The room temperature was recorded to be 2410.1°C. The object
beam power had a magnitude of 5.4 mW and the same intensity beam was used for reading
the gratings. Each angled reference beam had a magnitude of 4.2 mW during recording
and each beam had a diameter of 2.5 mm. The experimental system shown in Fig 4.26 uses
lenses with focal lengths of 125 mm, and 200 mm. We found the experiment much easier
to align and set up when the polarising components were included. The beam entering the
second PCM was found to be extraordinarily polarised after checking by a polariser.

Consider the case of 15 beams as an example. The power entering the first PCM
(PCM2 in Fig. 4.26) immediately after recording on initial playback was 0.3 mW before
the inducing beam was applied. After the inducing beam had been switched on and phase
conjugation had begun and had stabilised the power was 20 mW giving a 11.4%
reflectivity which is less than the 35% measured earlier using a single beam. The
holographic gratings were gradually erased by the reading beam as we did not fix them (to
allow us to use reuse the crystal easily). This can clearly be seen in Fig. 4.27 which shows
the light power phase conjugated by the first PCM as measured after the 50%
beamsplitter.
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Fig. 4.26 Multimode Self-Pumped Phase-Conjugate Resonator incorporating angularly
multiplexed gratings, (a) schematic and (b) experimental setup. M.mirror;
BS:beamsplitter;, VBS. variable beamsplitter;, HWP:half-wave plate; L. lens;
FTL. Fourier transform lens; ES.electronic shutter;, MCM:motor-controlled

mirror; CR:x-t chart recorder, S:screen; PD.photodeteeter; IBinducing
beam; OB.object beam; RB'.reference beam.
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In Fig. 4.27, zero time corresponds to when all of the 15 green beams illuminated
the crystal. After one minute a red (He-Ne) inducing beam was also made to illuminate the
crystal with a power of 3 mW at and angle of 6=30° at a distance of 1 mm from the corner
of the crystal following the method reported in earlier section (Section 4.5.1). The curve
clearly shows that the phase conjugated power suddenly increases from zero to 20mW in
2.5 minutes. At this time the inducing beam was turned off and the subsequent
exponential decay is due to the erasure of the holograms in the lithium niobate. After 25
minutes when the power had decayed to 4 mW it suddenly dropped to 0.3 mW. This
indicates the thresholding effect of the PCM. We believe the power of 0.3 mW is simply
due to light scattered from the PCM2 and is not a ture phase-conjugate output.
Effectively the phase conjugation has stopped.

Fig. 4.27 Total optical power phase conjugated by the first phase conjugate mirror rises
abruptly when the inducing beam (IB) is turned on and then decays
exponentially with time.
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The first PCM (PCM2) clearly phase conjugated the angled beams since by looking
to the right of the crystal in the observation plane labelled S in Fig. 4.26, a linear array of
spots could be obtained due to beams transmitted and not diffracted by the holograms.
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Fig. 4.28 shows the 14 and 17 spots obtained when 14 and 17 gratings had been
multiplexed, repectively. The phase conjugate replay via the holograms gave the initial
object beam and this was reflected towards the second PCM. After phase conjugation by
this second PCM some of the signal was coupled out to a CCD camera while the rest
continued to retrace the same path around the loop. By observing the beams incident on
the CCD camera we checked that the signal vanished when the beams passing into and out
ofthe first PCM were blocked. Likewise the signal vanished when the beams entering and
exiting the second PCM were blocked. These tests confirmed that signals were passing

around the loop via both PCMs and via the holographic gratings.

Fig. 4.29 (a) forteen and (b) seventeen modes simultaneously supported in the phase-
conjugate resonator as observed on screen S in Fig. 4.26.

(@

(b)
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On screen S the eigenmodes of the system were spatially separate, however, on the
CCD camera the eigenmodes were added taking account of spatial variations of phase and
variations from mode to mode. We observed a single large spot which appeared to be
composed of several smaller spots. The brightness of each of the smaller spots appeared
to vary slowly as energy was transferred from one mode to another. In addition the
number, shape and distribution of the spots appeared to change slowly (of the order of
minutes). This appears to be similar to the, so called, “dreaming” state observed by other
authors. The experiment was performed successfully several times for each number of
multiplexed gratings from 4 to 21 and similar results were achieved using different
spatially separate regions of the lithium niobate crystal.

The alignment and setting of optimum power levels was found to be difficult when
a single hologram was used but became easier as more gratings were stored since the
combined power diffracted from all of the gratings into the original beam was larger and so
the power falling on the second PCM was increased. This occurred despite the fact that
the efficiency of each individual grating was reduced as more gratings were recorded in the
same volume. Once the resonance has been established by self-pumping in the PCMs the

injected sustaining signal maintains a constant power level.

4.7.3 Discussions

Let us now, briefly, discuss the further experimentation required to realise an optical
resonator associative memory similar to those suggested by Owechko in ref [Owe87].
Clearly detailed images must be stored in the iron doped lithium niobate crystal as opposed
to the simple gratings reported in these experiments, otherwise the memories would not be
distinct. It would be most convenient to use angular multiplexing in order to be
compatible with these experiments and because large numbers of detailed images have
been stored in this manner [Mok 93]. The new recording technique of section 3.4.2 in
previous chapter can be used to enhance efficiency although it has yet to be confirmed that
this can continue to work effectively for larger numbers of angularly multiplexed images
above 24. For ease of experimentation it would be best to fix the images inside the crystal
to avoid the holograms being erased too quickly. In this case higher reading powers could

be used to enhance the signal to noise ratio and to reduce the response times of the PCMs.
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In the reported experiments it appeared that all of the eigenmodes had similar
intensities although this could not be confirmed as the gratings were constantly being
erased. We would expect similar intensities because each replayed grating had been
recorded using object beams incident in the same direction. This has the effect that if only
one grating is replayed by a beam in the direction of the phase conjugate of its reference
beam this will recreate an object beam which after phase conjugation will replay all of the
angularly multiplexed gratings. This results in serious mode coupling tendjng to
redistribute energy from one mode into all of the others to give modes of equal strength.
The modes could be decoupled by angling the object beam between recordings as well as
the reference beam. However, the present geometry has advantages if this system is to be
used as an associative memory. Figure 4.26 shows how an SLM can be used to record
angularly multiplexed Fourier Transform holograms of a set of memory templates images
for the image database. If a similar SLM or transparency of an image to be recognised is
placed in a similar position in the experiment of Fig 4.26, in the input beam, then the
unknown image can be injected into the resonator. Each of the angled replayed reference
beams diffracted from the angularly multiplexed holograms with have an intensity
dependent on the similarity of the input pattern and the pattern stored using that particular
angled reference beam. If we simply allow these beams to phase conjugate and resonate
they will replay the stored patterns which will add together to recreate the original input
pattern and we will be no better off than we were at the start. In order to stimulate the net
to converge to only one pattern the system requires a non-linearity or thresholding
process. This could be done, for example, by placing a saturable absorber in the path of
the angled reference beams within the resonator as used by Duelli et al [Due93]. High
infensity beams would continue to resonate and weaker beams would be attenuated on
subsequent iterations resulting in injection locking. In practice, the stored patterns will
not, generally, be orthogonal and so will have finite cross-correlations which will result in
some coupling between eigenmodes of the system. This will result in a background noise
level. Provided this is sufficiently less that the signal it can be removed by binary
thresholding of the output pattern, assuming the pattermns stored were not gray-level
images. In order to fully exploit the resonator geometry the round trip loss will need to be

reduced to allow a larger number of iterations before vanishing.
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4.8 Conclusions

In conclusion, we demonstrated the simultaneous phase conjugation of up to 24 beams
oriented at various angles without crosstalk. This direction of research was prompted by
my earlier work on induced self-pumped phase conjugation (ISPPC) and on how this
effect exhibits higher phase-conjugate efficiencies and faster response times [Yau92]. In
the new Multiple Beam Induced Phase Conjugation (MIPC) four beams were initially
phase conjugated in a barium titanate crystal only when an inducing beam was also
incident. We also discovered that an inducing beam of a completely different wavelength
could also stimulate the onset of phase conjugate beahviour (non-degenerate MIPC).

We constructed and demonstrated an optical resonator between two self-pumped
phase conjugate mirrors via a photorefractive crystal in which 24 gratings had been
recorded. 24 eigen modes were shown to be present with similar intensities. The system
configuration was also novel as the resonance was maintained by an injected sustaining
beam. One of the phase-conjugate mirrors was induced by a beam of another colour to
increase the angular range over which phase conjugation could be performed.

Several applications for these phenomena can be envisioned. Although we have
not phrased our findings in digital terminology following the work of Qiu et al [Qiu93], we
have demonstrated logical AND operations with multiple inputs on one channel
Alternatively we have used a single incoherent inducing beam to switch the phase
conjugation of up to four other beams on and off in a type of relay. However, perhaps the
most promising area of application will be found in pattern recognition systems such as the
HOFNET [Sel90 & 91, and Ma092] or in resonator optical neural nets. These were first
proposed by Owechko et al [Owe89 & 93] where the authors proposed and analysed an
optical system with phase-conjugate mirror at each end. This caused the light to travel
back and forth between the mirrors through the optical system. The eigenmodes of the
system were the patterns stored in the system. The systems operation depended on the
ability of a phase-conjugate mirror to phase conjugate several beams travelling at different
angles in a fan in parallel. The introduction of a lens converts the fan of beams into a one
to two dimensional array of spots of light effectively forming an image which could be
phase conjugated. By the use of MIPC the fan can be phase conjugated without the need
for a lens making a more compact system.
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Chapter Five

SELF-PUMPED PHASE-CONJUGATE MIRRORS
WITH NOVEL CONFIGURATIONS

Our purpose in this chapter is to use 0°-cut undoped BaTiO; crystals to experimentally
demonstrate SPPCMs with three new configurations. We hope to provide an insight into
the mechanism of self-pumped phase conjugation. This chapter is organised as follows.
We start on introductory section and illustrate the motivation of this chapter in Section
5.1. After a schematic description of our new geometry for SPPCMs in Section 5.2, we
describe in Section 5.3 the experimental arrangement in detail. Section 5.4 shows our
measurements of the temporal and spatial beam dynamics including the fanning effect
inside the crystals during the self-pumped phase conjugation process. Experimental
results show that the fanning profiles of our new confiugration were different from those
of the conventional configuration for SPPCM. The experimental performance for our
SPPCMs is special in that we observe a large angular AND lateral positional acceptance,
with high resolution which makes these particularly useful in practice. The similarities and
distinguishable differences between these configurations and the popular “Cat”
configuration are highlighted in Section 5.5. In Section 5.5, we propose one possible
mechanism, based on a four-interaction-region (FIR) model, to account for our
discoveries and show that the transition between these regions is responsible for the
optical path, beam spatial behaviour, and changes inside the BaTiO; crystal. This provides
a good understanding of our new SPPCMs. Section 5.6 summaries the findings of this
chapter.

5.1 Introduction and Motivation

Since Feinberg [Fei82] first demonstrated self-pumped phase conjugation using four-wave
mixing (FWM) and totally internal reflection (TIR) in a photorefractive BaTiO; crystal,
this effect has been demonstrated in many photorefractive materials, including
ferroelectric oxides (SBN [Sal86], NBN [Odu87], BSKNN [Rod87], KNbO; [Ryt89,
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Med90, Zha90, Aoy93, D’Ya91, Med94, and Din95]), sillenites (BTO [Ste89]), and
photorefractive semiconductors (GaAs [Chu91] & InP [Din93]). More recently, BaTiOs;
nominally undoped [Ros92] or accidentally doped with impurities [R0s93, & 95] has been
used to implement a phase-conjugate mirror for a near infra-red laser source between 720
nm and 1004 nm. The self-pumped phase-conjugate efficiency, time response, and image
fidelity have been improved in doped crystals, such as Ce, Co, Cu, and Rh doped BaTiO3;
crystals [Lia94a & b, Zhu94, Yan94 & 95], Fe doped KTN [Lia 93 & 94b], Cr doped SBN
[Tom94], Cu doped KNSBN [Xu91, Yue92, & Zha94], Fe doped KLTN [Wei%4], and
Fe, Mn, Co Doped KNbO; [Din95], and Rh: doped BaTiO; [Kac94] and also for special
crystal cuts and orientations, such as 45°-cut BaTiO; [For89], 45°-cut n-type BaTiO;:Co
[Gar93] and 18°-cut Ce-doped KNSBN [Bia93]. Several further configurations for self-
pumped phase conjugate generation, such as the stimulated photorefractive backward
scattering configuration [Cha85, Val92, & Yan94 ], the stimulated photorefractive
backward scattering four-wave mixing configuration [Lia93a, b, & 94], and self-pumped
and four-wave mixing (SPFWM) using single-pusle laser [Tro95] have been suggested
according to their experimental observations. All earlier configurations are reviewed in
chapter 2. However, in practice, it is difficult to control the growth conditions for doping
and it may be time consuming to select a precise crystal orientation for cutting. Currently,
0°-cut undoped BaTiO; is still the leading candidate for self-pumped phase-conjugate
mirrors (SPPCMs) for applications in many areas (described in chapter 2) and keeps
attracting researcher’s attention since it not only has been demonstrated as an important
non-linear optical material for photorefractive phase conjugation but can be easily grown
and is cheaper than doped and specially cut crystals. The development of practical
applications depends on a further improvement in the SPPCM’s performance, which in
turn depends on a deeper understanding of the mechanisms by which it is formed.

5.2 Geometric Configurations for Our New SPPCM (the -C°)

In the last decade 4 configurations have been reported for SPPCMs using cw laser. The
various configurations can be classified according to the number of internal reflections and
the direction of the incident beam relative to the C-axis (defined here as pointing along the
spontaneous polarization direction) which is the direction into which any beam or beams

entering the crystal in any orientation would tend to bend. No internal reflections appear
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to occur in the “Stimulated Backward Scattering” [Cha85, Val92, & Yan94]
configuration (the beam is incident at an acute angle to the +C direction of both BaTiO;
and BaTiOs:Ce crystals) or in the “Stimulated Backward Scattering FWM” [Lia93a, b, &
94] configuration (the beam is incident at an acute angle to the +C direction of both
KTN:Fe and BaTiO;:Co crystals), in both of these the phase-conjugate beam is generated
by backward scattering in the volume of the crystal; Two intemal reflections occur in the
popular “Cat” configuration (the beam is incident at an acute angle to the +C direction of
BaTiO; crystal or to the -C direction of an SBN crystal); Six internal reflections appeared
to occur in a configuration mentioned briefly by Chang et al. [Cha85] (the incident beam
traveled at an acute angle to the -C direction of a BaTiO; crystal).

The geometries for the nonlinear interaction responsible for the “Cat” and for our
self-pumped phase conjugation processing are shown in Fig. 5.1. We experimentally set
up a “Cat” and then our new configuration in the same crystal and the experimental results
are shown in Fig. 5.2. In the “Cat” SPPCM [Fei82] configuration shown in schematic
form in Fig. 5.1(a) and experimentally in a barium titanate crystal in Fig. 5.2(a), the beam
enters a crystal face, a, which lies parallel to the C-axis and, thereupon, begins to diverge
or fan out, bending as it does so, into the +C direction. After about 10 seconds (with an
incident beam power of 25 mW illuminating an area of ~0.2 mm’ on the crystal face and
with an incident angle, 0, 0£45°) a single loop of light (or closed beam path) is observed to
form involving two internal reflections from two orthogonal adjacent faces and at this time
the phase-conjugate reflected image is observed. In our configuration the beam is incident
(Figs. 5.1(b), 5.2(c)) at an angle onto the crystal face normal to the C-axis at its most
positive end (+c face) and travels at an acute angle, ¢, to the -C direction. We observed
that the incident beam begins almost immediately to fan-out towards one of the opposite
corers (Fig. 5.2(b)). The angular range of beams within the fan appear to be larger than
that in the “Cat”. After 15 seconds (with an incident power of 25 mW illuminating an area
of ~0.2 mm?’ on the crystal face at an incident angle, ¢, of 45°) one or more loops of light
are observed to form depending upon the incident angle and lateral position of the incident
beam on the first crystal face and at this time the phase-conjugate reflection is observed to
occur. Since the beam enters close to the -C direction and curves towards one corner we

refer to it as the “~C Curve Configuration (or -C*)” SPPCM.
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Fig. 5.1 Schematics of a two-interaction region and a four-interaction region model in
BaTiO; crystals for (@) the “Cat” and (b) the “-C°” self-pumped phase-
conjugate mirror (SPPCM).

