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Optical Information Processing using Photorefractive BSO
Colin Soutar

Abstract

Several optical information processing tasks are implemented using 
photorefractive BSO as a dynamic holographic medium. The physical 
basis for the mechanism which allows the implementation of these devices 
is studied.

The properties of BSO which make it particularly attractive as a 
processing medium are highlighted, and experimental results are
presented to demonstrate its practical limitations.

An extensive study is presented of the influence of optical bias on 
the grating formation characteristics. This leads to a documentation
of the optimum conditions for transient enhancement of a beam diffracted 
from such a grating. This transient enhancement can be controlled to 
provide ideal characteristics for the implementation of transient 
devices such as a novelty filter.

A novelty filter utilising this transient enhancement is
subsequently demonstrated. It exhibits good temporal discrimination 
through the choice of suitable external optical conditions, and the use 
of digital thresholding. The overall device operates at T.V. frame 
rates.

Results are also presented of various optical correlators using 
BSO. These include the optical intensity correlator. The unique 
properties of the intensity correlator are stressed by practical 
demonstration. Specifically, the relative intolerance of the intensity 
correlator (compared with coherent correlators) to the position of the 
various components is demonstrated. Also, the spatially incoherent 
readout light allows the use of a low-optical quality liquid crystal 
television (LCTV) as a low-cost spatial light modulator. Output 
results are then presented from the correlator using the LCTV as a 
dynamic readout device. This provides an updateable hologram as the 
reference of the correlator which is interrogated at frame rates by the 
LCTV.

Finally, the temporal discrimination of the novelty filter is
combined with the character recognition ability of the intensity 
correlator. This produces an optical processor which will recognise a 
particular object but will only register it at the output stage when it 
is moving.
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Chapter One 
Introduction

Photorefractive (PR) materials have, for many years, provoked much 
interest as suitable media for the implementation of optical processing 
tasks.

In this thesis, details are given of several optical information
processors which use photorefractive Bismuth Silicon Oxide (BSO) as a 
dynamic holographic medium.

As the work presented in this thesis was carried out during the
formative years of a new research group in PR materials, the early 
chapters are dedicated to the characterisation of BSO as to its
suitability as a processing material.

The photorefractive effect is introduced in chapter 2 and standard
analysis is presented, based on the Kuhktarev band transport equations.

The influence of various extrinsic parameters on the diffraction
efficiency such as beam intensities, beam ratios, grating spacings, and 
applied electric field is examined in chapter 3. It is demonstrated
that the experimental results obtained generally conform to the
mathematical framework of the Kuhktarev band transport model.

In chapter 4 the properties of BSO which make it particularly 
attractive for optical processing tasks are assessed. Its natural

optical activity and spectral response offer ample opportunity for 
achieving a good signal-to-noise ratio in optical systems. Geometric
factors such as the limitations imposed by the Bragg criterion of the
volume hologram are assessed.

During the measurements on the transient behaviour of gratings in 
BSO it was noted that the influence of optical bias was not as expected
from the band transport model. This phenomenon is studied in detail in
chapter 5. Transient enhancement is achieved in the diffracted beam,
and the ideal conditions for implementing transient devices using this
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phenomenon are documented.
In chapter 6 the transient enhancement discussed above is used to 

implement a novelty filter using BSO, in conjunction with a PC fitted 
with a Frame-grabber. This produces an overall device which operates 
at T.V. frame rates and offers good temporal discrimination.

The remainder of the applications presented in chapter 6 is centred 
on the operation of optical correlation. A coherent joint-transform 
correlator is initially demonstrated, and results are presented for the 
case of simple binary amplitude input objects. In section 6.2 an 
optical intensity correlator is introduced and compared to the coherent 
correlators which have previously been demonstrated using BSO. This is 
the first reported demonstration of such a correlator using a real-time 
holographic medium. The main advantages of the intensity correlator 
stem from the fact that spatially incoherent light is used to read out 
the Fresnel holographic filters. This means that the intensity
correlator possesses far greater tolerance in the positioning of the 
various components than its coherent counterparts. Further, due to the 
spatially incoherent nature of the readout, any phase variations in the
readout components will not be relayed to the output plane. This 
allows a low-optical quality liquid crystal television to be used as a 
low-cost spatial light modulator, despite its inherent phase
inhomogeneities (due to the inhomogeneity of the transparent electrodes 
and the liquid crystal molecular distribution).

The final section of chapter 6 presents work that was carried out 
on an optical processor to implement the joint operations of transient 
enhancement and character recognition. This produces an optical device 
which not only recognises a specific object, but will only register this 
’match’ when the object is in motion.

Most of the experiments carried out in this thesis were conducted 
using a sample of BSO (nominally undoped) of dimensions 10 x 8 x 2 mm3, 
which was obtained from Sumitomo Industries. Therefore, unless
otherwise stated, all the experiments reported in this thesis refer to
this sample.
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Chapter Two 
The Photorefractive Effect

The photorefractive (PR) effect has been observed in many
electro-optic crystals. It is classified as a non-linear optical
effect as it permits the interaction of complex wavefronts within the 
photorefractive medium. It does not suffer from any threshold
problems, and can persist at very low (|iWcm ) intensity levels. The
attraction of PR crystals is the ability to set up within them 
holographic gratings which may be indefinitely re-cycled at speeds which 
are dependent on the material and various extrinsic parameters. This 
allows the use of these materials to perform optical information
processing tasks such as those which have been previously carried out 
using conventional holographic film with its remote processing
requirements and subsequent delays.

The volume refractive index gratings are set up in PR crystals by 
the following mechanism (see Fig. 2.1). The crystal is illuminated by 
a spatially varying optical intensity pattern, typically from the 
interference of two or more coherent beams. The light pattern produces 
a corresponding inhomogeneous photo-excited charge-carrier distribution. 
These charge-carriers migrate via drift or diffusion into dark regions 
of the crystal where they are subsequently re-trapped in localised 
trapping centres. The resultant charge re-distribution produces a
space-charge field which follows the original intensity distribution. 
This field modulates the refractive index of the crystal, via the linear 
electro-optic effect, thus producing a refractive index grating within 

the volume of the crystal which is of the same form as the intensity 
pattern. This grating can be read out, using another beam, to 

reproduce the optical information contained in the original writing 
beams. Thus, the photorefractive effect can be described as a form of 
’real-time holography’ [2 .1].

3
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Figure 2.1 Establishment of the space-charge field and resultant 
refractive index modulation in a photorefractive medium, in the absence 
of an external applied field and the photovoltaic effect (i.e. the 
movement of the charge-carriers is by diffusion only).

It is evident from the above discussion that the main requirements
for a material to be photorefractive are;
1) It must be a photoconductor able to produce photo-excited
charge-carriers at a convenient light wavelength,
2) It must be electro-optic, i.e. be of a non-centrosymmetric
crystallographic class,
3) There must be a sufficient number of defects or recombination
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centres within the crystalline structure, to serve as localised trapping
sites,
4) It must be a poor conductor in the dark to avoid charge leakage
which would ’wash-out’ the holographic grating.