®)
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Fig. 5.2 The optical path inside the 0°-cut undoped BaTiOs crystalfor (a) the “Cat”
during phase conjugation, (b) the “-C"”SPPCM before phase conjugation,

and (c) the ““C" "SPPCM duringphase conjugation showing the presence of2
loops oflight.

()

(b)

©
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Obviously in SBN we could expect a similar result but with the beam entering close
to +C direction as the c-axis is defined in an opposite sense to the direction into which
beams tend to bend in the crystal than is the case for BaTiOs;. In Fig. 5.1(b) we show a
schematic of what appears to be taking place within the crystal using a model with four-
interaction regions (will be discussed in' detail in Section 5.5). It should be noted that we
repeated the “Cat” and the new “-C>” SPPCMs successfully in another nominally 0°-cut
undoped crystal of BaTiO; grown by another group in another country. This shows that
our configuration is of general usefulness and not just a peculiarity of imputities in one
crystal.

' 5.3 Experimental Arrangement for -C° SPPCMs

The experimental arrangement used to measure the self-pumped phase-conjugate
reflectivties, response times, and fidelity for our configurations is shown in Fig. 5.3. The
light source is an argon ion laser with multi-longitudinal modes operating at 488 nm in the
blue without intracavity étalon giving a coherence length of ~3 cm. The laser output
polarisation was controlled using a A/2 waveplate as a polarization rotator to provide the
flexibility of either ordinary or extraordinary states. We used extraordinary polarised light
for writing gratings for the phase-conjugation process while ordinary polarised light was
used to erase these gratings to measure the time response. The beamsplitter was used to
couple out the phase-conjugate output and to separate the input from the conjugated
output light. The input beam and the phase-conjugate beam were monitored with matched
photodetectors (a Newport laser picowatt digital power meter, model 835), which were
connected to an x-7 chart recorder. We use a Sony video camera and a Nikon FM camera
(with micro-NIKKOR 55 mm lens), which were not shown in Figure 5.3, to record the
optical path within the BaTiO; crystal in real-time. |

In the self<pumped phase-conjugation process, an extraordinarily polarised light
beam illuminated the entrance face (labeled +c) in an ellipse of area ~0.2 mm’® and
approximate diameter 0.5 mm. The variable beamsplitter was used to vary the input
power in the range 25 mW to 150 mW. That is incident power densities of 150 mW/mm’
- 750 mW/mm’. The beam was focused by a lens with 125 mm focal length to a point
about 20 mm outside of the crystal so that the beam diverged into the crystal. This
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increased the intensity inside the crystal and the angular spread ofthe incident beam to

ensure an even larger angular spread ofbeams within the fan generated.

Fig. 5.3 Experimental arrangement for measuring self-pumped phase-conjugate
reflectivities and time responses in ‘Cat ”SPPCMs and ‘““C"” SPPCMs.
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Our lateral alignment and angular tolerance experiments reported later were carried
out by arbitrarily choosing an incident beam power of 40 mW. We used two crystals of
0°-cut undoped barium titanate with dimensions (a x b x c= 5.16 mm x 4.74 mm x 5.00 mm
(grown in the China and supplied by the Photox Optical Systems Ltd in the UK) and 5.00
mm x 5.00 mm x 5.00 mm (grown and supplied to us by Sanders Associate Corp. in the
USA.)) having six polished faces. For accurate lateral alignment and angular tolerance
measurement, our two crystals were mounted on computer-controlled translation and

rotation stages, respectively.

5.4 Experimental Results and Discussion

In this section we present our main experimental results and characterisation of our new

SPPCMs and discuss them.

5.4.1 Spatial beam behaviour inside the crystals

We first investigated the spatial beam behaviour qualitatively inside the BaTiOs crystals by
shining an extraordinary polarised light beam onto each face of the crystal to obtain the
" larger coupling strength, respectively. The experiments were performed at ~20 sec
intervals and the observation were monitored by taking photographs from the top
overview of the crystal. The incident beam entering the crystal on any face will fan (due to
the anisotropic amplification) and tends to bend toward the +C direction along the c-axis
(the direction of the spontaneous ferroelectric polarisation) as shown in Fig. 5.4.

In Fig. 5.4 there are four SPPCMs, two were formed by the “Cat” configuration as
shown in Fig. 5.4(c) & (h) in which the incident beam seems to make a single sudden
change in direction. The other two SPPCMs were formed by the new “-C>” configuration
as shown in Fig. 5.4(e) & (f) in which the light smoothly bends, arcs or curves
continuously along the path towards the +C direction along the c-axis.

We also examined the spatial behaviour of the incident beam during phase-
conjugate formation in detail by monitoring the beam behaviour outside the crystal. The
spatial behaviour of fanning (the main factor for initiating self-pumped phase conjugation)

inside the crystal was detected in the far-field pattern (the photos were taken from a screen
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which was 15 cm away from the a face in the “Cat” and +c face in the “-C*” for a BaTiOs

crystal).

Fig. 5.4  The middlepart ofthisfigure is a schematic showing how beams were incident
at various angles and on variousfaces. Around this is arefigures showing the
experimental results at these positions. The experiments were carried out
using an incident beam with a power of 25 mW with 0.5 mm diameter at
incident angle 45°.

BaTiO
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Fig. 5.5 Photographs of the far-field intensity distribution offanning for an incident
beam (X=5J4.5 nm) propagating through BaTiOs in the “Cat” SPPCM. The
crystal c-axis pointsfrom left to right. The incident angle, () which is defined in
Fig. 5.1(a) is (a) zero, and (b) 45 degrees, respectively. The incident beam is
blocked by the dark spot in the middle to show up the less intnese detail.

BaTiO

c-axis

(2)

(b)
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Fig. 5.6 Photographs of the far-field intensity distributions offanned beams for an
incident beam (X=514.5 nm) propagating through BaTiOs in the new “-C"”
SPPCM. The crystal c-axis point outfrom the screen. The incident angle, ()

which is defined in Fig. 5.1(b) is (a) zero, and (b) 45 degrees, respectively. The

incident beam is blocked by a dark spot in the middle to show up the less
intnese detail.

BaTiO

BaTiO

(b)
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When the laser is turned on, fanning with three petals [Mon95] is observed in the
“Cat” configuration as shown in Fig. 5.5. This reaches its peak intensity in less than 50 ms.
However, we observed two symmetrically distributed petals in the “-C*” configuration
(Fig. 5.6) which take ~100 ms to reach their peak intensity. That is to say, the time
required to set up the phase conjugation process is shorter in the “Cat” configuration than
that in the “~C*”configuration.

In addition, one anmisotropic diffraction ring is always found in the “Cat”
configuration, in which the incident beam is diffracted due to phase matching [Yeh85].
This is not observed, however, in the “-C>” configuration. In other words, some of the
incident energy is diffracted away during phase conjugation in the “Cat” configuration.
That is part of the reason why the phase conjugation efficiency is higher for the “-C*”
SPPCM than that for the “Cat” SPPCM.

5.4.2 Temporal beam behaviour during phase conjugation

In the following experiments, we demonstrate the time evolution of the phase conjugation
process in “-C*" and “Cat” SPPCMs. Using a power of 25 mW we measured the dynamic
increase in power with time in the phase-conjugate beam, I, and the consequent decrease
in power of the incident beam, I;;, after transmission through the crystal until a steady state
response was achieved (Fig. 5.7).

The phase-conjugate signal was found to begin to develop 15 seconds after the
incident beam began to illuminate the crystal. This phase-conjugate beam then grew over
the next 10 s, as the loops were observed forming in the crystal, to reach a more stable
value. The transmitted beam appeared to decrease very quickly (during the first 3 s) while
the beam was developing into a fan within the crystal. The intensity remained constant for
about a further 15 s before again decreasing, as the loops formed within the crystal, to
reach a lower, more stable level. All experiments were performed at a room temperatufe

0f26.010.2°C.
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Fig. 5.7 Time evolution ofthe phase conjugate reflectivity in the ‘~-C*”SPPCM (solid
line) and the decay of the transmitted beam power (dashed line) after the
incident beam is turned on.
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Fig. 5.8 shows the comparison of temporal behaviour in the “Cat” and “-C*’
configuration for self-pumped phase-conjugation. In Fig. 5.8. the time required to begin
phase conjugation in the “Cat” configuration is shorter than that in “-C*” configuration.
However, after initiating the phase conjugation process the “-C*” configuration grows

more rapidly to reach a higher value ofphase conjugate power.

5.4.3 Response time

The time required for the onset ofthe phase-conjugate beam in our new -C* SPPCM was
also measured as a fimction of the intensity of the incident beam as shown in Fig. 5.9.
Before each measurement the crystal was flooded with ordinary polarised Hght first for

about 5 mins to optical erase any residual gratings remaining from earher measurements at
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a given intensity. The intensity range of the incident beam for response onset time

measurements was from 10 to 100 W/cm?.

Fig. 5.8 Time evolution of the phase conjugate reflectivity in the “-C°>” SPPCM (solid
line) and in the “Cat” SPPCM (dashed line) after the incident beam is switched
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We measured the time required from turning on the illuminating beam to the time
when the phase-conjugate beam reached 1-e” of its final stable equilibrium value. The
same apparatus shown in Fig. 5.3 used to obtain the phase-conjugate reflectivity
measurements was used to obtain the phase-conjugation response time, T. The
measurements were taken at an angle of ¢=45°, using the 488 nm blue line with multi-
longitudinal modes in the argon ion laser. As can be seen from the result shown in figure
5.9, the response time appears to follow a behaviour close to 1= A7.” (the analytical

expression representing the best fit to the data), where A is 2.46 and B=-1.09.

149
Optical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 5 Self-Pumped Phase-Conjugate Mirrors with Novel Configurations

Fig. 5.9 Time response of -C’ SPPCM with respect to incident intensity.
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5.4.4 Lateral positional and angular dependence of the reflectivity

In this subsection, measurements are presented of the dependence of the phase-conjugate
reflectivity on lateral position and angle of the incident beam on the crystal face. Figures
5.10 and 5.11 show the dependence of the phase-conjugate reflectivity on the lateral
position and angular orientation of the incident beam.

Phase-conjugate signals could be observed over a wide range of angles of the
incident beam of at least 40 degrees and over a range of about 4 mm in lateral positioning.
The maximum phase-conjugate reflectivity in the “~C Curve Configuration” was observed
to be about 30% for z=2 mm and ¢=62.5°. Similar results were obtained using two
crystals: one grown in the USA and the other in China. The angular and lateral positional
dependence of phase conjugation were examined in the crystal grown in the USA for the
case in which the incident beam varied in lateral position, z, at four different incident
angles, ¢, respectively. The phase conjugator with a wide field of view without any

auxiliary inducing beam is more attractive for use in practical devices and applications.
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Fig. 5.10 Plot of the phase-conjugate reflectivity against lateral beam position of the
incident beam on the crystal entrance face, z (mm) (defined in Fig. 5.1).
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Fig. 5.11 Plot of the phase conjugate reflectivity against the angle, ¢ (deg), of the
incident beam (defined in Fig. 6. 1) on the entrance face.
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Fig 5.12 shows results as a function of lateral position using the crystal grown in
USA. Phase-conjugate signals could be observed once more over a large range ofabout 4

mm in lateral positioning.

Fig. 5.12 Plot of the phase-conjugate reflectivity against lateral beam position of the
incident beam on the crystal entranceface, z (mm) atfour different incident
angles, respectively.
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5,4,5 Opticalpaths within the crystal

The optical paths inside the crystal during the phase conjugation process were carefully
studied in this section. When the crystal was acting as a self-pumped phase-conjugate
mirror, we observed that the incident beam entering the crystal fanned into a comer where
several beams appeared to be retroreflected back toward the incident beam. Figure 5.13 is
a photograph showing the top view ofa BaTiOg crystal while the crystal phase conjugates
in several configurations with initial beam propagation at small angles to the c-axis in the

-C direction. The c axis ofthe crystal is directed from top to bottom in the figure and the
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incident Gaussian beam is extraordinarily polarised and propagates from the bottom to top

entering the crystal with a positive angle ().

Fig. 5.13 Photographs of the optical path within the BaTiOs crystal when the lateral
position ofthe incident beam was altered.

(a) z=0.6mm (d) z=3.0mm
(b) 1.7mm (e) z=3.9mm
m
(¢) z=2.6mm (0 z=4.8mm
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We have observed that by slightly altering the lateral position at which the

beam illuminates the first crystal (+c) face we can induce on of serval internal beam paths:

i)  the pattern observable are the largest range of angle and position two loops of
light (as shown in Fig. 5.13(b)) (when z=1.7 mm, ¢=51°),

ii)  one loop of light such as the central loop in Fig. 5.13(c) (when z=2.6 mm,

¢=51°),
iii) another two different loops of light (when z=3mm, ¢=51°) can be formed
including one ‘“C*” configuration and another six internal reflection

configuration [Chang85] as shown in Fig. 5.13(d).

Fig. 5.14(a) schematically shows the SPPCM with the “J” and “C>” loops
coexisting and in Fig. 5.14(b) with only the “J” loop configuration.

Fig. 5.14 Schematic of SPPCM with (a) both “-C°” and “J” configurations, and (b) “J”
only in BaTiO; crystal.

-C

l+c

@) '

With larger changes of angle of incidence and power (when z=1.7 mm, ¢=51°, and
I,,=60 mW) the crystal demonstrated stronger fanning effects and almost all of the incident
beam energy was transferred to the fanning beams so that we can induce BOTH one loop
of the new “-C Curve Configuration” AND one loop of a new four internal reflection
configuration as shown in Fig. 5.15. This appears to be the first time to our knowledge
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that two quite different phase conjugation loops, each of which can exist independently,
have been reported to occur at the same time in certain critical conditions. For the sake of
clarity we will refer to the 6 internal reflection configuration as the “J Configuration” as
the beam path appears to form a J shape within the crystal (Fig. 5.13(d)) and the 4 internal
reflection configuration as the ‘Tick Configuration” (Fig. 5.15(c)) since it looks like the
tick symbol. We observed that over a range of angles and positions the J and -C* phase-

conjugate loops coexist (for a range fi-omz=2.9 mm and 3.3 mm with ([=5r).

Fig. 5.15 The optical path inside the BaTiOj crystal when a more intense incident beam
(1=60 mW) was directed into the crystal at a larger angle (>=7(f{ (@)
schematic representation of the SPPCM with “Tick” and ‘“~C”"”single loop,
and (b) the experimental result before phase conjugation and (c) the
experimental result during phase conjugation showing the presence of the
“Tick”and “-C"’single loop shapes of light.

Iv'

(@)
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5.4.6 Resolution andfidelity ofthe phase-conjugate imagefrom the - (f SPPCM

The resolution ofa phase-conjugate image is dependent on the effective spatial frequency

range that the optical configuration can reconstruct.