Although the above criteria may seem rather rigid there are a 
surprising number of crystals and semiconductors which are classified as 
being photorefractive. Also, these materials possess a wide range of
the material parameters which determine the PR performance. This
usually enables a choice to be made of a suitable material for any 
particular application. The principal photorefractive crystals are the
paraelectric Bii2SiO20 (BSO) and its isomorphs Bii2GeO20 (BGO) and 
Bi TiO (BTO) and the ferroelectric LiTaO . Sr Ba Nb (SBN), KNbC) 
and BaTi03. The main difference between materials is the magnitude of 
the relevant electro-optic coefficient, which depends on the crystal 
orientation. For example, in the most commonly available PR crystals, 
the electro-optic coefficient can be as high as 1600 pm/V for BaTiC>3 and 
as low as 5 pm/V for BSO. However as the electro-optic coefficient is 
related to the dielectric constant of the material and the time response 
of the material is characterised by the dielectric relaxation time there
is a distinct trade-off between amplitude and speed of photorefractive 
response. In this thesis the work concentrates on the use of BSO in 
optical processing systems. Although BSO exhibits a small PR effect, 
the sensitivity of modem cameras and detectors means that the output of 
a system can still be detected providing there is a reasonable 
signal-to-noise ratio. Optimum conditions for good signal-to-noise are 
provided by BSO due to its natural optical activity and spectral 
sensitivity, as will be discussed in chapter 3. Holographic gratings 
can be updated in BSO at speeds comparable to television frame-rates at 
reasonable write-beam intensity levels (mWcm~2). BSO is also available 

with good optical quality over a large surface area.
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There have been two prominent models used to describe the 
photorefractive effect, the band transport model developed by Kukhtarev 
and co-workers in 1979 [2.2] and the charge ’hopping’ model proposed by 
Feinberg et al in 1980 [2.3]. These models start from different 
viewpoints; the Kukhtarev model relies on promotion of charge carriers 
into the conduction band where they migrate to vacant trapping sites, 
whereas the Feinberg model postulates light-induced hopping of charges 
from one location to another at a rate which is dependent on the local 
intensity and electric field. However, for materials such as BSO where 
the measured lifetime of a charge-carrier in the conduction band is very 
short compared with the time for build-up of the holographic grating the 
two models converge in most instances [2.4]. That is to say, although 
the band transport model requires the mediation of the conduction band 
for migration, the actual time spent in the conduction band is 
negligibly small and so it is as if the charges were instantaneously 
’moved’ from one trapping site to another, as in the hopping model. 
The Kukhtarev band transport model follows the notation of the 
partially-compensated semiconductor model [2.5], and has been shown to 
predict the vast majority of the observed effects of BSO. Therefore, 
the derivation of the PR transport equations in this thesis will follow 
the analysis of Kukhtarev et al.

2.1 The Band Transport Model
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2.1.1 Physical Model

Conduction Band

Drift and Diffusion
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Figure 2.2 A schematic of the physical model used to derive the band 
transport equations of a partially compensated semiconductor.

The physical model used for the band transport equations is shown 
in figure 2.2. It is assumed here that electrons are the dominant 
photo-carrier but, in certain circumstances, holes may also contribute 
to the effect [2.6]. Photo-excited electrons are ejected from filled 
donor sites to the conduction band. Here they migrate to dark regions
in the crystal before recombining into empty donor sites. The number
of filled (neutral) donor states is denoted by Nd (Nd ~ 1019 cm'3).
The number of empty (ionised) states will then be given by Nd+ Note
that the acceptor sites, of number density Na, do not play any active 
role in the photorefractive process but are present merely to ensure 
that a large number (~ 10 cm ) of donors are ionised even in the 
dark. It is clear then that Nd* , = Na. Ultimately it is the number

dark

density Na of vacant donors in the dark which is the limiting factor of 
the space charge field as only Na photoelectrons can be accommodated in 

these donor sites.

7



2.1.2 Band Transport Equations

The four equations which set up the band transport model are;

i) A continuity equation for the mobile electrons in the conduction band

— = G - R + iv .J  (2.1)
at q

where n is the free electron number density 
t is time
G is the rate at which electrons are promoted 
R is the rate of recombination 
q  is the electronic charge and 
J is the electron current density.

ii) The electron current is composed of terms due to drift and 
diffusion;

J = <7finE + <7DV .11 (2.2)

where \i is the free-electron mobility
n is the free electron distribution 
E is the total electric field and 
D is the diffusion constant.

iii) a rate equation for the immobile ionised donors

= G - R (2.3)
a t

iv) Gauss’s Law

V.[eeQE] = <7(Nd+ - Na) (2.4)

where 8 is the relative permittivity of the material and it is 
assumed that n « Nd+, Na.
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2.2 Solution for Cosinusoidal Illumination

We consider here the common holographic case of an interference 
pattern generated by the coherent superposition of two plane waves.

Figure 2.3 Diagram showing the configuration for the interference of 
two plane waves.

The intensity at the crystal will therefore be of the form; 

I(z) = Io[l + mcos(Kz + \j/o)]

where m is the modulation index given by m =

Io = Ii + I2, K = 27t/A, and A is the fringe spacing

X
A = -----— (see Figure 2.3). Rewriting equation (2.5) as

2sin0
series expansion excluding second order terms and higher yields;

t/ \ t , 1°/ /Kz , * -z’KzsI(z) = Io + — (me + m e )
2

(2.5)

2 ( 1 1 1 2 ) * 72 

Io
given by 

a Fourier

(2.6)

where lorn =  Io | m | exp(Aj/o). \|/o is an arbitrary phase shift of 
the fundamental component from the z = 0 origin.

We now assume that the spatial modulation of all the material
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parameters can be adequately described by the d.c. and fundam ental 

com ponents o f  a Fourier series expansion. This approxim ation (linear  

in  m  approxim ation) has been show n to be valid  for sm all va lu es o f  m;

i.e . m  <  0 .6  [2.4].

T he resulting distribution o f  photoelectrons in the conduction  band  

is  thus o f  the form;

n(z) =  no + — (ae +  a e ) (2 .7)
2

w here no is  the number o f  photoelectrons that w ould  be generated i f  

the crystal w ere illum inated with uniform  illum ination o f  in tensity  Io. 

T he parameter a is  a measure o f  the m odulation o f  the photoelectron  

distribution. The form  o f  the ion ised  donor distribution w ill then be  

given  by;

Nd+(z) = Na + —  (A e,K z + A*e’ ,K z) (2.8)
2

w here A  is the m odulation depth o f  the ion ised-donor distribution. 

T he spatial variation o f  the electric fie ld  in the sam ple is g iven  by;

E (z) =  Eo +  Esc(z) = Eo +  i(E sc e ,K z + E Sc*e",K z) (2 .9 )
2

where Eo is  any external fie ld  applied to the crystal parallel to 

the grating vector (i.e. perpendicular to the grating planes), and Esc 

is  the amplitude o f the fundamental com ponent o f  the space-charge field . 

N ote that an incoherent beam diffracted from  a refractive index grating 

can be sensitive to the amplitude o f  the space-charge fie ld  and not its 

relative position. S ince this thesis deals alm ost ex c lu siv e ly  w ith  

such incoherent diffraction the prime interest here is  in  the temporal 

developm ent o f  Esc.
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Equations (2 .1 -2 .4 ) can be sim plified  by noting that in this 

instance all the material parameters vary only in the z  direction. 

Thus they can be rewritten as;

—  =  G - R +  -  (2 .10 )
at q dz

J(z) =  # jin (z)E (z) +  q D ^ ^ -  (2 .11 )
az

aND+(z) = G - R (2.12)
at

ee = o(Nd+(z) - Na) (2.13)
° az

N ote also that G w ill be g iven  by;

G = a(j) (2.14)
hCO

a  is  the optical absorption, <J) is  the quantum effic ien cy , hco is  the 

photon energy, and thermal generation is neglected. The

recom bination rate, R, is  linearly proportional to the number o f  free  

electrons and the probability that a trap is empty.

R = y  ND+(z)n(z) (2 .15)

where y  is the recom bination constant. Equations (2 .1 0  - 2 .13)

are non-linearly coupled and as such are difficult to so lv e  analytically

w ithout norm alising the physical parameters [2.4]. H ow ever they are

readily solved using som e standard sim plifying assum ptions w hich have

proved generally to be applicable to B SO . The solution that fo llo w s  is

based on the work o f  Petrov, Stepanov and K hom enko [2 .7 , 2 .8] and is

executed under what has been termed the ’quasi-stationary’

approximation. This relies on the fact that the lifetim e o f  the

photo-carrier is  very short ( |is)  com pared with the tim e taken for the

grating to build up (m s). Thus w e can treat the free-electron density

as stationary at any m om ent o f  the grating build-up. In other words,

in equation (2 .10) w e can set —  = 0. Clearly this s im plifies (2 .10)
at

such that,
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G - R = - (2 .16)1 aJ(z)

*  az

B y substituting equations (2 .6 -2 .9 ) into (2 .16) and perform ing the 

differentiations the fo llow in g  expression is obtained;

mgo - (a + A)noi’1 = -/K|LLno(aEo + Esc) + K2Dano (2 .17 )

w here go = a<J) —  (note that no =  gox), and x is the free electron  
flCD

lifetim e, x =  1/y N a [2 .4]. Perform ing the sam e operation on equations
R.

(2 .12) and (2 .13 ), respectively yields;

—  Na = mgo - (a +  A)noX'1
a t

(2 .18 )

and

iKZE E sc — ^ A N a (2 .19 )

Expressions for a and A can be obtained from  equations (2 .17 ) and 

(2 .19) respectively. Substituting into equation (2 .18 ) produces the 

fo llow in g  form  for the com plex amplitude o f  the space-charge field ,

aEsc

at

m(Eo + /Ed) + Esc( 1 + K /  - /K/ )
S E

t  (1 + K2 r 2 - iKr )
Mv D E ;

(2 .20)

where Ed = K r 2. ' is the diffusion  field  (defined by the E instein

relations), rD = Dx is the photoelectron diffusion length, r£ =  fixEo is

e e  k T '
o B

q2 Na is the D eb ye screening length,the drift length, / =  a 

e e  Eo
/„ = — -—  is the length o f  electron "tightening" by the applied

q N a ee
electric field , Eo and xw = ------- is the M axw ell d ielectric relaxation

M <7|ino
time. Equation (2 .20) is the general expression w hich describes the 

tim e evolution o f  the amplitude o f  the space-charge field . Particular 

cases o f  practical interest can now  be exam ined.
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2.2.1 Steady-State Solution

The steady-state solution o f  the space-charge field  is

aEsc
obtained from  (2 .20) by considering the case for -------=  0.

produces the fo llo w in g  expression;
at

easily

T his

m (E o  +  i E d )

1 + K2/ 2 - i KL
S  E

(2.21)

N ote that the steady-state solution for the space-charge fie ld  

contains no reference to the absolute intensities o f  the writing beam s  

involved.

2.2.2 Formation of the Space-Charge Field

Equation (2 .20) is a partial differential equation o f  the form
aE : =  a + bEsc. This has a general solution o f  the form ,

at h
Esc(t) =  - - (1  - t ) .  Therefore, by inspection o f  (2 .20 ) w e can see  

b
that the space-charge field  is represented by the fo llow in g  function o f  

time;

Esc(t) m (E o  +  /E d )

1 + K 2/ 2 - iKL
s E

1 - exp
' (1  + K 2 / 2 - ; K / e) ’

_ x (1 + K r  - 1 Kr )
 ̂ M v D  E' J _

(2.22)

This expression tends to (2 .21) as t -> as required. T he  

argument o f the exponential function in (2 .22 ) is  com plex; this predicts 

that the formation o f  the grating w ill exhibit a dam ped oscillatory  

response. This w ill be fu lly  developed in later chapters.
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2.2.3 Decay of the Space-charge Field

In general the space-charge fie ld  w ould  takes several days to 

dissipate i f  it w ere left in the dark. U sually the space-charge fie ld  

is  erased by uniform  illum ination o f  the crystal. W e can exam in e the 

crystal response to this by letting m = 0  in equation (2 .2 0 ), w hich  

produces the fo llo w in g  expression;

aEsc

at
E Sc ( l  +  K 2/ 2 - i K l  )

x (1 +  K 2r2
Mv D *'K r E)

This is  a differential equation o f  the form

-at

aEsc

at

(2 .2 3 )

flEsc and so has

a solution o f  the form  Esc(t) = Esc(0)e’ where Esc(0) is the v a lu e o f  

Esc at t =  0. Therefore, by inspection o f  (2 .23) the solution for the 

light-induced decay o f  the space-charge field  is given  by;

Esc(t) =  Esc(0)exp

Equation (2 .24) can be 

im aginary arguments, i.e.

t ( l  + K 2 / 2 - ( K / E) ■

X .(1 +  K2r2 - j Kr )
M v D  V  J

decom posed into terms w ith

(2 .2 4 )  

real and

Esc(t) =  Esc(0)exp<
t[(l + K2r2) ( l  + K2/ 2) + K2r£/E] 

x [ (1 + K2r 2 ) 2 + K2r 2 ]
Ml v D y E J

.exp-*
/ t [ ( l  + K 2/ 2 ) K r E - (1 +  K 2r2)K /E] 

x [ (1 +  K 2r2) 2 +  K 2 r2 ]
(2 .25)

The general form o f  equation 2 .25  is  g iven  by;

Esc(t) = Esc(0).exp< - —  | .e x p |- f K « ot | (2 .26 )

The second term o f  (2 .26) has a purely im aginary argument. T his has 

been interpreted [2.7] as a uniform  m otion o f the hologram  am plitude  

w hilst it is decaying. The characteristic decay tim e, T  , is  thend
given by;
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(2 .2 7 )T =d

x [ (1 +  K V ) 2 + K 2 r 2 ] 
m l v d '  e j

(1 + K2r2) ( l  + K2/ 2) + K2r /
v D y v S '  EE

and the uniform  drift o f  the hologram , in the applied fie ld  Eo, 

w ill be at the characteristic velocity , w , g iven  by;

o

^C1 ^ 2/ 2) - / E(l  + K2r2)

x [ (1 + K2r2)2 + K2r2 ]v d '  e j

(2 .2 8 )

T his uniform  m otion o f  the hologram  at low  values o f  m  has been  

suggested  as an explanation for the resonant enhancem ent o f  

photorefractive gratings in BSO . R esonant enhancem ent in vo lves m ovin g  

the holographic fringes through the crystal in conjunction w ith  the 

application o f  a d.c. electric fie ld  across the crystal. It w as

hypothesised in  reference 2.7 that effic ien t recording o f  the hologram  

can on ly  occur w hen the holographic fringes m ove at the sam e uniform  

velocity  as the holographic grating; i.e. at w .
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2 .3 R efra ctiv e  In d ex  G ratin gs

It has been shown that light-induced charge m igration in a 

photoconductor can produce a spatially varying electric fie ld  w ithin  the  

volum e o f  the crystal. I f  the photo-conducting m edium  is  also  

electro-optic, then this electric fie ld  w ill m odulate the refractive

index. A s the original intensity pattern that created the space-charge  

fie ld  is  generally sinusoidal in  form , the refractive index variation

w ill also be periodic and thus acts as a sinusoidal refractive index  

grating.