The phase-conjugate image of a

USAF resolution chart was photographed (or captured by a high resolution CCD camera)

after the beam had been transmitted through the chart and had passed twice (Fig. 5.16)

through a phase aberrator after reflection from the phase-conjugate mirror. For the “-C"”

configuration one can see from Fig. 5.11 that the reflectivity is sufficient for imaging

purposes over a wide range of angle (j)

Fig. 5.16 Experimental arrangement for measuring the resolution ofphase-conjugate

images.
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We used a plastic screen (which also caused some scattering) as a phase distorter.
This was placed between the object and the crystal to distort the input image. The phase
distorted image and phase-conjugate image were subsequently monitored with the CCD
camera. The phase-conjugate image of the resolution target was recorded with the
following conditions: with the phase aberrator in position and after reversing its path

through the aberrator. The phase-conjugate images are compared in Fig. 5.17.

Fig. 5.17 Phase distortedresolution target input to BaTiOs crystal, (b) phase- conjugate
reconstructed image using ‘-C"” SPPCM, and (c) phase-conjugate
recomtructed image by means of ‘Cat ”SPPCM.

(@

(b) (©)
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Figure 5.17(a) shows the seriously distorted image appearing after the phase
distorting screen just before the beam entered the crystal. Figure 5.17(b) shows the very
clear phase-conjugate image of the resolution target using our “-C>” phase-conjugate
geometry after a second pass through the phase distorting screen. For comparison we
show in Fig. 5.17(c) a similar reconstructed image resulting from the “Cat” phase-
conjugate geometry formed in the same crystal using the same phase distorter. Our -C?
geometry gives a better resolution of 12.7 Ip/mm (39um) while the Cat gives 7.13 lIp/mm
(70um). It suggests that the higher resolution (corresponding to a wider angular range in
the image spectrum of plane waves ) domanstrated in the “-C*” SPPCM compared to that
of the ‘Cat” SPPCM is due to the large range of acceptance angles.

5.5 Discussions

Based on our series of experimental results presented in previous sections (Section 5.3 to
5.4), we can briefly conclude that the optical path formed inside a BaTiOs crystal is not
only related to the geometry between the incident beam and the crystal, but also depends
on the lateral position and angle and intensity of the incident beam. The optimum results
were obtained for our “-C*” configuration in which a phase-conjugate efficiency of 30%
was obtained and phase conjugation was maintained (but at lower efficiencies) over a
range of 4mm in lateral translations of the beam and over a range of 40 degrees in the
incident angle of the beam. Several existing mechanisms have been previously proposed
such as the two-interaction-region mechanism [Fei82 & Mac83] and stimulated
photorefractive backward scattering mechanism [Cha85 & Val92], and these can be used
to explain some of our configurations (as shown in Fig. 5.13(c) & (e) and Fig. 5.14(c))
independently. Nevertheless, it would appear that for some of our new configurations
especially in the -C?, J, and Tick configurations the conventional two-interaction-region
model would have difficulty in explaining these phenomena. That is to say, a more
advanced model may be required.. In the next section, we propose a tentative mechanism,
the four-interaction-region model, to attempt to provide some explanation of these self-

pumped phase-conjugate configurations.
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5.6 Physical Mechanism

We first consider the optimisation of the coupling gain for SPPCMs with our new
configurations. This is the main factor for determining the direction of the fanning beam
inside the crystal and the optical path [Mac83]. Physically, the imperfections in the
photorefractive crystal scatter the incident beam. Interference of each beam with its
coherently scattered light creates a multitude of randomly oriented refractive index
gratings by the photorefractive effect,. The ainplitude of a light-induced refractive-index
grating depends strongly on the angle between the grating wave vector and the crystal ¢
axis. Therefore, as long as the beam crossing angle from the grating is small enough that
k; (as shown in Fig. 5.18) is well separated in direction from the grating wave vectors
formed by the other pairs of beams, it is possible to orient the crystal so that x; is the only
effective grating. In our configurations the incident beam was arranged to travel at an
acute angle to the c axis in the -C direction and the continuous fanning effects make a
larger angle between the fanning beam and the negative c-axis (as shown 5.13). The larger
the incident angle, the larger the angle between the fanning beam and the negative c-axis to
create an effective grating for beam coupling.

In BaTiO;, the physical mechanism by which four-wave mixing takes place is the
photorefractive effect as described in Chapter 2. In this effect, trapped charges in the
crystal are excited by light absorption and migrate from the high intensity regions to the
low intensity regions. As a result, a dynamic non-uniform charge density is created which
generates a static electric field in the crystal. This electric field brings about a refractive
index change by means of the electro-optic effect. The resulting index pattern then causes
phase grating effects which result in four-wave mixing. The amount of refractive index
change and, hence, the strength of the four-wave coupling depends on the material
parameters, such as the density of mobile charges, the Pockels coefficients of the crystal,
and the angle of each of the optical beams in the crystal relative to the c axis, the crystal’s
optical axis. In order to obtain the highest phase-conjugate reflectivity, the value of
coupling strength must be nearly maximised for a chosen piece of BaTiO; crystal. Let the
pump beam and the diffracted beam in the crystal make angles, a and 3, with respect to the
c axis of the crystal, as shown in Figs. 5.18(a) & (b).
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Fig. 5.18 Geometries for two-wave mixing between the incident beam and the fanned
light in interaction region I in (a) the “Cat” Configuration, and (b) the “-C*”
configuration, respectively. a is the interior angle between the incident beam
and +C, the crystal’s optic axis, and [ is the interior angle between the
enhanced fanned beam and +C at interaction region I, respectzvely, @ is the
angle between the grating vector, x,, and +C.

Assuming that the recorded refractive index grating is phase shift by 7t/2 relative to
the intensity distribution (diffusion dominated), the steady-state coupling strength per unit
length, v, is given by [Fei80 & Mac83]

o rgk

26 codle) _24) (6.1)

where @ is the optical angular frequency, c is the speed of light, and 7 is the refractive
index chosen according to the beam polarisation. In the absence of any applied or intrinsic
electric fields, the formula for the total space-charge electric field, E., induced by the
interference pattern is given by
£ - k,T x, cos(a - f3)
A R 74 S

(6.2)
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where g7 is the thermal energy, x; =2/A;, Ay =A/2n.sin(a-fB), is the magnitude of the
grating vector, q is the charge on each of the mobile charge carriers, and, %o, is the material
constant depending on the number density, N, of the charge carriers:

N
o=( al: ] 63)

where g, is the permitivity of free space, € is the effective dielectric constant of the
material.

For extraordinary rays, the effective Pockels coefficient, ., is

P = [n;'rn cosacos B +2n’nlr, cos("T*ﬂ) +nlr,, sin asin ,B] sm("zi) (6.4)
where n, and n, are the ordinary and extraordinary refractive indices, respectively, at
frequency and, r;, are Pockels coefficients (elements of the electro-optic tensor). In
BaTiO; the largest electro-optic coefficient is 742. To observe the largest effects it is
necessary to use extraordinary polarisation and to orient the crystal so that the grating
wave vector is not parallel to any of the crystal axes.

Since the refraction index of BaTiO; is about 2.4, which is higher than that of air ,
the input beam are strongly refracted at the entrance face. This confines the angular range
of grating vector, &, to 0°<p<23° for “Cat” SPPCM (Fig. 6.18(a)) or 67°<p<90° for -
C*” SPPCM (Fig. 6.18(b)). Note that, from our calculation, the coupling strength y/ for a

photorefractive crystal of barium titanate is independent of the optical intensity of any of
| the pump beams. However, the amount of fanning (that initiates phase conjugation) is
strongly dependent on the pump beam intensity and continuing bending occurs. The fan
scattering form of the “-C*” SPPCM is different from the “Cat” SPPCM a scattered light
spreads into a large angle. It is worth mentioned that the above two SPPCMs [Fei82,
Mac83, Gin85] depend on beam fanning inside the photorefractive crystal for their
initiation, the magnitude of which relies on the number of scattering centres (or
imperfections) encountered by the input beam and the interaction length of the two beam
coupling occuring between the input beaﬁl and the scattered light. However, if we want to
optimise the reflectivity and response time of SPPCMs, the angle, position, and intensity

of the incident beam must satisfy some critical conditions. The use of a spherical lens to
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focus the signal beam tightly decreases the fanning response tiﬁw by increasing the
intensity (power density) but reduces the magnitude of the beam fanning by decreasing
both the number of scattering centres accessed and the two-beam coupling interaction
length. Use of a cylindrical lens to produce a line focus parallel to the extraordinary
polarization direction increases both the number of scattering centres accessed in the
high-gain direction and the interaction length and results in an order-of-magnitude
decrease in the self-pumped phase-conjugate response time [Sal91].

Now we turn to consider the interaction regions which may exist in SPPCMs. The
idea of interaction regions was first proposed and discussed in a one interaction model by
Cronin-Golomb et al [Cro82]. Thereafter, Feinberg et al. [Fei82] proposed two
interaction regions coupled by a simple reflection to account for four-wave mixing. In
Feinberg’s analysis the pump beams in the two interaction-region phase conjugator have
more degrees of freedom than those in the one interaction-region phase conjugator to
adjust their mode pattern to provide the maximum overlap with the incident, especially
image-bearing beam. In addition, the phase-conjugate reflectivity is largest when the
self-generated pump beams are phase conjugates of each other. Here, we propose a new
mechanism for our self-pumped phase conjugation process which is based on a four
mteraction-region model. For a self-pumped phase conjugate mirror, the incident beam
itially propagates at acute angle to the -C axis, that uses four-wave mixing in four
coupled interaction regions. With four interaction regions, the device is free to choose the
optimum mode pattern for the pump beams to maximise the phase-conjugate reflectivity.
Large sized images, even with high resolution can be phase conjugated, and so the four-
interaction scheme has, in general, more gain. In our configuration we think there are
transitions between interaction regions giving the “-C*”, “J”, and “Tick” configurations.

In our experimental configurations (Fig. 5.2(c), 5.13(b), and 15(c)) the incident
beam initially propagates at an acute angle to the -C direction of the barium titanate
crystal. This causes é fan to develop which has constituent beams over a wide range of
angles. This gives rise to a large range of gratings, formed as the beams in the fan interact
with each other, having a wide range of angles and periodicities. Therefore, there is a high
chance of mutual scattering occurring from these fanning gratings via the process of
simultaneous degenerate four-wave mixing (DFWM). Unlike the two-interaction-region

model exploited in the “Cat” configuration, here four interaction regions give rise to the 2
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loops of the “-C*” configuration (Fig. 5.1(b)), both the “-C** and “J” coexisting loops
configuration (Fig. 5.14(a)) and both the “~C>” and “Tick” coexisting loops configuration
(Fig. 5.15(a)). In “-C*” with two stable loops it appears that the outer loop forms between
regions I and IV while the inner between regions IT and ITIL

When the incident beam enters close to the edge of the crystal (larger z) several of
the beams in the fan can be intemnally reflected from adjacent crystal faces to give rise to
the J loop with six internal reflections. To obtain phase conjugation we again make
recourse to the four- interaction-region model (Fig. 5.14(a)). Two stable loops, “-C*” and
“J” (Fig. 5.14(a)), can form and coexist as the loops form between regions I and II for the
“J” and between III and IV regions for the “-C*” configuration. When the intense light
enters into crystal at larger angles two stable loops, “-C*” and “Tick” (Fig. 5.15(a)), can
form and coexist as the loops form between regions I and II for the “Tick” and between
I and IV regions for the “-C*” configuration. It appears that the presence of two loops
may improve the efficiency, angular range, lateral range and temporal stability as only the
most efficient loops are self sustaining and may erase other gratings preventing other loops
being formed although this remains to be fully confirmed.

5.7 Conclusions

In summary, we have proposed and demonstrated novel configurations for self-pumped
phase conjugation that have either only one internal loop, or beam path, which curves into
one corner or two loops of similar form or two loops of quite different form depending on
the exact geometry when the incident beam enters a 0°-cut undoped barium titanate crystal
at an acute angle to the -C axis. We have described experimental observations of these
optical features, “C* “p and “Tick” geometries, associated with interaction region
transitions.

Phase conjugation is demonstrated over a wide range (40 degrees) of incident angles
and over a range of 4mm in lateral position with efficiencies up to 30%. This can provide
a large effective numerical aperture giving high-resolution imaging which is important for
transmission of detailed images within or between slowly vibrating systems or those
suffering from dynamic random spatial phase variations. In free space optical
communications, for example, the lateral position and incident angle of the arriving beam

may vary with time due to convection currents in the intervening air. We also
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characterised the dynamic response, compared our configuration with that of the “Cat”
and measured the time required for the initiation of the phase-conjugate beam to reach
1-¢" of its equilibrium value for the “~C*" SPPCM.

Finally, we have suggested tentative mechanisms, four-interaction-region
transitions, to explain the spatial features of the optical path observed in the BaTiO;
crystals. In other words, under certain critical condition several distinguishable spatial
features of the beam path or loop were observed within the BaTiO; crystal corresponding
to interaction-region transitions. In our mechanism we have suggested that both the 2k
grating (a grating formed inside the crystal by the interaction between the incident beam
and the backscattered beam) and DFWM in the interaction regions or both the stimulated
photorefractive backward scattering and DFWM in interaction regions play their role
during the generation of self-pumped phase conjugation. |
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Chapter Six

MUTUALLY PUMPED PHASE-CONJUGATE
MIRRORS WITH NOVEL CONFIGURATIONS

6.1 Introduction and Motivation

The concept of a mutually pumped phase-conjugate mirror (MPPCM) was originlly
developed for phase-locking two mutually incoherent, even independent, laser sources of
the same or different wavelength [Ste86]. Several configurations [Wei87, Sha90, Wan89,
Ewb88, Smo87, and Ewb90] of MPPCM:s with their applications were reported in recent
years. The major applications of these MPPCMs are for optical processing [Cau87,
Wei87a and 87b, and And93], for coupling two incoherent laser beams [Seg87, Shi93, and
Wri93], in photorefractive spatial mode converters [Chi95], and in optical neural
networks [Dun87, 90, and 91] for pattern recognition. Most recently, theoretical
modelling has been carried out by several research groups for the purpose of unifying the
concepts and optimising the phase-conjugate efficiency, response time, and fidelity in
existing configurations for mutually pumped phase-conjugation [Fis89, Bog92, Orl94,
Eng94, and Kor95]. Recently, a 2-D model proposed by Zozulya et. al. [Z0z94 & 95] use
a numerical approach for to investigate light propagation and formation of complex
structures of light in photorefractive crystals.

Performance optimisation of the MPPCM is required for practical applications.
MPPCMs depend for their operation on self-pumped four-wave mixing (SPFWM)
[Fei82]. To obtain a high-performance MPPCM, the following aspects should be
considered: firstly, in the chosen geometry of MPPCM, there should be a large diffraction
efficiency for SPFWM, which requires a large coupling constant and an extensive two-
dimensional interaction region. Secondly, in the chosen geometry of MPPCM, the light
losses should be small. The light losses include the absorption and scattering loss inside
the crystal, and the specular reflection loss on the extrance and exit surfaces of the crystal.
Thirdly, a high efficiency will contribute to the stable operation of a MPPCM with large

lateral positional and angular acceptance.
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In this chapter we describe our experimental research on the formation of high-
performance MPPCMs with several novel configurations in BaTiO; crystals. We start by
reviewing in Section 6.2 existing configurations for MPPCM discovered in the last decade
and then go on to describe in detail our novel configurations. In Section 6.3 we
experimentally demonstrate our new “Arch” configuration, and show that it is in good
agreement with the later numerical simulations carried out by Zozulya et al.[Z0z94 & 95].
Certain phenomena in mutually pumped phase conjugation are also demonstrated in this
section, such as the appearance of anisotropic diffraction and fanning. Three further new
configurations for MPPCM having three intemal reflections are described in Section 6.4.
In Section 6.4 we first described the second configuration, the “Fish-Head”, for MPPCM.
Its phase-conjugate behaviour is established relatively quickly (~1 sec) to give a
reasonable reflectivity (28%) without observable crosstalk between the two incident
beams. In addition, the output response is stable in time and exists over a range of angular
and lateral positions of the two incident beams which makes it particularly interesting for
practical applications such as for the phase locking of lasers and for optical free space
communications. We also experimentally demonstrate our third and forth configurations,
“Fish”, and ‘“Manta Ray”, for MPPCMs. In Section 6.5 we give our physical
interpretation for the ‘Fish-Head”, “Fish”, and “Manta Ray” MPPCMs and theoretical
consider the MPPCM which was formed by two coherent incident beams. The degree of
coherence of the two incident pump beams govern the gratings formed in the MPPCM so
in this we also consider the mutual coherence of the two incident pump beams in the
MPPCM especially with regard to practical applications in laser phase locking and high
efficiency holographic storage (discussed in Chapter 3). We experimentally demonstrate
the performance of MPPCMs with our novel configurations of two mutually coherent
incident beams. In Section 6.6 a new double MPPCM:s in a BaTiO; crystal is described in
. demonstrating a thresholding ability which can be useful for non-linear logical devices or
as a threshold in neural networks. Conclusions will given in Section 6.7.

6.2 Configuration Interpretation for MPPCMs

The MPPCMs consists of a photorefractive crystal where two mutually incoherent beams
indirectly interact and emerge as phase conjugates of each other (i.e., the beams exchange

lateral spatial amplitudes and invert their own lateral spatial phase profiles). When the two
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incident beams are incidnet, the input beams fan and at the same time scatter from each
other’s fanning gratings. This process proceeds most efficiently if the beams diffract with
automatic Bragg-matching everywhere throughout the entire volume from a set of shared
gratings, which is possible only if the beams are phase conjugates of each other throughout
the entire volume, that permits the exchange of spatial information without crosstalk.
Beam coupling using the class of MPPCMs can be regarded as an effective holographic
link between two mutually incoherent laser sources.

Six geometries for MPPCM have already been discovered in photorefractive
materials [Wei87, Sha90, Wan89, Ewb88, Smo87, and Ewb90] to effectively couple two
mutually incoherent laser sources. The various configurations reported to date can be
categorised by the number of internal reflections that the beams experience: no reflections
in the double phase conjugate (DPC) [Wei87], bridge [Sha90], and modified-bridge
[Wan89] configurations; one reflection in the bird-wing [Ewb88] configuration; two in the
mutually incoherent beam coupling (MIBC) [Smo87] configuration; and three in the
frog-legs [Ewb90] configuration. Several selection mechanisms have been proposed,
including one-common grating model for the “DPC” configuration [Yeh88] and two-
common grating model for “MIBC”, “bird-wing”, “frog-legs”, ‘“bridge”, and “modified
bridge” configurations [He88] (as shown in Fig. 6.1), in which common gratings are
enhanced and non-overlapping gratings are suppressed governing the establishment of the
MPPCM. Eventually, if the gain I" (average coupling coefficient, y, multiplied by the
interaction length / ) is large enough, the SPFWM interaction stabilises in a MPPCM
allowing a self-reinforcing self-aligning interconnect to form between the two laser
sources.

In this section, we first briefly recall the geometry of earlier configurations in order
to highlight the distinctive features of our novel arrangements. In the DPC cofiguration
both beams are incident on opposite surfaces labeled +c and -c in figure 6.1(2) and once
inside the crystal one beam travels at an acute (non-zero) angle to the +C direction and the
other at an acute (non-zero) angle to the -C direction. In the MIBC configuration both
beams enter the crystal at the same surface labeled a in figure 6.1(b). In the “bird-wings”,
“bridge”, and “frog-legs” configurations the beams are incident on opposite surfaces
(labeled a in figure 6.2) and once inside the crystal travel at an acute (non-zero) angle to
the C axis in the +C direction, in the case of the “bird-wing” (as shown in Fig. 6.1(c)), or
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at an acute (non-zero) angle to the -C direction, in the case of the “ bridge” (Fig. 6.1(d))
and “frog-legs” (Fig. 6.1(f)) configurations. In the modified bridge (as shown in Fig.

6.1(e)) configuration both beams are incident on adjacent surfaces +c and either of the

surfaces labeled a and once within the crystal one beam travels at a non-zero acute angle to

the +C direction and the other at a non-zero acute angle to the -C direction.

Fig. 6.1 Schematics of existing geometries for MPPCMs (a) double phase conjugation
(DPC) (Sternklar86), (b) mutually incoherent beam coupling (MIPC)
(Smount87), (c) the bird-wings phase-conjugate mirror [Ewbank88], (d) the
bridge phase-conjugate mirror [Sharp90], (e) the modified-bridge phase-
conjugate mirror [Wang89], and (f) the Frog-legs phase-conjugate mirror
(Ewbank90).
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In our four configurations, the initial propagation state of the incident beams (i.e.

input beams to be phase-conjugated) in that configuration is distinct from the earlier

configurations (as shown in Fig. 6.1). The incident beams, I,; and I,,, both initially travel
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at an non-zero acute angle to the crystal’s c-axis in the -C direction within the BaTiOs;

crystal.

(2)

(b)

©

(d)

In the first configuration of MPPCM two input beams are incident on opposite crystal
faces (labeled a) (defined in Fig. 6.2(a)) with acute angles of 0, and 0, to the normals
of the a faces at distances, y; and y,, from the crystal comers. Afterwhatwards these
beams travel at an acute angle to the c-axis in the -C direction. Once the phase-
conjugation process has been established (Fig. 6.2(e)) the illuminated beam path
inside the crystal resembles the structure of an arch, so following the existing naming
convention [Sha90], after different forms of architecture, we refer to this as the
“Arch” configuration. |

In the second configuration, two input beams with an external intersection angle, ¢,
both enter into the crystal at the +c face. Once inside the crystal both beams travel at
an acute angle to the crystal’s c-axis in the -C direction. In figure 6.2(b) the beams
with incident angles, 0, and 6,, to the normal to the +c face are distant, z, and z,, from
the crystal corner. Once the phase-conjugation behaviour has been established either
one or two stable loops of light (as shown in Fig. 6.2(f)) can be seen inside the BaTiO;
crystal in this configuration. The illuminated beam path inside the crystal resembles
the outline of the head of a small fish so following the existing naming convention,
after different parts of different species of animal, we refer to this as the “fish-head”
configuration. '

In the third configuration, two input beams with internal intersection angle, \, both
enter the crystal at the +c face (Fig. 6.2(c)). Inside the crystal both beams travel at an
acute angle to the -C direction. In figure 6.2(c) the beams with incident angles, 0; and
0., to the normal of the +c surface are distant, z; and z,, from the crystal comers.
When the phase-conjugation operation has been established at least two stable loops
of light (as shown in Fig. 6.2(g)) can be seen inside the BaTiO; crystal in this
configuration. The optical path inside the crystal resembles the contour of fish so we
refer to this as the “fish” configuration.

In the fourth configuration, two input beams cross together at the entrance face with
an angle, ¢, and then enter into the crystal from the -c face. Once inside the crystal
both beams travel at an acute angle to the crystal’s c-axis in the -C direction. In figure
7.2(d) the beams with incident angles, 0, and 6, to the normal of the +c surface are
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distant, zi and 2% from the left comer of the crystal. Once the phase-conjugation
process has been estabhshed at least one stable loop oflight (as shown in Fig. 6.2(h))
can be observed within the BaTiOj crystal in this configuration. The illuminated beam
path travehng inside the crystal resembles the stmcture ofa spearhead or Manta-Ray

so we refer to this as the “Ray” configuration for short.

Fig. 6.2 Schematics and experimental photographs of our four new MPPCM
grometries (a), (e) ‘“Arch” phase-conjugate mirror, (b), (f) ‘Fish-Head”
phase- conjugate mirror, (c), (g) ‘Fish "phase-conjugate mirror, and (d), (h)
‘Ray "phase-conjugate mirror, respectively.
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Notice that in these configurations when the input beams are travehng at an acute
angle to the -C direction they tend to bend towards the +C direction. As a result they
create a wide range of gratings in the fans and a large interacting area so reinforcing
self-pumped four-wave mixing in each interacting area providing effective coupling

between two laser sources.
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It must be mentioned that for comparative consideration, we arrange the geometry
as shown in Fig. 6.3 to distingish our configuration (Fig. 6.3(a)) fabricated in the BaTiO;
crystal from the bridge configuration [Sha90] formed in an SBN crystal (Fig. 6.4(b)). In
Fig. 6.3, the crystal’s c-axis of both crystal point from top to bottom.

Fig. 6.3 The geometry of (a) the Arch MPPCM in BaTiO; [Chang95] and (b) the
Bridge MPPCM in SBN [Sharp90], where 1 (=I1p/11,=I3p/I3,) is the phase
conjugation efficiency.

}+C d+c \

BaTiO:s SBN
0:1=0:=~60,;n~25% yi=y=~200; N~14%

(a) (b)

Before embarking on a detailed discussion of the experimental method for
obtaining mutually pumped phase conjugation, it may be useful to describe the general
properties of such MPPCM. The phase-conjugate behaviours of the Arch, Fish-head, Fish
and Ray MPPCMs are related by the following common characteristics, in other words,
these MPPCMs must meet conditions as follows:

The following tests were carried out to ensure that our 4 geometries are indeed
mutually pumped phase-conjugate mirrors.

(a) no phase-conjugate reflection of each incident beam could be generated by
itself only, in these configurations;

(b) phase-conjugate beam I, resulted from beam I, and beam I, from beam I,
When one of the two incident beaxﬁs was blocked e.g. when I, was blocked off
the beam I,,. disappeared suddenly and I,,. decayed gradually due to the
holograms formed between the two beams being erased by L, gradually; and

vice verse if I, was blocked;
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(c) the phase-conjugate reflection fidelity of beam I,; (beam I,,), beam I;,. (beam
Ip) was described by using the usual phase-conjugate imaging technique;
(d) there was no image cross-talk in phase-conjugate imaging when both the

incident beams contained image information.

| 6.3 Experimental Details of the Arch-MPPCMs

In this section we describe the experimental configuration and procedure necessary to
observe our first new MPPCM geometry (shown in Fig. 6.2(a)). All of our experiments
have been performed using 0°-cut undoped BaTiOs photorefractive crystals. It is possible
that related results could be achieved in other cuts. The Arch MPPCM has no internal
reflections. This geometry provides a broad interacting area for the phase conjugation of
two mutually incoherent laser beams coupling inside a photorefractive crystal (avoiding
Fresnel losses).

The experimental arrangement for the Arch MPPCM is shown in Fig. 6.4. In our
experiments, we used an Ar* laser operating with multi-longitudinal modes at 488 nm and
in single logitudinal mode at 514.5 nm, respectively. Our crystals were a six-surface
polished single domain crystal of BaTiO; with dimensions (a x b x ¢c= 5.16mm x 4.74mm x
5.00mm (grown in the China and supplied by the Photonix System in the UK) and a
5.00mm x 5.00mm x 5.00mm crystal (grown and supplied by the Sanders Associate Corp.
in the USA)).

One or other of our two crystals were mounted on computer or manually (precisely
adjustable using a vernier scale) controlled translational and rotational stages allowing
controlled rotation (+ 0.001deg) and lateral displacement (+ 1pm) so that the effect of the
incident beam input position (y) and angle (0) (as shown in Fig. 6.2(a)) could be
determined. The laser output was divided by a variable beamsplitter, VBS, into two pump
beams with different or similar intensities. These beams, were reflected and transmitted by
BS; and BS,, resulting in beams of several milliwatts in each and were incident upon two
opposite faces (labeled a) of the BaTiO; crystal to form an “arch” configuration. The
beamsplitters BS; and BS, were used to monitor the simultaneous phase-conjugate
outputs, I;,c and I,.,. The electric shutters, ES; and ES,, switched the two incident beams
on and off The two incident angles, 6, and 6,, were set to be the same as each other
(measured outside the crystal), and both incident beams were extraordinarily polarised to

173

Ovtical Photorefractive Phase-Conjugate Mirrors and Resonant Systems



Chapter 6 Mutually Pumped Phase-Conjugate Mirrors with Novel Configurations

ensure maximum coupling strength. It was necessary to use lenses, L1 and L,, with focal
length f= 125mm to diverge the two incident beams before they shone on the crystal to
provide sufficiently large beam diameters to achieve significant beam fanning and
subsequent beam overlap inside the crystal. To observe the scattering in the “Arch” phase
conjugation process one screen was placed behind the crystal for capturing the far-field
pattern after the scattered light had been transmitted through the crystal.

Fig. 6.4 Experimental arrangement for demonstrating and investigating novel
mutually pumped phase-conjugate mirrors.
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/

Beamsplitter BS2

The degree of coherence between the two pump beams in our configurations was
controlled so that competing photorefractive gratings, such as reflection grating formed
by the two pumped beams, did not form. This mutual incoherence was achieved by
previously demonstrated MPPCM's [Sei87, Eas87, Smo87, Ewb88, Sal91] either by
simply removing the étalon from the Ar* laser and by making the optical path lengths
between the laser and the photorefractive crystal, for the two incident beams, differ by
more than the Ar* laser coherence length (~3cm) or by using two different wavelength
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lasers. In our experiment we used two arrangements for achieving incoherent pump
beams:
(I) the path length between the two beams, I, and I,, was arranged to be = 45cm
(several times the coherence length of'the laser without the étalon) at 488 nm, or
(ii) = 6m (twice the coherence length of the laser with the étalon) at 514 nm.

6.3.1 Experimental results of the Arch- MPPCM

(i) In the first set of experiments, the Arch-MPPCM formation process was
studied. In Fig. 6.5(a) only one beam was incident on the crystal, and it propagated
directly inside the crystal, as shown, but with strong beam fanning because the incident
beam diverged inside the crystal. Fig. 6.5(b) is a photomicrograph taken when two
incident beams had been shining together on the crystal for 0.5 second. It can be seen that
the two straight incident beams had begun to branch out and bend toward the +C
direction, and the arch structure had begun to form. When the two beams had been on for
1 second, more energy could be seen to have been transferred to the arch from the two
incident beams to give the final steady state arch, as shown in Fig. 6.6.

Comparing our experimental results with those of the simulation carried out by
numerical modeling [Z0z94 & 95] as shown in Figs. 6.5(d)-(f) we can see that there is
good experimental agreement.

(ii) in the second set of experiments, the formation of the MPPCM was studied
using two mutually incoherent pump beams (A=514.5nm) derived from a single Ar+ laser
operating with a single-longitudinal mode. In Figs. 6.6(a) and (b) two 25 mW beams with
area of ~ 0.8mm’ were incident on opposite faces (labelled a) of the crystal at angles of 60°
and propagated initially straight inside the crystal, as shown, but with strong beam fanning
because the incident beam diverged inside the crystal Fig. 6.6(c) & (d) are
photomicrographs taken when two incident beams had been shining together on the
crystal for 0.5 and 1.5 seconds, respectively, in symmetrical conditions, ie., with
I,,=L,,=25 mW, 6,=6, = 60°.
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Fig. 6.5 A set ofphotographs ilhistrating the formation of the Arch MPPCM, taken
from above the BaTiOs crystal with (a) one input beam incident on the crystal
for t=0.5 sec, and (b) & (c) two beams simultaneously incident with 6i =02=6(f
for, t-0.5 and 1 sec, respectively. The laser was operated with midti-

longitudinal modes at X=488 nm. (d)-(f) show simulation resultsfrom Zozluya
etal. [Zozluya94]for comparison.