B SO  is  in fact a w ell-know n electro-optic material, and has been  

used in m any applications including the im plem entation o f  a spatial 

light m odulator [2 .9]. Its electro-optic and related properties, such  

as elasto-opticity, have been exten sively  studied [2 .1 0 -2 .1 2 ]. B S O  as 

a photorefractive material is com m only used in one o f  tw o different

orientations, depending on the application. For a space-charge or 

m odulating field  in the crystallographic z-direction, the fo llo w in g  axes

o f  refractive index m odulation w ill be produced [2.13];

F ig u re  2 .4  Orientations o f  B SO  which are used for electro-optic
modulation. n is the ordinary refractive index and r is  the

41

appropriate electro-optic co-efficient.
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It is  seen from  figure 2 .4  that a ’read-beam ’ incident on the T10 

face w ill encounter a different set o f  refractive index axes, depending  

on the crystal’s orientation. T his has proved to be critical in the 

fie ld  o f  optical inform ation processing [2.13]; the orientation in  

figure 2 .4  a) is  know n as the ’2 -w ave m ixing orientation’ and that o f

2 .4  b) is  correspondingly known as the ’4 -w ave m ix in g  orientation’. 

The 2 -w ave m ixing orientation produces non-reciprocal energy transfer 

w hich has been w id ely  docum ented [2 .14]. The 4 -w ave m ix in g  orientation  

produces the largest m agnitude o f  refractive index m odulation and is  

therefore the orientation favoured for the work o f  this thesis. For 

the 4 -w ave m ixing orientation the m agnitude o f  refractive index  

m odulation is given by [2.15];

An =  n3r4i | Esc | (2 .29)

w here 1 Esc | is  the m agnitude o f  the space charge field .
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Chapter Three
Characterisation Measurements

In this chapter som e o f  the basic features o f  the photorefractive  

effect are experim entally demonstrated.

3.1 Diffraction Efficiency

3.1.1 Experimental Configuration

Beam

Figure 3.1 Experim ental configuration for basic diffraction effic ien cy  

m easurem ents. 2 0  =  26°, N D 1-2 , neutral density filters.

A s explained in chapter 2, refractive index gratings can be form ed  

within the volum e o f  BSO , v ia  the photorefractive m echanism . T he

resultant grating characteristics such as am plitude and speed o f

response can be investigated by diffracting a laser beam  from  the

grating. The basic experim ental configuration for producing such

refractive index gratings is  given  in figure 3.1. N ote that these are

18



the experim ental conditions that w ere analysed in chapter 2; i.e. the 

gratings are generated by a sinusoidal intensity pattern form ed by the 

interference o f  tw o coherent beam s. In this case both beam s are

derived from  the sam e argon-ion laser operating sin gle-m od e at 5 1 4 .5  nm. 

A  H eN e beam  with an output intensity o f  a few  m illiw atts at 6 3 2 .8  nm  w as  

used as the ’probe-beam ’. T he intensity o f  light diffracted from  the 

grating is  m easured using a photo-detector connected  to a p ow er meter. 

The diffracted intensity is  a direct indication o f  the am plitude o f  

photorefractive response o f  the B S O  crystal. The H eN e output at 633  nm

is energetically  insufficient to greatly affect the photorefractive

gratings and so, together w ith its lo w  intensity, provides

non-destructive m onitoring. The defin ition  o f  diffraction effic ien cy , 

(rj), used here is that o f the diffracted intensity d ivided  by the

intensity o f  the H eN e beam transmitted through the crystal w ith no 

grating present. This allow s com parison to be m ade betw een different

B SO  crystals w hich have different values o f  optical absorption.

3.1.2 Analysis

The analysis o f  the diffraction effic ien cy  o f  PR m aterials is  

usually conducted using coupled w ave theory, as developed  by K ogeln ik  in 

1969 [3 .1]. For a volum e phase transm ission grating, as is  the case  

for PR m edia, the diffraction effic ien cy  is given  by [3.2];

*n =
fe x p ( - ^ ) s i n ( ^ 2 + v 2) 172 

(1 +  ^2/ v 2) 1/2

2

w here and v  are parameters convenient for the problem , 

defined such that;

(3 .1)  

5 is

£ = 8— fsinp
Xr

(3 .2)

where n is  the normal refractive index, i  is  the thickness o f  the 

m edium , p is  the Bragg angle appropriate to the w avelength  o f  laser  

light used to probe the grating, Xt, such that, 2A sinp  =  Xr, and 8 is  

the angular deviation o f  the probe-beam  from the B ragg angle. The  

parameter v  is defined by;

nAnl 
Xr c o s P

(3 .3)
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It can be seen from  inspection o f  equations 3 .2  and 3.3 that ^ is  

in fact a m easure o f  the deviation o f  the read beam  from  the B ragg  

angle, and v  is  a measure o f the m agnitude o f the depth o f  hologram  

m odulation.

O nly w hen the read beam is incident at the B ragg angle w ill optim um  

diffraction e ffic ien cy  be permitted. For the rem ainder o f  this chapter 

it is  assum ed that the read beam is  alw ays incident at the B ragg angle. 

This w as a condition that w as experim entally  ju stified  by careful 

adjustment o f  the angle o f  incidence o f  the read beam  such that m axim um  

diffraction effic ien cy  w as obtained at all tim es. In this case,

8 =  0  -> ^ =  0. Thus, equation 3.1 is  sim plified  to;

r\ = sin2

v

7tA nl
Xr COSp

(3 .4 )

It should now  be obvious (by inspection o f  equation 2 .29 ) that the 

diffraction effic ien cy  o f  gratings set up in any particular 

photorefractive material is  determ ined by the m agnitude o f  the 

space-charge field.

3 .2  S tea d y  S ta te  R esu lts

From equation (2 .21) the com plex am plitude o f  the steady-state  

space-charge fie ld  was given  by;

m (E o  + i E d )

1 + K212 - iKl
s E

(3 .5 )

Using the definitions of Ed and Eq (Ed is the field generated by 

diffusion of the charge-carriers, and Eq = is the trap-limited
I t z e e

field , i.e . the m axim um  electric fie ld  that can be supported by the trap 

density Na), equation (3.5) can be rewritten as;

Esc =  -mEQ ( E ° +  iE p )—  (3 .6 )
Eq + Ed - i E o

Therefore, using the identity | z i/z 2 | =  | zi | / 1Z2 | where zi and Z2 

are both com plex, the w ell-know n form  for the m agnitude o f  the 

space-charge field  is easily  obtained;
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-.1/2

(3 .7 )
E q2 +  E d 2 

(E q +  E d ) 2 +  E o2

Clearly it is  desirable to control the extrinsic param eters 

contained in equation (3 .7) so that the optim um  conditions can b e set up 

for any particular application.