(a) (b) (c)

(d) () ®

It can be seen that the two diverging incident beams had begun to branch out and
bend toward the +C axis after 0.5 sec, and the arch had begun to fomi. Wlien the two
beams had been together turned on for 1.5 seconds, more energy was transfeiTed to the
arch from the two incident beams and the final steady state arch was achieved with 25%

phase-conjugate reflectivity, as shown in Fig. 6.6(d).
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Fig. 6.6 A temporal sequence ofphotographs illustrating the formation of the Arch
MPPCM, takenfrom above the BaTiOs crystal (a) and (b) after two beams had
been individually incident on the crystalfor t=0.5 sec, (c) and (d) after two
beams had been simultaneously incident for t=0.5, t=1.5 seconds,
respectively.

(2) (b)

(c) (d)

6.3,2 Lateral dependence

As for the existing MPPCMs, the performance of our Arch MPPCM, especially the
positional and angular acceptances, is not only important for coupling two incoherent laser
sources, but also for practical system in such as laser phase lockmg appUcations.

We examine the positional acceptance of our Arch MPPCM by measuring the

phase-conjugate reflectivity of bp for three different input lateral positions on the a faces
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of the pair of two beams. The crystal is shifted along the +C direction between the
positions but the beams remain in symetrical i.e., yi=y2 and 01=02=60® (defined in Fig.
6.2(a)). In Fig 6.7, the mutual phase-conjugation behaviour was estabilished with shghty
dififerent phase conjugation efficiency with two 25 mW input beams after 1.5 seconds as

shown in figures 6.7(a)-(c).

Fig. 6.7 A set ofphotographs illustrating the beam paths in the Arch MPPCM, taken
from above the BaTiOs crystal with the two beams simultaneously incident on
the crystalfor 1.5sat lateralposition (a) y]=y2=T84 mm, and (b) y j"y2=2.58
mm, and (c) yi=y2=4.30 mm. The phase conjugation efficiency measured in
three cases were 23%, 257> and 22%, respectively.

TI=23 % ri=25% 11=22%

(a) (b) (c)

6.3.3 Angular dependence

In the following experiment we measured the range of angles over which the Arch
MPPCM could be demonstrated. We measured the phase-conjugate reflectivity in three
different input cases in which the input positions oftwo beams were altered by rotating the
crystal in cloclovise and couterclockwise directions as shown in Fig. ¢ .5.

In figure 6 .8 (a) two input beams are incident symmetrically on the BaTiOi crystal
at yi=y2 and 01=02=6 0 ® without any rotation ofthe crystal) before phase conjugation and
in Fig. ¢.8(d) optical paths were estabilished after 1.5 seconds giving a phase- conjugate
reflectivity of 23% of the input beam l2p.  Figs. 6.8(b) & (e) show the phase-conjugate

behaviour before and after phase conjugation (with 20 % reflectivity), respectively when
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the crystal was rotated in a clockwise ditection by 10 degrees. This rotation affected not
only the incident angles of the two input beams but also the lateral positions on the
entrance faces which were changed asymmetrically. Fig. 6.8(c) & (f) show the phase-
conjugate behaviour before and after phase conjugation, respectively (with 17%
reflectivity), of a crystal rotated in a counterclockwise direction by 10 degrees. From
these experiments, it can be seen that the MPPCM with the “arch” configuration not only
exhibits very wide angular and positional tolerance but has fairly acceptable phase-

conjugate efficiencies.

Fig. 6.8 A4 set ofphotographs ilhistrating the beam paths in the crystal in the Arch
MPPCM, takenfrom above the BaTiOs crystal after the two beams had been
simultaneously incident on the crystal for t=0.5 s (a) without rotating the
crystal (vi=y2=L84 mm and 0/=02=60"), and (b) after rotating the crystal in
a clockwise direction by 10" (y/=2.32 mm andy:=: 65 mm), and (c) after
rotating the crystal in a counterclockwise direction by 10" (yi- ss mm and
y2=2.32mm), (d), (e), and (f) show the steady state arch in the orientation of
(@), (b), and (c), respectively after t=1.5s.

(a) (b) (c)

(d) (e) (f)
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6.3.4 Arch compared to Bird-Wing MPPCM

When a BaTiOs crystal was used in this work to test the “hird-wing” geometry [Ewb88]
and the “bridge” geometries [Sha90] (see Figs. 6.1(c) & (d)), the phase conjugation
produced by the bird-wing geometry, was much easier to obtain than the bridge geometry.

To compare the performance of our Arch and the well-known Bird-wing MPPCM
[Ewb88], we arranged geometries as shown in Fig. 6.9. The crystal’s c-axis in both
MPPCMs was directed from top to bottom on the figure. Similar incident conditions were
used, lip=12p=25mW, yi=y2=2.58mm, except that the angles of the two input beams

entering the crystal was different between the “arch” and “bird-wing” configurations.

Fig. 6.9 Two sets of photographs illustrating the build-up process of the Arch and
Bird-wing MPPCMs, respectively, (a)-(b) two input beams individually
incident on the crystal with $1=62=60 "in the ‘arch “configuration and (d)-(e)
two beams individually incident on the crystal with oi=38:=7z5 "¢ (f* in the
‘bird-wing ”configuration after t=o0.5 sec. (c) and (f) show the opticalpath of
the input beams after phase conjugation at t=1.5 sec in the ‘arch”and the
‘bird-wing” configurations, with reflectivities 25% and 30%, respectively.

(a) (b) (c)

(d) (e) O
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Once the phase conjugation has reached steady state we measured the phase-
conjugate reflectivity of both configurations. It must be mentioned that although the
phase-conjugate reflectivity of the Bird-wing MPPCM is higher than that of the Arch
MPPCM the grating competition occuring in the Bird-wing MPPCM caused temporal
instablity [Eas90].

6.3.5 Arch efficiency dependence on beam ratio

The relative phase-conjugate power as a function of input beam intensity ratio is shown in
Fig. 6.10. The data does not take into account either Fresnel and absorption losses. It can

be seen that the phase conjugate energy was transfered during the phase conjugation
process in the Arch MPPCM.

Fig. 6.10 Graph of the Arch MPPCM phase conjugation output powers as a function
of the input beam ratio.

0 T | 1 1 L L v aal ...l.'I.].I ' |

0.1 1
Incident Power Ratio (log(I,/L,))
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6.4 Discussion of the meaning of the experimental results obtained for
the Arch MPPCM

Now, we suggest a mechanism that may be the possible reason for the Arch MPPCM to
form. Theoretically, the most desirable geometry for double phase conjugation depends
on the relative strength of the two-beam coupling coefficient [Fei82b] which, in turn,
depends on the relative strength of the crystal electro-optic coefficient and the dopant
concentration. For example, BaTiO; has a large r4;, resulting in the gain /" or y-
dependence for extraordinary light waves. The curve indicates that y is largest when the
coupling light rays which write the index gratings are almost 45° to the crystal’s +c-axis.
This accounts for the much lower reflectivity of the Bridge MPPCM (Fig. 6.1(c)) [Sha90]
and the ease of establishing the “bird-wing” configuration in BaTiO;. However, when the
crystal was rotated by 45° [Wan90] as shown in Fig. 6.1(e), the “modified bridge”
configuration was much easier to establish and phase-conjugate signals were competing
with the “bird-wing” arrangement. Despite the merits of the “modified bridge” MPPCM,
one could rotate the BaTiO; crystal by 180° relative to Fig. 6.1, as shown in Fig. 6.4(a).
The new configuration (named arch mutually pumped phase-conjugate mirror or Arch
MPPCM which was much easier to establish than the “bird-wing” and “modified bridge”
configurations and its phase-conjugate signals were competitive with those of the “bird-
wing” and “modified bridge” arrangements. The higher reflectivity in this case (Arch
MPCM) is due to the coupling beams being nearer the optimum angle for BaTiO;. But it
should be mentioned that there are also unavoidable scattering and anisotropic diffraction
losses in the Arch-MPPCM.

Let us propose a possible mechnism to understand how the arch works. Two
mutually incoherent incident beams enter the crystal from the two oppoiste, a, faces at
angles, 0,, & 0,, (shown in Fig. 6.11), and generate strong photorefractive beam fanning
towards to the +C direction. The fanned light resulting from one beam can Bragg diffract
from the gratings formed by the beams in the other fan and can result in phase conjugation.

To understand the process of forming the Arch MPPCM consider the diagram
shown in Fig. 6.11, which schematically shows the Arch MPPCM operating in a steady
state. The two input beams have the same wavelength but are mutually incoherent.
Therefore, each incident beam interferes with its own scattered light from some scattering

centres inside the crystal and writes a set of fan gratings. A set of identical gratings,
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occurring in both fans, is reinforced by two-wave mixing (two-beam coupling). As a
result, the fans couple and bend into each other, resembling an arch; hence, “arch”
phase-conjugate mirror. The strong volume gratings shared by both beams are written
throughout the crystal, but for convenience they are shown in Fig. 6.11 for regions ® and
® only. The insert in Fig. 6.11 shows the grating detail at location ®. The grating at
® 1s a transmission grating, written by input beam, Iip, and fanned beam, lifan, and read by
fanned beam 12fr From the theory of FWM (described in Chapter 2), the readout beam
replays the phase conjugation of the incident beam lip i.e., lipc. Notice that the energy
from beam lip is transferred to the phase-conjugate beam by reading the transmission
grating with [2fr A similar picture apphes for location 0, so in all two conjugate beams
are produced at the same time i.e. lipc and Izc with magnitudes depending on Efand lip,
respectively. In reality, regions ® & 0 are a continuum of points and corresponding
gratings throughout the crystal, which gradually bend the light between ® & 0 and form
the arch.

Fig. 6.11 Schematic diagram o fshowing the physics and grating in the geometry ofthe
Arch MPPCM. The inset shows the gratings at (D

Il1fan 2fan

2pc

BaTiO

To summarise, in this section the Arch MPPCM is being proposed, a new geometry
generating phase-conjugate waves from the interaction ofmutually incoherent laser beams

in shared photorefractive fan gratings. Our method is similar to that of other phase
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conjugators, dififering only in the number ofinternal reflections offthe crystal faces before
phase conjugation (zero for the Bridge MPPCM, one for Bird-wing MPPCM, two for
mutually incoherent beam coupling, and three for the Frog-legs MPPCM). These internal
reflections, partly, dictate the orientation (and, hence, the efihciency) of the
photorefi*active fan gratings. The “arch” configuration results in a higher coupling
efihciency of two mutually incoherent laser beams interacting inside a photorefi*active
crystal without internal reflections (avoiding Fresnel losses), hut also provides phase
locking of one laser to the other in this new configuration.

MPPCMs has been known for more than 10 years for coupling mutually incoherent
laser sources, however, photorefi*active scattering and conical diffraction as shown in Fig.
6.12 commonly occur in MPPCMs with exsiting configurations including the “arch”

configuration in a photorefractive crystal.

Fig. 6.12 Photographs showing experimental observation o fscattering and anisotropic
diffraction losses during the phase conjugation process o fthe Arch MPPCM
after phase conjugation with two simultaneously incident beams. Where the
arrow pointing is the anisotropic diffraction ring..

BaTiO
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This scattering and anisotropic diffraction sometimes cause insufficiently stable
output or low phase conjugation efficiencies. In the following sections we propose further

novel configurations to optimise the peformance of MPPCMs.

6.5 “Fish-Head”, “Fish”, and “Manta Ray” MPPCM Configurations

In this section we propose three novel related configurations for mutually-pumped
phase-conjugate mirror having two pump beams incident at the same face (labeled +c (Fig.
6.2) with acute angle to the c-axis and travelling inside the crystal at an acute angle to the
-C direction initially to avoid the losses caused from scattering and anisotropic diffraction.
In these interacting beams can construct three distinguishable configurations in a BaTiO;
crystal by choosing the geometry for the mutual phase conjugation process. In the
following subsections we experimentally investigate and characterise these new
configurations and discuss our results in detail and propose possible mechanisms to

understand the observed behaviour.

6.5.1 Experimental arrangement and apparatus for Fish-Head, Fish, and
Manta-Ray MPPCMs

Our experimental arrangement for examining the “fish-head”, “fish”, and “Manta Ray”
MPPCM:s configurations is shown in Fig. 6.13. It is similar to the arrangement we used to
investigate the arch except that the incident face of the BaTiO; crystal onto which two
incident beams are shone is the +c face. Each pump beam was generated from an argon
ion laser with multi-longitudinal modes operation at 488nm and 514.5nm without an
intracavity étalon. The path length difference between the incident beams, I, and L, was
arranged to be greater (typically 15-45cm) than the coherence length (~3cm) of the laser,
operating in this manner. This ensured that the beams were mutually incoherent so that
competing gratings could not be written between counterpropagating light which would
impede the formation of a loop of light. The interacting beams were extraordinarily
polarised to provide the most effective utilisation of the linear electro-optic effect and to
maximise the coupling strength inside the BaTiO; crystal and were focused, by lenses of
125 mm focal length, to foci located about 20 mm outside of the crystal so that each beam
diverged into the crystal. This gave us large beam diameters to promote fanning and
overlap of the beams within the crystal.
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Fig. 6.13 Experimental arrangement for fish-head, fish, and manta ray mutually
pumpedphase-conjugate mirrors.

Variable Beamsplitter VBS Mirror M1

Argon lon Laser ]

Electric Shutter ES2 CoUimator Cl
Path 1

' Electric Shutter E)S1 Screen SI
Mirror

Image T1

Beamsplitter BSI
Mirror

Pbotodetector PD1

Chart Recorder Lens LI

Mirror

Pbotodetector PD2 Ex:

Fish-Head MPPCM

Screen S2

Mirror M2 Path 2 Lens L2

Beamsplitter BS2

Collimator C2

We repeated our experiments several times with similar results using two separate
BaTiOs crystals from different suppliers; the Shanghai Institute of Ceramics at the Chinese
Academy of Science and Sanders Associates in USA. The crystals were single domain and
had dimensions 5.16mm x 5.00mm x 4.74mm and Smm x Smm x Smm, respectively and
each face was pohshed. The phase conjugate beams, lipc and Upc, were coupled out from
the incident beam paths using beamsphtters, BSi & BSz, and their powers were monitored
by photodetectors, PDi & PD2, (which were connected to an x-¢ chart recorder) as a
function oftime. Electric shutters, ESi & ES2, were used to switch pump beams, lip & Up,
on and off, respectively. The incident powers ofboth incident beams were adjusted using
a variable beamsplitter. When the input images to be phase conjugated, Ti and T2, were
inserted into paths 1& 2, the photodetectors, PDi and PD2, were replaced by two screens

Si and S2, or cameras (or CCDs) to capture the output images, respectively. Two
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collimators, Ci and C2, consisting ofa spatial filter and collimation lenses, were introduced

into the setup to input two images.

6.5.2 Experimental details o ffish-head MPPCM

In the first several experiments on the “fish-head” MPPCM we checked that mutual
pumping was indeed occurring by turning ofiFfirst one beam, and then the other, to verify
that the phase-conjugate beams were also ultimately extinguished. Two unexpanded
Gaussian beams (directly from the laser), each having a power of 56 mW with a beam
diameter 0 0.3 mm, were incident in a symmetrical geometry: zi=Z2=1 mm, 01=02=55° to
the normal ofthe crystal as defined in Fig. 6.14(a). We blocked the incident beam, lip, and
observed that the phase-conjugate beam, l2pc, disappeared immediately; the other phase
conjugate beam, lipc, continued to be observed but decayed over about 5 seconds to zero
as the transmission grating formed between the two beams was gradually erased by l2p
Corresponding results were obtained when we blocked the other incident beam. In laser
phase-locking experiments a major problem is the long-term stabihty of the phase-

conjugate feedback m self-pumped or mutually pumped internal reflection geometries.

Fig. 6.14 (a) Schematic and (b) experimental photograph ofour 'fish-head” MPPCM
geometry.

+C

lipc

+ C

(@) (b)
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6.5.2.1Time response of the fish-head MPPCM

Figure 6.15 shows how the phase conjugate reflectivity develops with time. The
reflectivity rose in about 1s (after turning on the incident beams) to reach a final magnitude
which was 30%, stable in time to +5% standard deviation over 15mins.

Fig. 6.15 Plot of the phase-conjugate reflectivity versus time for the “fish-head”
configuration in MPPCM.
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The time required for the onset of the phase-conjugate behaviour in the “fish-head”
configuration was measured as a finction of lateral distance between the two input beams
as shown in Fig. 6.16. Before taking the final time response measurements, the crystal was
flooded with 25 mW collimated and ordinary polarised He-Ne light (A=632.8nm) from
cryatal a face for about 10 mins to optically erase all residual gratings formed in previous
time measurements. The lateral distances between the two input beams was in the range
from 2 to 4 mm. We measured the time, 7, required for the phase-conjugate beam to grow

to 1-¢” of its final equilibrium value. The same apparatus as that shown in Fig. 6.13 which
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had been used to measure the phase-conjugate reflectivity was used to obtain the phase-
conjugate formation times. The measurements were taken at an external interbeam angle
of $=110°, with two input beams operating with multiple logitudinal modes in the blue
(A=488nm) line of the argon laser under symmetrical incident conditions, i.e., z;=L-z;
0,=0,, and I;;=I,,. As canbe seen from the results shown in Fig. 6.16, the fastest response
time of ~1 sec appeared to occur when d=3mm. We observed that the more symmetrically
disposed loop was more intense. The fastest response times were observed when two

loops were present.

Fig. 6.16 Plot of the response time, 7, against the lateral distance, d, between the two

input beams.
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6.5.2.2Lateral positional tolerance of the fish-head MPPCM

In order to investigate the tolerance of the phase conjugate reflectivity to lateral

translations of the positions of each of the input beams we arranged them symmetrically,
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i.e., z;1=L-z,, where L is the length of the crystal in the z direction. The power of each
beam was 45mW and

(i) we varied the separation, d (=z,-z;), while keeping, ¢, constant at 110° and

(ii) we varied ¢ with 6,=0, while keeping d constant at d=3.5mm (Fig. 6.14).

Fig 6.17 shows a plot of phase-conjugate reflectivity as a function of the lateral
distance between the two beams, d. We observe that the phase-conjugate reflectivity
exists at least over the range d=1.8 to 4.0mm attaining a peak value of 28% at d=3.5mm
and varying by 40% across this range. At the edges of this range we observed a single
loop of light (from d=1.8 to 2.5mm) while near the peak phase-conjugate reflectivities we
observed two loops of light (from d=3.0 to 4.0mm). Figure 6.2(f) shows the two loops for
d=3.5mm, ¢=110° and we note that the more symmetrically disposed loop is more intense.

Fig. 6.17 Plot of the phase-conjugate reflectivity in the Fish-Head MPPCM against the
lateral distance, d, between the two incident beams in a symmetric
arrangement (Fig. 6.14(a)).
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Fig. 6.18 shows the optical paths inside the BaTiOs crystal in the Fish-Head
MPPCM for four different lateral separations of incident beams d=0.8, 1.6, 2.5, and 4.0
mm at (j=110° repectively. Fig. 6.18 shows that the shape of of fish-head was changed
giving 2 loops with a different reflection point on face -c¢ in both (a) & (b) and 2 loops each
reflecting at one point on face -c in both (c) and (d). This can be explamed by the
interaction-region transition mechanism (discussed in the next section) which gives stable

loops with reasonable phase conjugation efficiency (shown in Fig. 6.15).

Fig. 6.18 A series ofphotographs illustrating the opticalpath in the Fish-Head MPPCM
in steady state, taken from above the BaTiOs crystal at (@) d=4.0mm, (b)
d=2.5mm, (c¢) d=1.6mm, and (d) d=0.8mm, respectively, where d is defined in

Fig. 6.2(b).

(2) (b)

(©) (d)
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A further set of experiments was performed to investigate the tolerance of the
Fish-head MPPCM to lateral positional changes of just one of the incident beams. To
assess the tolerance of the Fish-Head MPPCM to unequal shifts in the lateral positions of
each ihput beam the input beams were rearranged asymmetreally, ie. z; #L-z,. The
incident position of input beam I, at z,, was held constant while varing the position of
input beam, I, along the z direction from z;=0.5mm to 4mm while z, was kept at 4.5 mm
(Fig.6.14).

Fig. 6.19 shows a plot of the phase-conjugate reflectivity as a function of the lateral
position of input beam, I,p, at z;. It can be seen that phase conjugation occured over the
full range from z,=0.5 to 3.8 mm and the highest phase-conjugate reflectivity of 25% was
obtained when z;= Ilmm. The optical paths were changed as shown in Fig. 6.20 while
phase conjugation was occurring between the two mput beams in the fish-head

configuration to simulate misaligment during operation; for example, due to slow

vibration.

Fig. 6.19 Plot of the phase-conjugate reflectivity against the lateral position of only one
input beam, I, while the position of the other beam, I;, was kept constant.
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Fig. 6.20 A series ofphotographs corresponding to Fig. 6.19 illustrating the optical
path of'the Fish-Head MPPCM in steady state, takenfrom above the BaTiOs
crystal, where d is definded in Fig. 6.2(b).
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6.5.2.34Angular tolerance o fflsh-head MPPCM

In order to investigate the tolerance ofthe phase-conjugate reflectivity to angles we varied
the angle, (), symmetrically while keeping s1=s2; zi=L-Z> and, d was held constant at
d=3.5mm (defined in Fig. 6.14). Figure 6.21 shows how the phase-conjugate reflectivity
varies as a fimction ofthe external angle between the two incident beams, (). The phase-

conjugate behaviour was found to exist over an angular range of (|)=78°to 110" reaching
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a maximum value of 28% at $=100° and varying by 55% of 28% reflectivity across this
range. The fanning of the input beams in the BaTiO; crystal not only depends on the
power of the input beam but also on the angle between the incident beam and the crystal ¢
axis and the initial divergence. The power of each input was kept constant and the incident
angle of each beam was changed, it was found that the larger incident angle to the normal
of +c surface, the greater the angular range of beamlets within the fan generated. So that
as observed in figure 6.18 the optical paths were changed becoming significantly curved.

Fig. 6.21 Plot of the phase conjugate reflectivity against the external angle ¢ between
the two incident beams in a symmetric geometry.
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6.5.2.4Influence of incident beam diameter of fish-head MPPCM

We experimentally investigate how the incident beam diameter influenced the phase
conjugation efficiency in the Fish-Head MPPCM in the use of the diverging incident beam.

The schematic of the experimental arrangemenf is shown in figure 6.22 where the inset
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picture shows the relationship between the foci of lenses and the incident position of the

incident beams, I, & L.

Fig. 6.22 Schematic showing the variation of the distance between the focus of the input
lens and the entrance location of the input beam on the crystal.

BaTiO: .
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The two input beams were focused, by lenses L; & L, of 125 mm focal length, to
focilocated between 15 to 60 mm outside of the crystal depending on the position of each
of the two focusing lenses. This gave us large beam diameters between 0.26mm to
0.89mm. We anticipated that this would increase to promote fanning and overlap of the
beams within the crystal leading to greater coupling.

We measured the phase-conjugate reflectivities as a function of the distances
between the foci and the entrance face, +c, by changing the position of the two input
lenses, L; & L,, together forwards and backwards along the incident direction whilst
keeping the lateral distance between them constant, at d=3mm. We observed that the
phase conjugate behaviour exists, at least, over a range of &f (=06f1,=0f;,) as shown (Fig.
6.22) from 15mm to 60mm with a maximum value of ~ 32% at 8f =8f;,=6f>,=45 mm as
shown in Fig. 6.23. Outside this range, when the input beams were either focused closed
to or far away from the incident face, the phase-conjugate power dropped significantly
since there was either not enough overlap for beam coupling within the crystal for a
narrow beam with a small diameter or parts of the input light divering cone light 1 leaks
around the crystal edges for wide beam with large diameter (Fig. 6.24) and so does not
enter the crystal.

Fig. 6.23 Plot of the phase-conjugate reflectivity against the distance, 3f=df1,=f
(defined in figure 7.22), between the foci of input lenses and the crystal.
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Fig. 6.24 A series ofphotographs corresponding to Fig. 6.23 illustrating the optical
path ofthe Fish-Head MPPCM in steady state, takenfrom above the BaTiOs
crystal, where 8fp and 5f2p are definded in Fig. 6.23.

(a) (b) (©

« g

(d) (e ®

6.5.2.5Fish-head MPPCM efficiency dependence on beam ratio

The phase-conjugate power as a function of input beam power ratio is also given. One
attenuator (not shown in Fig. 6.13) consisted of a half-wave plate and one polariser was
insert into path 1 (or 2) to vary the incident power without changing the polarisation of
hght. The variation of phase-conjugate reflectivity of each beam in the Fish-Head
MPPCM as a function oftwo input beam power ratio is shown in Fig. 6.25. The data is
not corrected and so includes both Fresnel and absorption losses. It can be seen that
engery is transfered from one beam to the other during the phase conjugation process and

the phase- conjugate reflectivity can reach -50% “fish-head” MPPCM.
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Fig. 6.25 Graph of the experimental ‘fish-head” MPPCM phase conjugate output
powers as a function of the input beam power ratio.
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6.5.2.6Fidelity and Resolution of fish-head MPPCM

We checked the fidelity of the mutual phase conjugation process in the Fish-Head
MPPCM by placing two resolution targets (US Airforce resolution chart), one in each of
the input path after spatially filtering, expanding and collimating the beams. One target
was rotated by 90° with respect to the other to investigate crosstalk. The phase-conjugate
images, displayed on screens S; and S, (shown in Fig. 6.13), are reproduced in Fig. 6.26
and it is clear that there is no crosstalk and that a resolution of 4.00 line pairs/mm (125

um) has been obtained for each of the beams
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Fig. 6.26 Photographs of the phase-conjugate images from the fish-head” MPPCM:
for (@) pump beam Ijp, and (b) pump beam fp.

fw ittu n

(a) (b)

6.5.3 Experimental Details and Results ofFish MPPCM

In previous this subsection we have demonstrated our second new configuration, the
fish-head, MPPCM. In a series ofin-depth studies we have shown that by optimally the
choosing of geometiy the perfonuance can be improved considerably. This motivated us
to make fiuther changes to the geometiy to further attempt to improve the performance.
In this section we describe the experimental details of our third configuration, the fish,
MPPCM formed in BaTiOg crystal.

Two mutually incoherent input beams each with a power 0f25 mW derided from
an Ar+ laser source with ~ 5 cm coherence length and operating with multilongitudinal
modes at 514.5 nm without intracavity étalon, were incident on the crystal (Fig. 6.27).
The beams were set to interact inside the crystal with an intersection of angle, v/, before
any internal reflections. Each beam will read one ofthe fan gratings formed by the other
beam and so will be diffracted towards the inner face, @, of the crystal to generate a

MPPCM with three internal reflections, hi this phase conjugation process at least two
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Stable loops were found within the MPPCM. The loops form paths which looks like the

outline ofa fish so that we refere to it as the ‘Tish” MPPCM for ease ofreference.

Fig. 6.27 (a) Schematics and (b) experimentalphotograph of ‘Fish "MPPCM

+C ha

(@ (b)

We varied the incident position hy shifting the crystal along the -c direction or z
dhection. Fig. 6.29 shows the investigation of the effect lateral position on the
performance ofthe Fish MPPCM and on the internal loop hght paths. In Figs. 6.28 (a)-(c)
the phase-conjugate reflectivities obtained fi-om the Fish MPPCM over a very wide range
ofdfrom 0.9mmto 2.5mm are 23.5%, 22.8%, and 17.0%, respectively. Figs (d)-(f) show
the other three asymmetrial cases hy translating the crystal along the z axis. In can he seen
that when the two input beams are incident asymmetrically the shape formed in the
MPPCM is modified significantly with a much reduced -15% phase-conjugate reflectivity
in both Figs 28(d) & (f). We note that not all ofthe hght m the crystal is Bragg dififracted
and internal reflected from ciystal’s faces to contribute to effective coupling resulting in a
lower phase conjugation efihciency for these laterally shifted configurations. From these
results we find that the Fish MPPCM prevails over a wide range of lateral shifts of the

incident beams relative to the crystal.
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Fig. 6.28 A set ofphotographs illustrating the internal light path loops in the Fish
MPPCM, taken from above the BaTiOs crystal with two simultaneously
incident beams at for (@ d=0.9mm , (b) d=1.3mm , and (c)
d=2.5mm. (d)-(f) show three cases when the crystal was shifted along z
direction at d=0.9mm, respectively.

(a) (b) (c)

K

(d) (e) ®

6.5.4 Experimental details and results ofRay MPPCM

In this subsection, we propose our fourth configuration, the ray MPPCM. Figs. 6.29 (a)
and (b) show a photograph and the schematic of the internal beams inside the crystal,
respectively. In Fig 6.29(a) it can be seen that incident beams lip and fphave formed a
closed loop inside the crystal. Fig 6.30 shows a graph ofthe phase-conjugate reflectivity
of input beam P as a fimction of the lateral positon of the intersection point, z. Both
beams are incident at the same point on the crystal +c face at equal angles to the normal.
Similarly both phase conjugate beams are incident at the same point intendly on the crystal
+c face at equal angles to the normal.
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Fig. 6.29 (a) Schematics and (b) experimental photograph of ‘Ray”MPPCM.

+C
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Fig. 6.30 Plot of the phase-conjugate reflectivity against the lateral position of the
interaction loaction on crystal$ +cface.
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The measurement was carried out by sending two mutually incoherent input beams

(=514.5 nm), lip and %p, each with a beam diameter 0f0.48 mm having a power 0f45 mW
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and 30 mW, respectively. The two input beams met on the +c face before interacting
inside the crystal. We observed that the phase-conjugate response exists over an
extremely wide range of lateral crystal translations from d=0.5 to 4.5 mm attaining a peak
value of 35% at d=3.5mm and varying by 28% across this range.

In additons, the MPPCM “ray” configuration also has a wide range of angular
acceptance. The experiment was performed out by rotating the crystal through an angle
about the x-axis. The two mutually incoherent input beams each having a power of 28
mW with a beam diameter of 0.48mm were shone into the crystal simulaneously. We
observed that the phase-conjugate reflectivity exists over an extremely wide range from
0=-15°to +15° (36° total) attaining a peak value of 37% at »=0 (Fig.6.31) since the more
symmetrically disposed loops were more intense as shown in Fig. 6.32. It can be seen that
the MPPCM in the “ray” configuration very tolerant of lateral positioning and angular
orientation. The phase-conjugate outputs for the Ray MPPCM is as great as 37% which is
only a little over than the Fish or Fish-head MPPCMs. However, it plays an important role
in stablising the phase-conjugate output.

Fig. 6.31 The plot of phase-conjugate reflectivity against the rotation angle, o, (defined
is text) of a BaTiO; crystal in “ray” configuration
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Fig. 6.31 A set ofphotographs illustrating the steady state phase conjugation process of the
Ring MPPCM while the two beams are simultaneously incident on the crystal at ¢
=114° (or 9i=92=57°) without lateral crystal translation d=0. (a) show the
schematic of ring configuration, (b)-(1) show the light paths inside crystal for

rotations through different angles of; -15° -12° -9° -6° -3° 0° 3° 6° 9° 12° and
155 respectively.