3 .2 .1  W rite -B ea m  R a tio

It is  convenient to first consider som e o f  the fundam ental

properties o f  the photorefractive effect w ithout the added com plication

o f  an externally applied electric field . Thus, for these cond itions,

equation (3 .7) sim plifies to;

| Esc | =  m  E qE p—  (3 .8 )
E q + Ed

T he m ost important feature o f  equation (3 .8 ) is that there is  no

direct scaling o f  | Esc | due to the absolute intensity o f  the w riting

beam s, Ii and I2 . It should be evident from  the expression for m , the

m odulation index, that 0 <  m < 1, and that m  w ill be equal to one w hen  

the writing beam s are o f  equal intensity. Thus w e exp ect the 

diffraction effic ien cy  to be a m axim um  w hen Ii = I2 .
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To establish experim ental verification o f  the above conclusion  the 

ratio betw een the tw o write beam s w as varied by inserting various 

neutral density (N .D .) filters in the location  N D 2  in Fig. 3 .1 . This 

produced w rite-beam  ratios from  about 20:1 to 1:20. T he experim ental 

results obtained are show n in Figure 3 .2  and show  that indeed the 

intensity o f  the diffracted beam  reaches a m axim um  for Ii =  I2 .

F ig u re  3 .2  Variation o f  diffracted beam  intensity w ith w rite-beam  
ratio. A  =  1 (im , Eo =  0.

A s rj <  5% for all the experim ents reported here, equation (3 .4 ) can 

be represented by the small angle approxim ation, 0 =  sin0. Therefore,

expect that diffraction effic iency  is proportional to the square o f  m.

To test this conclusion, the modulation index betw een the two  

writing beam s w as varied by the insertion o f  different values o f  N .D .

diffracted intensity against the square o f  m produces the expected
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in this approximation, r| a  (An)2 and so from  (2 .29) and (3 .4) w e w ould

filters at the location N D 2 in Fig. 3 .1 . P lotting the resultant

linear relationship, as seen in Figure 3.3. T he departure from  a
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linear relationship, w itnessed  at the higher values o f  m , dem onstrates 

the lack o f  validity, in this region, o f  the linear-in-m  approxim ation  

used to derive (2 .20).

=3 1.0 ■

D

5 * 0.8
C
CD

'.2 0.6  ■ 

H- 
M—
L±J

c 0 .41- 
o
o
P 0.2

0 0.2 0.4 0.6 0.8
(Modulation Index)

1.0

F ig u re  3 .3  Variation o f  diffraction effic ien cy  w ith the square o f  the 
m odulation index. A  =  1 pm , Eo =  0.

3 .2 .2  W rite -B ea m  In ten sity

To observe how  the diffraction effic ien cy  behaves as the absolute  

intensity o f  the write beam s is increased, several va lues o f  N .D . filter

were inserted at location  N D 1, w hilst m aintaining unity m odulation

betw een the writing beams. W e can see from  Figure 3 .4  that there is  no

m inim um  amount o f  optical energy required to initiate the P.R. effect; 

indeed, the diffracted beam is detectable down to the lim it o f  the

optical detector. The effect saturates relatively qu ickly at lo w  light 

intensities, corresponding to com plete fillin g  o f  the available trapping 

centres, o f  density N a. The diffracted intensity saturates at

-  2  mWcm"2 w hich is  in com m on with the findings o f  other workers [3 .3].
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Figure 3.4 D iffracted beam intensity as a function o f  the overall w rite 
beam  intensity. A  = 1 (im , Eo =  0 , Ii =  I2 .

3.2.3 External Applied Field

It can be seen from  expression (3 .7) that applying an external 

electric fie ld  w ill have a significant e ffect on the m agnitude o f  the 

space-charge field. In B SO  this has a dramatic effect on the 

diffraction effic iency , with fields o f  about 5 kV /cm  increasing T| by a 

factor o f  ten. In applications o f  optical inform ation processing  using  

B S O  there is invariably an electric field  applied across the crystal. 

N early 100 % diffraction effic ien cy  has been achieved w ith a com bination  

o f  a 10 m m  long crystal and ~  15 kV /cm  applied across it [3 .4].
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F ig u re  3 .5  D iffraction effic ien cy  as a function o f  applied electric  
field . A  =  1 pm , Ii =  I2 .

Figure 3.5 show s the e ffec t on diffraction effic ien cy  o f  applying  

an external fie ld  to the B SO  crystal. T he quadratic nature is  clearly  

v isib le  w ith the effect o f  saturation noticeable at the higher applied  

fields; this was not observed with all B SO  crystals, suggesting varying  

values o f  Na.

For this particular crystal the electrodes w ere deposited  onto the

crystal during the production process, although silver-painted  

electrodes prove just as effective, due to the high resistivity o f  the

crystal.

From inspection o f  equation (3 .7) w e can see that curve-fitting to 

the data can produce a value for N a through Eq. A s Ed contains no 

physical parameters and is  dependent on ly  on the fringe spacing, w hich  

can be accurately measured at 1 pm , the applied fie ld  is scaled in units 

o f  Ed. The diffracted intensity is norm alised to the value w ithout the

applied field . The curve-fitting produces a va lu e for Na o f

3.1 x 10 cm  which agrees w ell with values obtained elsew h ere for

other crystals [3.5].
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3 .2 .4  F r in g e  S p a c in g

The variation o f  diffraction e ffic ien cy  w ith holographic fringe  

spacing is im plicitly  contained in expression (3.7); due to E d and Eq 

being spatial frequency dependent.

F igu re  3 .6  D iffraction efficiency as a function o f  fringe spacing. 

Eo =  6.3 kV cm '1, Ii =  I2 .

The variation o f  diffraction effic ien cy  w ith fringe spacing is  

shown in F ig 3.6. It should be noted that there is a reasonably flat 

response for A  >  5 |im . This is  because in this region the trap-lim ited  

electric fie ld  (being linearly dependent on A) is su fficiently large to 

allow  Esc -> Eo. Clearly the spatial frequency (1/A ) response is

relevant to the use o f B SO  for im age processing tasks and as such w ill 

be discussed later in chapter 4.

A gain, curve-fitting to the data w ill produce a value for N a by  

allow ing Eq and an arbitrary scaling factor to vary in (3 .7) The  

scaling factor allow s for factors such as optical activity, m ultiple
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beam  reflections and non-linearities in  the space-charge field , w hich  

all cause the diffraction effic ien cy  to be less than the theoretical 

value. For this data a value o f  N a =  4 .3  x  10 cm  is obtained v ia  a 

least-squares fit  to the non-linear equation. A s this and the previous  

curve fitting w ere carried out using independent data w e can say w ith  

reasonable certainty that for this crystal; N a =  3 .7  ±  0 .6  x  10 16 cm -3.

3 .3  T ra n sien t R esu lts

A s diffraction effic ien cy  is  determ ined so lely  by the m agnitude o f

the space-charge field , the transient properties w ill be g iven  by the

tim e-evolution  o f  Esc, given by equation (2 .20). Therefore, as

m entioned previously, the temporal properties o f  gratings in

photorefractive m edia are characterised by the dielectric relaxation  
e e

tim e, x = ------- . It should be noted that x is  defined  by the
q\i no

dielectric constant d ivided by the average photoconductivity, <?p.no.

Thus w e expect the tim e response o f  a photorefractive m aterial to be 

determ ined by its bulk photoconductivity. It is  therefore o f  interest

to consider the conductivity o f B SO  as a function o f  incident intensity.

3 .3 .1  P h o to co n d u ctiv ity  o f  B S O

A s stated above, the conductivity, a , o f  a sin g le-sp ecies

sem iconductor is  given by;

a  =  <?|ino (3 .9)

D ue to the relative values o f  excitation and trapping centre 

densities (reference 3 .2) it can usually be assum ed that the excitation  

and recom bination process is  linear. Under these conditions, and 

ignoring thermal excitation, the average density o f  electrons in the 

conduction band at any tim e is  given by no =  goX. Substituting for go 

from  equation (2 .14) yields;

no =  a<(> - L U  (3 .1 0 )
hco

Thus the average photoconductivity is, as w ould  be expected, 

linearly proportional to the average intensity at the crystal.

An experim ent w as carried out to determine the valid ity  o f  the
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above conclusion . T his required that one beam  only, o f  uniform  

intensity, w as allow ed to strike the crystal. Therefore, beam  I2 in

Figure 3 .1 , w as blocked leaving on ly  Ii to strike the crystal at normal 

incidence. T his beam  was su fficien tly  large in spatial extent that the 

G aussian profile beam  could be considered approxim ately constant in  

intensity across the area o f  the crystal. Therefore, the

photoconductivity is  considered uniform  throughout the crystal in  this 

m easurem ent. A n electrom eter w as connected  in series w ith  the crystal 

to m easure the induced photocurrent and the voltage supply w as set to 

5 kV . The actual intensity striking the crystal w as varied by the use

o f  N .D . filters and measured using a calibrated N ew port pow er m eter w ith  

photodiode.

1 0 0

2 4  6 8 10
ncident Intensity (mWcm-2)

F ig u re  3 .7  Photocurrent through the crystal as a function o f  incident 
intensity. Va =  5 kV, I2 =  0.

Figure 3.7 show s the behaviour o f  the photocurrent w ith incident 

intensity. T he linear relationship expected  is seen to be approxim ated  

by the data. It is  believed that the sub-linearity at the higher 

intensity leve ls  should be attributed to non-ohm ic behaviour o f  the 

electrodes at the applied voltage, (5kV ), rather than any non-linear  

excitation and recombination process. This was established by first 

setting the Ar+ laser beam at the highest intensity level and varying
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the applied voltage, w hich produced the sam e sub-linear behaviour  

(F ig. 3 .8  a); then substituting a standard 50 M£2 resistor for the 

crystal to verify  that the vo ltage supply and circuit w ere  

’w ell-b eh aved ’ (Figure 3.8 b).

c
®

3O
o
"o■E
Q_

F ig u r e  3 .8  Variation o f  photocurrent as a function o f  applied voltage  
a) at a fixed  level o f  incident intensity b) for a fix ed  standard 
resistance.

H aving seen that the conductivity o f  B SO  is  approxim ately linearly  

proportional to the level o f  incident excitation, from  equation (2 .20)  

it is  expected  that the tim e response o f  a photorefractive crystal is  

inversely  proportional to the average intensity.
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3.3.2 E x p er im en ta l C o n fig u ra tio n

Beam

F ig u re  3 .9  Experim ental configuration for conducting transient 
experim ents on the B SO  sample. 2 0  =  26°, Ii =  I2 .

Experim ents were carried out to investigate the transient

properties o f  B SO  using the system  given in Figure 3.9 . T his set-up is

similar to that o f Fig. 3.1 with the exception that an optical chopper  

is used to alternately pass one o f  the writing beams. W hen both beam s 

are present at the crystal a grating is written but w hen beam  I2 is  

blocked the grating w ill be erased by the beam Ii. Therefore the 

grating is  cycled  through a write-erase sequence. T he diffracted  

intensity detected at photo-diode 1 therefore show s the creation and

erasure o f  gratings. A typical trace is  shown in F ig  3 .10 . N ote  that

this particular trace was obtained with no electric fie ld  across the

crystal. The introduction o f  an external electric fie ld  causes

com plications which w ill be discussed later.

30



F ig u re  3 .1 0  Exam ple o f write-erase cy c le  o f  holographic grating. 
A  =  1 Jim, Ii =  I2 , Va =  0 V.

It is  seen from  Fig. 3.9 that I2 continues beyond the beam  splitter 

and is  subsequently incident on a second photo-diode. T he signal from  

this d iode is used as a trigger for the digital storage osc illo sco p e  in  

order that a series o f  traces m ay be captured for averaging. T he rise  

and decay tim es were calculated from  the acquired data sim ply by taking  

the tim e taken for the diffracted intensity to reach ( l - e 1) and e"1 o f  

the steady-state value, for the rise and decay tim es respectively . T he  

accuracy o f  this m ethod proved sufficient for these elem entary  

experim ents although more stringent m ethods required later included; 

chopping the beam  at the mutual focal plane o f  a tw o-lens system  and 

perform ing a curve fitting algorithm on the acquired digital data to 

obtain a value for the response time.

3 .3 .3  W rite -B ea m  In tensity

The first experim ent to be carried out on the transient properties
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w as that d iscussed  in section 3.3.1; the variation o f  the response tim e  

with write-beam  intensity. T his w as undertaken by inserting various

N .D . filters in  the system  at location  N D 1 , to change the overall 

intensity at the crystal.

F ig u re  3 .11  Variation o f  response tim e o f  the B SO  crystal as function  
o f  overall w rite-beam  intensity. A  =  1 pm , Ii =  I2, Va =  0  V .

The experim ental results for the variation o f  response tim e w ith  

intensity are g iven  in Figure 3.11.  A s expected, both the rise and

decay tim es are inversely proportional to the com bined w rite-intensity. 

H ow ever, note that the two curves do not lie  on the sam e straight line,

i.e. the rise and decay tim es should be considered different in nature.

3 .3 .4  A pp lied  E lectr ic  F ield

Equation (2 .27) predicts that there w ill be a fairly pronounced  

slow ing down o f  the response tim e o f  B SO  on application o f  an external 

electric field. This was observed experim entally and the results are 

shown in Fig. 3 .12  for the decay response tim es only. T he reasons for  

not presenting the data on grating form ation tim es is that w hen  an
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electric fie ld  is applied the diffraction effic ien cy  o f  gratings in B S O  

becom es very erratic, and therefore the acquisition o f  a ’sm ooth ’ 

exponential build-up w ould  have been determ ined by a fairly subjective  

choice.
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F ig u re  3 .1 2  Grating decay tim e as a function o f  applied voltage. 
A =  1 pm , Ii =  h.
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Chapter Four
Image Processing Considerations

T his chapter presents and d iscusses som e o f  the aspects o f  

photorefractive B S O  that have a significant in fluence on its 

applicability as an optical inform ation processing m edium . Thus, the 

results in  general are presented from  a practical point o f  v iew , w ith  

the em phasis placed on utilisation o f  the m aterial in practical system s.

4.1 Optical Absorption

It is  clear that the photorefractive properties o f  a material

depend heavily  on the crystallographic im purities, w hether intentionally  

introduced or otherwise. Therefore a particular task m ay dictate the 

use o f  a group o f  m aterials based purely on the absorption at a specific  

w avelength  o f  light. For instance, the photorefractive sem iconductors  

such as G aA s are becom ing m uch m ore attractive as sem iconductor lasers 

becom e m ore refined and less expensive.