0) (k) (D
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When the ray hght channels within the crystal are not clearly apparant, the phase-
conjugate outputs decrease notably, and image fidehty is reduced. We checked the fidehty
ofthe mutual phase conjugation process in the Ring MPPCM hy placing one resolution
target in path 1 (input 1), and one in each ofthe inputs after spatially filtering, expanding
and collimating the beams. One target was doll image transparency inserted into path 2
(input 2) to investigate crosstalk. Two input beams, lip & 12p carrying images were
incident on the middle of the +c¢ face, i.e., z=zi=Z2=2.5mm at ()F114®. The phase-
conjugate images, displayed on screens Si and S2 or captured by CCD cameras (shown in

Fig. 6.13), are reproduced in Fig. 6.32 and it is clear that there is no crosstalk.

Fig. 6.32 Photographs ofthe phase-conjugate images by the ‘ring” MPPCM: for (a)
pump beam Ijp, and (b) pump beam fp.

(a) (b)

In this section we have explained and demonstrated our discovery of a series of
novel configurations for MPPCM and briefly reported their performance. In the next
section we concentrate on the theoretical understanding underlying and unifying our

discoveries.
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6.6  Physical Understanding of Fish-Head, Fish, and Ray MPPCMs

The mutually pumped phase-conjugation procesé was explained in terms of several
theories, such as the one-interactive-region four-wave-mixing self-oscillation theory
[Cro84], the two coupled-region self-oscillation theory [He88], and the hologram sharing
theory [Yeh89]. If a mutually pumped phase conjugate configuration has only one
interaction region (such as in the double phase-conjugate mirror), the orientation and the
spacing of its self-generated grating are fixed by the direction of the two incident beams.
However, when a phase conjugator use a more than one interaction region, it gains a
larger degree of freedom to choose both the orientation and the spacing of its self-
generated gratings. In general, the phase conjugator will setup loops which maximise the

“two-beam-coupling gain coefficient and the beam-overlap length in each interaction
region (increasing the net two-coupling gain) while minimising the optical-path distance
between adjacent interaction regions (decreasing the absorptive loss). If necessary, the
phase conjugator can also use total internal reflection at its crystal faces to connect
adjacent interaction regions and thereby minimise reflection losses.

Actually, several types of grating can be established in MPPCMs depending on the
geometry between the mixing waves and the orientation of crystal [Ste95] and the degree
of mutual coherence between mixing waves in crystal [He95]. Any combination of
interacting geometry and coherence and intensity of two input beams will affect the
peformance of MPPCM. According to the widely accepted theory of the photorefractive
effect, in each interaction region there are four contributions to the intensity-induced index
gratings in the standard FWM geometry: a large-spaced transmission grating, a small-
spaced reflection (2k) grating, and two additional contributions, usually overlooked,
coming from the mixing of the pump beams and of the probe beam and its conjugate beam.
When the pump beams are much stronger than the probe beam and the conjugate, the last
contribution can safely be ignored. Then the pump beams are not depleted by the probe or
the conjugate beam, and hence their evolution can be solved independently. But in certain
cases such as our fish-head, fish, ray configurations in MPPCM there are more than one
interaction region in the photorefractive medium so the last grating strength could be
reinforced

In fact, the degree of coherence between the incident beams determines how many

kinds of grating can be formed within the photorefractive crystﬂ which possibly affect the
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performance of the MPPCMs. Here, we describe the general formation of all possible
gratings, such as transmission, reflection, and 2k gratings, in the photorefractive medium
and discuss how to determine dominating or set the grating existing in the crystal by
choosing the geometries of the pump beams with respect to the crystal. Model can be by
refer the basic equation set proposed by Yeh et al. [Yeh95].

It is well known that the transmission gratings are responsible for the mutually
pumped phase conjugation process in most of the configurations. For simplicity, we
consider the case of one interaction region in the mutually pumped phase-conjugation
process as shown in Fig. 6.33. We assume the diffusion-dominated photorefractive effect,

i.e., with real coupling constants.

Fig. 6.33 Schematic of geometry of MPPCM with -C direction propagation aspect in a

BaTiO; crystal.
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Referring to Fig. 6.33, we consider two plane waves of amplitude of £, and £, with
a degree of mutual coherence of v (0<v<1) incident on a photorefractive crystal.
When the pump beams are partially coherent, besides the transmission grating

g, = EE; +EJE,, reflection grating g, = E E; +E,E,, 2k grating g,, = E,E;, and
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g,v = E,E; are all present in the photorefractive medium. The nonlinear coupled wave

equations are written as:

E, 1
;l B _I:[yTgTE4 tv (ngRE3 +}’2"gz"E2)]’
ﬁ" 1 ] * * -
5; = I_ _}/TgTE3 +v (ngRE4 +¥ &k )]s
e 1o . 6.1
—-0}-—3- = —I: .—;/TgTE; +v (7Rg;zE1 - 72k'g2k'E4)]:
ﬁ‘ 1 [ * * *
&4 = I—o {—}'TgTEl t+v (J’RgREz - 72k'gzk'E3)]:
and the boundary condition are
(i) “Arch” configuration
E (L)
{(0) = Ey(L) EOF 6.2)
and
(ii) “Fish-Heas”, “Fish”, and ‘“Ring”, configurations
E,(z :
E\(z,)= E(z,)=0, and, M =9 (6.3)
lEz(zl)|

where [, = ZIE j|2 (j = 1,4) is the total intensity of all the beams, yr, ¥z, 721, and 72, are the

photorefractive coupling coefficients for transmission, reflection, and 2k-reflection
grating, respectively, q is the intensity ratio of the pump beams, L is the interaction length.
It is clear that when two pump beams are mutually incoherent, i.e., v=0, the coupled wave

equations reduce to the convenient ones,

_67 = —O[YTgTE4],
oE;, 1 .
P) L= _[VTgTEs ],

z I, 6.4)
OE, 1 . '
_62_3 = ]_0[_7 r&rE, ]’

O0E, 1 .
= E
oz 1, [ Y r&ri ],
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where only the transmission grating is present [Cro84 & He88]. The gratings set up by a
four-wave interaction have the property that their period is precisely that which maximises
their ability to reflect electromagnetic energy, i.e., they automatically satisfy the Bragg
condition for constructive addition to the fields reflected from successive elements of the
grating. Moreover, the reflections from the long-period grating (transmission grating) are
precisely in the directions defined by the two sets of counterpropagating waves, e.g., the
reflection of the wave by the long-period grating yields a field traveling along the direction
of the waves 3 and 1.

However, it is difficult to identify exactly from where the two loops emerge and
where they rejoin the incident beams in the “fish-head”, “fish”, and ‘“ray” MPPCMs.
Nevertheless, following the earlier proposed mechanism of J. Feinberg et al. [Fei82], we
can tentatively suggest that each incident beam intersects each loop in an interaction
region. Figs. 6.2(b)-(d) schematically shows these four interaction regions, I, II;, I, and
II;. In our experiments we observed that the two beams entered the crystal and instantly
fanned out to form two overlapping fans. Little appeared to happen due to competition
between numerous gratings which were being written, erased and enhanced resulting in
the formation of either one or two loops of light. Ultimately, only those gratings giving‘
rise to the phase conjugate reflections survived. The grating at region I, is a transmission
grating, written by an interaction between the input beam I,; and the fanned beams arising
fromit. This grating is read by I, after scattering at I, and after three internal reflections
and this beam is diffracted by four wave mixing to form the beam I;,. which is the phase
conjugate of the incident beam I,

Similarly a loop is formed by beam I, between interaction regions I, and II;. It
seems unlikely that loops will form between similar (I, and L; II; and II) interaction
regions because this would require the loops to cross which is not observed. Cross-linking
between regions allows each loop to share differently angled gratings at different locations
leading to increased stability. A single loop can arise when the interaction regions move
together and merge. A second possible mechanism requires a single but more complex
interaction region on each incident beam giving rise to two differently angled beams from

two angularly multiplexed gratings which are cross-linked.
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In order to be useful for long-term laser phase locking, these configurations must
be able to initiate coupling with mutually incoherent light and maintain coupling with
mutually coherent input. The transmission properties of the MPPCM as a function of the
degree of mutual coherence of the pump beams can be obtained by solving the nonlinear
coupled wave equations, (6.1) & (6.4) with numerical methods, such as the conventional
4-th-order Runge-Kutta algorithm. And, by taking account of the depletion of the
pumped beams since strong beam coupling occurs in photorefractive materials, and pump
depletion is common in most of the photorefractive phase conjugation processes,
especially in the MPPCM of our four novel configurations. But this is beyond the scope of
this work. Here, we just demonstrate the results of an experimental study of the effects of
laser coherence on the operation of the “fish-head”, “fish”, and “ray” MPPCMs. Fig. 6.33
shows the phase-conjugate reflectivity of MPPCMs formed by two mutually coherent
light sources interacting inside the crystal.

Fig. 6.33 The plot of phase-conjugate reflectivity of two mutually coherent laser light
source interacting in a BaTiOj; crystal occurring in three different cases. The
“fish-head” configuration was formed in area I, the “ray” configuration was

Jormed in area II, and the “fish” configuration was formed in area III,

respectively.
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In Fig. 6.33, one can be seen that the highest phase- conjugate efficiency occurs in
ray configuration as shown in area II. It can be explained that two input beams, I,, and L,
will be diffracted by their shared grating T, formed by the two input beams, on the crystal
+c face becoming rays and beams along the ring-oscillation channels reinforce to produce
four internal reflections at four faces. Naturally, parts of the phase-conjugate outputs join
at the cross readout of the grating T. This plays an importment role in stablising the
phase-conjugate outputs and channels.

It worth mention that in Ray MPPCM when beams are coherent then they can write
a grating at the entrance point. Beams I, and I, pass through and diffracted their shared
grating to produce four internal reflections at four faces. Naturally, parts of the phase-
conjugate outputs meet at same point again writing a grating before leaving. This appears

to generate a ring resonator.

6.7 Dual Mutually Pumped Phase-Conjugate Mirrors

In this section we extend our work to fabricate a MPPCM for a three incident beam
interation. The configuration is a double fish-head configuration formed in a BaTiO;
crystal and, for the first time to our knowledge, exhibits threshold behaviour and may be
useful for optical gates, computing, and neural networks.

6.7.1 General Description

In this double fish-head configuration, the initial propagation state of the incident beams
(or mmput beams which will be phase-conjugated) in each configuration is particularly
distinct from the existing configurations (as shown in Fig. 6.1), in that the incident beams,
Ip , L, and Iy, are initially travelling close to the crystal’s c-axis in the -C direction within
the BaTiO; at the crystal face (labeled +c) with acute angles of 0,, 0,, and 03 to normal of
the +c face at distances, z; , z;, and z;, from the crystal corers (defined in Fig. 6.34(a)).
When the phase-conjugation behavior has been established two stable loops of light with
fish-head shape (as shown in Fig. 6.31(b)) can be seen inside the BaTiO; crystal in this
geometry.
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Fig. 6.34 Schematic of double fish- head MPPCM configuration inside a BaTiOs
crystal.
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6,7.2 Experimental Arrangement

The experimental arrangement for examining the double MPPCMs with two “fish-head”s,
configuration in a BaTiOg is shown as in Fig. 6.35. the face ofthe crystal onto which three
incident beams shone is the +c face ofa BaTiOg crystal. Each pump beam was generated
from an argon ion laser (Coherent Inova 4) in multi-longitudinal mode operation at
514.5nm without an intracavity étalon. The path length difference between each pair of
the incident beams was arranged to be greater (typically 15-70cm) than the coherence
length (-5 cm) ofthe laser, operating in this manner so the beams can be considered to be
incoherent. The interacting beams were extraordinarily polarized and were focused, by
Fourier transform lenses of 350 mm focal length, to foci located about 25 mm outside of
the crystal so that each beam diverged into the crystal. This gave us initial angular spread
to promote fanning and overlap of the beams within the BaTiOg crystal (5.16mm x
5.00mm x 4.74mm).

The phase-conjugate beams, fipc, 12pc, and Ige, ofthree incident beams, lip, Izp, and
Igp, were coupled out from the incident beam paths by using beamsphtters BSi, BS2, and
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BSs, and the powers were monitored by PDi, PD2, and PD3 (which are connected to an x-¢
chart recorder) as a function oftime. The incident power ofeach beam was adjusted using
a set ofnutural density filters. Two input images, Ti and T2, to be phase conjugated are
inserted into the path 1 & 2. Two photodetectors, PDi and PD2, are replaced by two
screen Si and S2, or cameras (or CCDs) to capture the output images, respectively. Two
collimators Ci and C2, consisted of spatial filter and collimation lenses, one of each were

introduced into the setup to input two images.

Fig. 6.35 Experimental arrangementfor the double MPPCM.

Mirror
Argon Ion Laser
Photodetector PD, .
Beamsplitter BS Varmble.
Beamsplitter
Beamsplitter BSi
Photodetector PDJ
Electron Shatter ES,
Electron Shutter ES]
Electron Shatter ES]
Beamsplitter BSs Mirror

Photodetectors PD:
Lens L

Beamsplitter BS:
Lens L

Translational &
Rotational stage

6.7.3 Experimental Results and A nalysis

In this section we examine our new double mutually pumped phase-conjugate mirror

(DMPPCM) experimentally, for the first time to our knowledge, in a barium titanate
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crystal which phase conjugates three incident beams in pairs operating as two MPPCMs in
the same crystal at the same time but in different orientations.

Three unexpanded Gaussian beams (directly from the laser), each having a power
of35 mW with a beam diameter 0of 0.48 mm, is incident: Zi=0.8tnm, 0i=40°; Z2=1.4mm,
02=65°; 7z =4.6mm, 03=75°, where 0i (i=1,3) is the incident angle with respect to the
normal ofthe crystal as defined in Fig. 6.34(a). We have measured the mutually pumped
phase-conjugate reflectivties of'each input beam are 25%, 23%, and 45%, respectively. It
can be seen that the reflectivty of third beam, Isp, is about twice higher than those of
beams, lip and %p The hght channels within the crystal are clearly apparant when the
phase-conjugate outputs of each input beam (to be phase conjugated) increase notably.
Fig. 6.36 show the build-up process ofthe double MPPCMs in a BaTi03 crystal.

Fig. 6.36 A set ofphotographs illustrating the internal light path loops in the DMPPCM (a)
after three beam swiching on, (b) after beam, fp, turnning off (c) after beam, lip,
turnning off, and (d) after beam, Dp, turnning off on the steady state phase
conjugation process ofthe DMPPCM.

(@ (b)

(© ()

Then we check that mutual pumping were indeed occurring by turning off one

beam, I'p, to verify that the phase-conjugate beams of two lip, and 12p, were ultimately
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extinguished. However, when blocked one ofthe incident beam, lip (12p), the other phase
conjugate beam, /pc (lip), continued to be observe. In can be explained that the two
mutually pumped pairs are coupled as they share one beam (Isp) and they share some
similar volumes ofthe crystal.

We checked the fidehty ofthe mutual phase conjugation process in the DMPPCM
by placing one resolution target in path 1 (input 1), the other one target was doll image
transparency inserted into path 2 (input 2) to investigate crosstalk. The third one input
after spatially filtering, expanding and collimating. Two input beams, lip & /p, carrying
images, USAF resouhton chart and dob image transparency, were incident on the +c face
at (1) zi =2.5mm and 02=114®, Zz2=2.5mm and 02=114®. The phase-conjugate images,
displayed on screens Si and S2 or captured by CCD cameras (shown in Fig. 6.35), are
reproduced in Fig. 6.37.

Fig. 6.37 Photographs of the phase-conjugate images by the double MPPCM: for (a)
pump beam fp, and (b) pump beam fp.