Wavelength (nm)

Figure 4.1 Optical Absorption Spectrum  for BSO .

The absorption spectrum o f  the B SO  crystal w as investigated  using a 

Perkin Elmer Computerised Scanning Spectrophotom eter (m odel Lam bda 2). 

The results are shown in Figure 4.1 for the region o f  the v isib le  

spectrum which could be accurately measured. The data for the far-blue
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and far-red ends o f  the spectrum w ere erroneous due to the absorption  

being either too great or too sm all to measure, at least w ithout 

resorting to a m ore sophisticated m easurem ent technique (such as the use  

o f  a thinner crystal sam ple). T he data have been corrected for Fresnel 

reflections at the crystal surfaces, using the refractive index data 

given  in reference 4 .1 . The heavy absorption w hich  is  centred at about 

4 8 0  nm  has been attributed by som e authors [4.2] as being  due to a 

silicon  vacancy in the crystal lattice. H ow ever, in w hat seem s to be  

regarded as the defin itive work, O berschm id [4 .3] determ ines from  a 

com bined study o f  B S O  and BG O  crystals that the m ost probable source o f  

absorption centres is the incorrect occupation o f  a silicon  site by a 

bism uth atom. This w ould  provide an energy schem e w hich  predicts the 

absorption from  about 2 .3  - 3 .2  eV . The band gap o f  B S O  is  3 .2  eV , 

from  w hich point there is  strong absorption.

In terms o f  im age processing using B SO , the m ost important property 

o f  Figure 4.1 is  the fact that the absorption at red w avelengths is 

about an order o f  m agnitude less  than that at the blue w avelengths. 

A lso , the quantum effic ien cy  is low er [4.4] and so the probability o f  an 

incom ing photon o f  energy 2 .0  eV  (~  630  nm ) producing a photoelectron is  

approxim ately two orders o f  m agnitude less than that o f  energy 2 .4  eV

(~  510  nm). This a llow s gratings to be written using the output o f  a 

laser such as an Argon ion or a frequency-doubled Y A G  w hilst the readout 

can be non-destructive by using a H eN e laser at 633 nm. T his is  a 

com m on technique in im age processing applications and w ill be used in

chapter 6.

4.2 Optical Activity

B SO  belongs to the crystallographic class 23. T his m eans that its 

basic lattice shape is body-centred cubic. A s the space group 23 does  

not contain a centre o f  sym m etry or any mirror p lanes there is  the

possibility  o f  there being a non-reciprocated progression o f  atom s 

through the crystal form ing a ’screw ’ axis. Such a physical feature

permits the phenom enon o f  ’optical activity’ to occur. O ptical

activity is the rotation o f the plane o f  polarisation o f  light as it

propagates through the material. A lthough the screw  axis m ust be 

present for optical activity to occur, it must not be thought that the
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polarisation directly fo llo w s such a m olecular pattern; otherw ise the 

effect w ould  b e far greater than is  observed and there cou ld  be no 

spectral dispersion.

B S O  and its isom orphs (B i „GeC) and B i T iO  J  have, for som e  

tim e, been know n to be optically active [4 .5 ]. T he optical activity o f

the B S O  crystal w as measured at the w avelengths o f  prim e concern to this 

thesis; 514 .5  and 632 .8  nm. The results w ere as fo llow s;

At Normal Incidence

F ig u re  4 .2  Rotation o f  polarisations for light

At 26° Incidence

at 514 .5  and 632 .8  nm.

The purpose o f  the measurement o f  the rotation at an in cidence

angle o f  26° w as to ascertain that the rotation at norm al incidence w as

in fact 65° and not n7t + 65°. A ll rotations show n above w ere c lo ck w ise  

in the direction o f propagation o f  the laser beam , and so by  convention  

[4 .6], this crystal is classed as ’negative’ optically  active.

A lthough it has been shown that optical activity low ers the 

amplitude o f  PR response in B SO  [4 .7], it m ay also be considered an 

advantage in that it can significantly im prove the signal-to-noise ratio

at the output o f  an optical processor. This is  due to the fact that

the diffracted and transmitted com ponents o f  a beam  reading a grating  

m ay have significantly different polarisation states. This e ffec t is  

presented in section 4 .4 .3
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4.3 Crystallographic orientation

It w as stated in section 2 .4  that B SO  is  m ost com m only used in

either o f  tw o crystallographic orientations, depending on the particular 

application. O ne orientation a llow s m axim um  energy transfer betw een  

the tw o ’w rite’ beam s (tw o-w ave m ixing  orientation) w hilst the other is

for m axim um  diffraction effic ien cy  (or phase conjugate reflectiv ity) o f  

a third ’read’ beam  (four-w ave m ixing  orientation).

4.3.1 Determination of Orientation

A  technique w as developed in reference 3 .4  to distinguish betw een

these tw o orientations. The d istinguishing feature is  that w hen the 

crystal is in the tw o-w ave m ixing orientation there w ill be energy  

transfer in one direction only, irrespective o f  the polarisation o f  the

beam s form ing the grating; whereas w hen the crystal is in the four-w ave  

m ixing orientation there is  energy transfer in either direction,

depending on the w riting beam s’ polarisation orientation. T his

technique w as used to determine the crystallographic orientations o f  an 

unknown sam ple o f  B SO , in order that electrodes cou ld  be deposited  in  

the orientation for m axim um  diffraction effic ien cy .

Polarisation (degrees from vertical) Polarisation (degrees from vertical)

Figure 4.3 Graphs showing the variation o f  energy transfer w ith input 
polarisation for the tw o com m on orientations o f  B SO . Energy transfer 
is defined in the next section. N ote that the polarisation angle  
refers to both write-beams, as parallel polarisation is m aintained  
throughout the readings. a) Four-w ave m ixing orientation and, b) 
tw o-w ave m ixing orientation.
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Figure 4 .3  demonstrates the e ffec t that the input polarisation  

angle has on the energy transfer from  one beam  to the other. T he

four-w ave m ixing  orientation is  easily  identified  as that in w hich  the 

energy transfer direction alternates.

4.3.2 Comparison of Orientations

A  quantitative measure o f  the am ount o f  energy transferred betw een  

Ii and I2 is  g iven  by T, such that;

T = iln
i

I l ( f ) . l 2 ( 0 ) (4 .1 )
[ I l ( 0 ) . l 2 ( f ) J

Thus, T  can be calculated for each o f  the tw o orientations, and 

subsequently collated with the previously  m easured values o f  q . A s  w as  

stated previously, it is  expected that T and q  w ill vary by a factor o f  

four betw een the tw o orientations and that one orientation w ill show  

m axim um  q  w hilst the other show s m axim um  T. The fo llo w in g  experim ental 

results can now  be compared;

Orientation  

T  (a.u.) 

q  (a.u.)

001 to top 

10

5.5

110 to top 
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1.6

The expected  behaviour is  seen to be observed, w ith approxim ately  

the correct ratio betw een orientations.

For all o f  the applications presented in this thesis, m axim um  

diffraction effic ien cy  was desired. Therefore, in the fo llo w in g

chapters, the crystal was alw ays used in the four-w ave m ix ing

orientation.

4.4 Polarisation effects

The interaction o f  polarised light w ith a crystalline  

photorefractive m edium  is intrinsically vectorial, with the crystal

orientation relative to the grating vector, applied field  and beam

polarisations being critical. A detailed study o f  the vector nature o f  

the effect is  beyond the scope o f  this thesis (see for exam ple,
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reference 3 .5 ). O f interest here are the advantages that polarisation  

properties offer to optical applications. The studies reported here 

w ere all perform ed w ith linearly polarised light.