() (b)

6.8 Conclusions

hi this chapter we have discovered for mutually pumped phase conjugation of two
incoherent beams which are all remarkably insensitive to angular and lateral postional
changes hi either ofthe two input beams or in the crystal itself. The four configurations
are also notable in that they have high reflectivity efiSciencies and fast response times and
are also relatively insensitive to the hicident beams power ratio. We first show that our
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experimental characterisations of the "Arch" beam path within the barium titanate crystal
are in good agreement with later numerical simulations carried out by Zozulya et
al.[Z0z94 & 95]. We have also discussd its underlying physical mechanism and show that
it is superior to the popular "bird-wing" configuration as it had a better stability, efficiency
and tolerance to angular and translational movements in either of beams and in the crystal
itself but it takes slightly longer to set up. However, once set up it adapts quickly to new
beam orientations. |

The "Fish-Head", "Fish" and "Manta Ray" configurations are the three other of our
four new configurations that we have discovered for mutually pumped phase conjugation
of two incoherent beams which are all remarkably insensitive to angular and lateral
postional changes in either of the two input beams or in the crystal itself. The four
configurations are also notable in that they have high reflectivity efficiencies and fast
response times and are also relatively insensitive to the incident beams power ratio. These
three configurations are part of a family of mutually pumped phase conjugate mirrors all of
which have similar internal beam paths within the crystal having three internal reflections.
The phase conjugate behaviour of the Fish-Head is established relatively fast (~1sec) and
has a high reflectivity efficiency (30%) and no crosstalk is observable between the two
beams. The phase conjugate output is far more sfable than the "bird-wing" and this
stability is also a characteristic of this configuration. These characteristics make these
configurations particularly interesting for practical applications such as for phase locking
lasers and for optical free space communications.

We have also demonstrated the mutual phase conjugation of two coherently
related beams using the same new configurations "Fish-Head", "Fish", and "Manta Ray"
described above. The physical reasons for this unusual behaviour are identified. The
degree of coherence of the two incident beams determines which gratings are formed in
the crystal. We discuss the importance of this effect for practical applications such as laser
phase locking and high efficiency holographic storage (discussed in Chapter 3).

We have discovered a new double mutually pumped phase-conjugate mirror
(DMPPCM) in a barium titanate crystal which phase conjugates three incident beams in
pairs operating as two MPPCMs in the same crystal at the same time but in different
orientations. The two mutually pumped pairs are coupled as they share one beam and they
share some similar volumes of the crystal.
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Chapter Seven

CONCLUSIONS AND FUTURE WORK

CONCLUSIONS  This chapter begins with a brief overview of the PhD thesis and then
lists all of the new achievements which were a result of this research. The chapter ends
with a list of the future work possible to develop this research further.

The research described in this PhD thesis is aimed at the design of an optical
feedback system (resonator) with photorefractive phase-conjugate mirrors (PCMs) and a
holographic memory which can be developed into an optical neural network (ONN) for
use as an optical associative memory (OAM). In this thesis we have also reported in detail
the achievements that were necessary before such a system could be developed. These
new discoveries were in the field of optical phase conjugation (OPC) and in the basic
physics and original holographic technology underlying them. The novel research in this

thesis:

A. A compact optical photorefractive holographic correlator employing a 2-f
correlation system has been proposed. This compact scheme is suitable for
incorporation into an optical photorefractive resonator with the spatio-angular
multiplexing (SAM) (Ta093) scheme for recording holograms to implement a high
order feedback neural network (HOFNET) [Sel90 & 91] system (Chapter3). Based
on the merits of the HOFNET the 2f systems physical length can be shortened to half

as much as in the conventional 4f correlation system and losses can be avoided.

B. We have increased the diffraction efficiency of volume holograms stored in a -
photorefractive crystal by nﬁaking use of two self-pumped phase conjugate mirrors
(SPPCMs) as part of the recording technique. One of the SPPCMs was induced to
widen the angular range over which phase conjugation of beams could take place
which again has not been done before. We recorded 21 angularly multiplexed
holograms. When a single grating was stored the highest efficiency of 32% was
obtained using a diode pumped frequency doubled YAG. To our knowledge this is
the highest efficiency reported to date for volume holograms in this material.
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C. We discovered that the Bragg-shift depends on the total exposure during the
recording and not just on the beam ratio (Chapter 3). The Bragg-shift effect was
discovered several years earlier at UCL by Tao et al. [Tao93] when she found that
higher efficiency replay of volume gratings formed in photorefractive crystals was
possible by altering the replay angle very slightly from that used for recording in the
case when the two recording beams had had different intensities. In some case we
found that an increase in efficiency from 3.4% to 32.8% was possible by choosing
the comrect angle. These results suggest that to obtain the optimum readout
performance from gratings written by two beams in LiNbO; crystal, readout beams
must be angularly shifted with a desirable angle. In the other words, to implement
the neural-like associative memory using holographically multiplexed stored
memories (database) with uniformly high efficiencies written in photorefractive
materials, the effects of this diffraction efficiency enhancement must be take into

account.

D. We demonstrated the simultaneous phase conjugation of up to 21 beams oriented at
various angles without crosstalk. This direction of research was prompted by my
earlier work on induced self-pumped phase conjugation (ISPPC) and on how this
effect exhibits higher phase-conjugate efficiencies and faster response times
[Yau92]. In the new Multiple Beam Induced Phase Conjugation (MIPC) four
beams were initially phase conjugated in a barium titanate crystal only when an
inducing beam was also incident. We also discovered that an inducing beam of a
completely different wavelength could also stimulate the onset of phase conjugate
beahviour (Chapter 4) (non-degenerate MIPC). The introduction of the inducing
beam cﬁanges the paths of the beams within the crystal. We found that multi-beam
phase conjugation is not sensitive to the relative positions, angles or intensities of
the interacting beams and the coherence requirement is very relaxed. We also
showed that a single incoherent inducing beam could be used to switch the phase
conjugation of up to four other beams on and off in a type of light controlled relay.

In chapter 4 we conjugated 21 beams as part of an optical resonator.

E. We constructed and demonstrated an optical resonator between two self-pumped
phase conjugate mirrors via a photorefractive crystal in which 21 gratings had been
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recorded. 21 eigen modes were shown to be present with similar intensities. The
system configuration was also novel as the resonance was maintained by an injected
sustaining beam. One of the phase-conjugate mirrors was induced by a beam of
another colour to increase the angular range over which phase conjugation could be

performed (Chapter 4).

We discoved 3 new distinct configurations, the "-C*", "J" | and "Tick", for self-
pumped phase conjugation in a 0°-cut undoped barium titanate crystal (chapter 5).
These are notable for their high efficiencies, fast set up times, their tolerance to a
wide range of both angular and translational shifts in the input beams and finaly for
their high resolution. We also found numerous variations of these configurations
which also gave phase conjugation but which had similar beam paths within the
crystal. We compared these with the popular and conventional "Cat" configuration
for self-pumped phase conjugation and concluded that each of our new
configurations is a lot more insensitive to lateral positional shifts of the incident
beam and angular changes in the incident beam. The optimum results were obtained
for our “-C>” configuration in which a phase-conjugate efficiency of 30% was
obtained and phase conjugation was maintained (but at lower efficiencies) over a
range of 4mm in lateral translations of the beam and over a range of 40 degrees in
the incident angle of the beam. Moreover the efficiency of the “-C*” configuration is
somewhat higher than that of the "cat". This tolerance to lateral positional and
angular changes also means that the resolution of our configurations are improved,
for example, the “-C” configuration was shown to have a higher resolution of 30
pum and fidelity than the "Cat" (70 pm).

We have have identified the physical mechanisms underlying our discoveries. All of
our new configurations rely on the fact that the incident beams are propagating at an
acute angle to the -C direction of the crystal and so experience increased fanning
over a wide range of angles. We additionally enchance the range of the angled
beams by using initially divergent incident beams in all cases including for the
inducing beam. This range of angles in the fan has the effect of incresasing the
interaction length in the crystal which raises the coupling strength and in addition
gives a wide angular and spatial range of gratings in the crystal which in turn deflect
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beams to most parts of the crystal over a wide range of angles at each place; some
beams, at least, meet the conditions for self-pumped phase conjugation. The
increased coupling gives a fast response time and high efficiency, the wide fan gives

a large angular and lateral positional acceptance and also a high resolution.

H. We have proposed a simple model with Four Interaction Regions (FIR) to further
account for our discoveries in a little more detail and to give an intuitive insight into
the operation of self phase conjugation. In this model transitions between the four
interaction regions can account for the double loop optical paths observed in many
of our self-pumped phase-conjugate mirrors. The similarities and distinguishable
differences between our four interaction region model for these configurations and

the existing two interaction region model of the popular "Cat" configuration are also
highlighted (Chapter 5).

L. The "Arch" (chapter 6) is just one of four new configurations we have discovered
for mutually pumped phase conjugation of two incoherent beams which are all
remarkably insensitive to angular and lateral postional changes in either of the two
input beams or in the crystal itself. The four configurations are also notable in that
they have high reflectivity efficiencies and fast response times and are also relatively
insensitive to the incident beams power ratio. We show that our experimental
characterisations of the "Arch" beam path within the barium titanate crystal are in
good agreement with later numerical simulations carried out by Zozulya et
al.[Z0z94 & 95]. We discuss its underlying physical mechanism and show that it is
superior to the popular "bird-wing" configuration as it has a better stability,
efficiency and tolerance to angular and translational movements in either of beams
and in the crystal itself but it takes slightly longer to set up. However, once set up it

adapts quickly to new beam orientations.

J.  The "Fish-Head", "Fish" and "Manta Ray" configurations (chapter 6) are the three
other of our four new configurations that we have discovered for mutually pumped
phase conjugation of two incoherent beams which are all remarkably insensitive to
angular and lateral postional changes in either of the two input beams or in the

crystal itself The four configurations are also notable in that they have high
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reflectivity efficiencies and fast response times and are also relatively insensitive to
the incident beams power ratio. These three configurations are part of a family of
mutually pumped phase conjugate mirrors all of which have similar internal beam
paths within the crystaI having three internal reflections. The phase conjugate
behaviour of the Fish-Head is established relatively fast (~1sec) and has a high
reflectivity efficiency (30%) and no crosstalk is observable between the two beams.
The phase conjugate output is far more stable than the "bird-wing" and this stability
is also a characteristic of this configuration. These characteristics makes these
configurations particularly interesting for practical applications such as for phase

locking lasers and for optical free space communications (Chapter 6).

K. We have also demonstrated the mutual phase conjugation of two COHERENTLY
related beams using the same new configurations "Fish-Head", "Fish", and "Manta
Ray" described above. The physical reasons for this unusual behaviour are
identified. The degree of coherence of the two incident beams determines which
gratings are formed in the crystal. We discuss the importance of this effect for
practical applications such as laser phase locking and high efficiency holographic
storage (chapter 3).

L. We have discovered a new DOUBLE mutually pumped phase-conjugate mirror in a
barium titanate crystal which phase conjugates three incident beams in pairs
operating as two mutually pumped phase conjugate mirrors in the same crystal at the
same time but in different orientations. The two mutually pumped pairs are coupled
as they share one beam and they share some similar volumes of the crystal. This
coupling leads to a thresholding ability which can be useful for making non-linear
logical devices or as a threshold for optical neural networks (Chapter 6).

FUTURE WORK Some suggestions and ideas, inevitably proved to be outside the scope
of thesis and now, in conclusion, we briefly propose solutions to the most important
problems which should be investigated in deeper detail in the near future, and recommend
some longer term research directions. It is hoped to use the experience gained from the
photorefractive phase conjugate resonator and the optical storage technique (SAM)
[Ta093] and possibly apply it to realising optical neural networks (HOFNET) [Sel 90 &
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91, Ma092]. An attempt should be made to determine the optimum photorefractive
resonator design and examine their applications in optical neural networks. Hopefully, the
problem of how a high order feedback neural network can be most effectively applied in
order to make the system more compact will be addressed with particular regard to the
feedback system and memory.

Here the principal challenge has been to realise practical systems incorporating the
SAM and the multi-mode self-pumped resonator into a compact HOFNET system.
Although the preliminary experiments of the main part of the resonator (feedback system)
have been achieved, the system is of little practical use. Therefore, the remainder of the

future studies should carry on as follows:

A.  The multi-mode self-pumped resonator implementation could be improved in a
number of ways, for instance, in applications requiring two-dimensional optical
feedback, future work may be focused on implementing 2-D induced phase
conjugation for use as a feedback technique. Additionally, only a small number of
memories were realised in the multi-mode self-pumped resonator. Thus, future
work should also concentrate on the actual realisation of a large number of highly
diffraction efficient holograms in a single crystal. Note that the SAM scheme could
be used for this purpose, however, crosstalk behaviour is known to become more
pronounced due to photorefractive scattering. Finally, although a proposal was
made for a "compact” OAM its physical implementation was largely avoided in this
thesis. Thus, in its present form the compact model is essentially a OAM. In
applications requiring iteration, future work is needed to implement iteration which
could be sustained by providing gain to overcome losses by the use of external pump
in, for example, four-wave mixing (FWM) .

B. A beam coupler could be developed using the double mutually pumped phase
conjugate mirror shown in the "Fish Head "configurations. This could be applied to
phase lock several independent lasers. Future work may extend to implementing
thresholding and incorporating it into a practical optical neural network system for

realising optical feedback in an associative memories. This would make an
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interesting and potentially useful project in its own right. If successful the MPPCM
would be quite versatile, being suitable as both a threshold and for feedback.

C. Recent developments in semiconductor lasers emitting in the near infrared with high
power and efficiency lead to an increasing interest in optical phase conjugation in
this wavelength range particularly for use in optical communication systems. Also
space communications using optical frequencies has a growing importance in a
world where the capacity of data transport has to be enlarged in order to increase the
data flow and to make it more reliable. Only 0°-cut undoped BaTiOs crystals were
actually used and implemented in our novel SPPCMs and MPPCMs in this thesis.
The implementation of other useful doped crystals such as Rh:BaTiO; and a varity
of light sources such as IR and ultra-short pulse lasers is left as an area for future
development. This would conceivably facilitate the realisation of various practical
PCM:s that exhibit the advantageous attributes associated with the respective classes
of self- and mutual-phase conjugation implemented. Lastly alternative theories and
mechanisms for explaining such phase-conjugate devices in different configurations
should be explored.
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197 1 6 beam power ratio is shown...... [beam power ratios is shown......

198 1 4 the input path after spatially...... the input paths after spatially......

199 1 2 In previous this subsection...... In previous subsection......

199 1 3 that by optimally the...... that optimally by the......

199 1 5 geometry to further attempt to......|geometry to attempt to......

199 2 1 25 mW derided from...... 25 mW derived from......

199 2 2 ~ 5 cm coherence length...... ~ 3 cm coherence length......

199 2 4 with an infersection of angle...... with an angle of intersection......

200 1 2 we refere to it as the...... we refer toitasthe......

200 2 10 reflected from crystal‘s faces...... |reflected from the crystal‘s faces...... .

203 2 1 the MPPCM “ray’” configuration..[the  MPPCM in the “ray”

configuration..

203 2 2 experiment was performed out.....|experiment was performed......

203 2 8 “ray” configuration very...... “ray” configuration is very......

205 1 5 one target was doll image...... one target was a doll image......

206 1 8 use a more than one interaction....|use more than one interaction......

207 1 3

207 1 4 Model can be by...... Model can be used by......

208 1 11 (i) “Fish-Heas”, “Fish”, and|(ii) “Fish-Head”, “Fish”, and “Ray”,
“Ring”, configurations configurations

211 1 1 one can be seen that...... it can be seen that......
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Page No. |Para. No. |Line No. |Original Statement in Thesis |Corrigenda

218 1 6 In some case we...... In some cases we......

218 1 13 must be take into...... must be faken into......

219 2 4 beams and finaly for...... beams and finally for......

219 3 6 effect of incresasing the...... effect of increasing the......

222 3 13 the use of external pump...... the use of an external pump......

222 4 5 in an associative memories....... in associative memories.......

223 1 2 a threshold and for feedback....... a threshold device and for feedback....
223 2 8 Rh:BaTiO; and a varity...... Rh:BaTiO; and a variety......
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