4.4.1 Polarisation of Write beams

The Ar+ laser write-beam s m ust p ossess parallel polarisations in  

order that m axim um  m odulation can be attained. T he variation o f

diffraction effic ien cy  w ith the angle betw een the w rite-beam s’ 

polarisation fo llo w s the usual co s  0  dependency. It is  o f  m ore  

interest to exam ine how  the diffracted intensity varies as a function o f  

the polarisation angle o f  both the writing beams; i.e ., the w rite beam s 

possess parallel polarisation which is rotated from  the vertical. The  

resulting diffraction effic ien cy  is  show n in Fig. 4 .4 . It can be seen

that there is no significant change in the diffracted beam  intensity. 

Thus, it is  concluded that as long  as the two w riting beam s have  

parallel polarisation states, the angle that this polarisation vector  

m akes to the crystallographic axes is  irrelevant. T his e ffec t w as

verified  for both crystallographic orientations.

30 60
I n p u t  P o l a r i s a t i o n  ( d e g r e e s )

Figure 4.4 Variation o f diffraction effic ien cy  with w rite-beam s  
polarisation.
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4.4.2 Polarisation of the Read Beam

T he behaviour o f  the intensity o f  the diffracted beam  w as exam ined, 

as the read-beam  polarisation w as varied. T he results are show n b elow  

for both crystallographic orientations.

Figure 4.5 Variation o f  diffraction effic ien cy  w ith read-beam  
polarisation a) 2 -w ave m ixing orientation b) 4 -w ave m ixing  orientation

From Figure 4 .5  it can be seen that different results are obtained  

for each orientation. In the four-w ave m ixing orientation case there 

is  no significant variation in the diffracted output intensity as the 

angle o f  read-beam polarisation is varied, w hereas in the tw o-w ave  

m ixing orientation the intensity exhibits a sinusoidal variation. An  

explanation for these results is suggested by exam ination o f  the 

birefringent axes induced in each o f  the orientations, as show n in the 

diagram on the next page.
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a)
n+An

Read-Beam

b)

n-An

F ig u re  4 .6  B irefringent axes for the tw o crystallographic orientations.

From  Figure 4 .6 , it seem s plausib le that when the crystal is  in the 

orientation for tw o-w ave m ixing, on ly  a read-beam  with vertical 

polarisation can detect the vertical birefringent axis, w hereas in the 

four-w ave m ixing  orientation, any angle o f  read-beam polarisation can 

sam ple the birefringent axis that is  the resultant o f  the tw o orthogonal 

com ponents.

4 .4 .3  P o lar isa tion  S tates o f  E m erg en t B eam s

Polaroid

F ig u re  4 .7  Experimental system  used to study polarisation states o f  
beam s involved  in the diffraction process.
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H aving seen  how  the diffracted intensity varies w ith the read-beam  

polarisation, it is  now  o f  interest to consider h ow  the polarisation o f  

the em ergent transmitted and diffracted beam s is affected. T he system  

show n in Figure 4 .7  w as used to conduct this study, in order that the 

polarisation o f  each o f  the beams in vo lved  could be m easured w ithout the 

need to position  beam  splitting or mirrored com ponents in the path o f  

the read-beam .

Figure 4.8 Output polarisation states o f  transmitted and diffracted  
beam s a) 2 -w ave m ixing orientation b) 4 -w ave m ixing orientation

It is  interesting to note from  Figure 4 .8  that the transm itted  

beam, in either case, is  rotated according to the optical activ ity  o f  

the sam ple (in each case the straight line fitted is  g iven  by:

transmitted poln. =  incident poln. - 36±1°). The behaviour o f  the

diffracted beam, however, depends on the crystallographic orientation. 

In the four-w ave m ixing orientation the diffracted beam  polarisation is  

a constant angle from  the transmitted com ponent, and is thus also a 

constant angle from  the incident beam. In the tw o-w ave m ixing  

orientation the diffracted beam em erges with the sam e polarisation angle  

(approxim ately vertical) no matter w hat the incident polarisation is. 

A gain these results are suggested by exam ination o f  Figure 4 .6 . I f  the 

only com ponent o f  the read-beam that can be diffracted, in the tw o-w ave  

m ixing orientation, is  vertical, then w e m ay expect that the em ergent 

beam  is  form ed by the coherent sum m ation o f  so le ly  vertical com ponents,
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and as such m ust also be approxim ately vertical (depending on the exact 

orientation o f  the holographic fringes/birefringent axis). In the

four-w ave m ixing  orientation, how ever, any orientation o f  read-beam  

polarisation can read the grating and so the output beam  is  derived  from  

the sum m ation o f  all com ponents. There is no reason to exp ect  

therefore that the diffracted beam  should em erge from  the crystal w ith  

anything other than a fixed  relationship w ith the incident beam.

It is  evident that both o f  the crystallographic orientations o ffer  

am ple opportunity to enhance the signal-to-noise ratio in optical 

processors, through the use o f  polaroid sheet at the output stage to  

filter out the background transmitted light. A lthough orthogonal

diffracted and transmitted com ponents cannot be obtained in the 

four-w ave m ixing  orientation (for this particular sam ple th ickness) it

is  the preferred orientation due to its higher diffraction e ffic ien cy

and insensitivity to beam  polarisations.

It should be noted that all o f  the above m easurem ents w ere m ade 

w ithout the added com plication o f  an applied electric field . It has 

been shown that an external vo ltage applied to B SO  not on ly  causes an 

induced linear birefringence (due to the electro-optic effect), but can  

also cause a change in optical activity (a change in the circular

birefringence). This effect has been termed ’photoactiv ity’ [4 .8]. 

H ow ever, this does not negate the preceding results, as although

photoactivity causes the em ergent beam s to be ellip tica lly  polarised, 

their major axes w ill still be sufficiently  different to a llow  the n oise  

suppression techniques to be implem ented.

4.5 The effect of an Applied Field on the 
Spatial Frequency Bandwidth of BSO

It w as observed in Figure 3 .6  that the diffraction e ffic ien cy  o f  

BSO , w hen an external electric fie ld  is  applied, is  dependent on the 

grating spacing. This obviously poses considerations in terms o f  

optical inform ation processing when input scenes w ill p ossess a w id e  

range o f  spatial-frequency content. C om plete experim ental curves have

been presented elsew here [references 2 .1 2  and 3.5] o f  the variation o f  

diffraction effic ien cy  with applied field  and fringe spacing. Instead,
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a sim ulation o f  the dependence, as predicted by equation 2 .2 1 , is  show n  

b elow  in Figure 4 .9 . T hese curves w ere generated using the value o f  Eq 

obtained from  the non-linear curve-fitting algorithm s used in chapter 3. 

It w as show n in the above tw o references that equation 2 .21 adequately  

predicted the experim ental data.

F ig u re  4 .9  Variation o f  diffraction e ffic ien cy  w ith spatial frequency. 
The curves w ere generated using the value o f  Eq obtained in the 
curve-fitting o f  chapter 3.

Figure 4 .9  show s the variation o f  diffraction effic ien cy  w ith  

spatial frequency (the reciprocal o f  fringe spacing), for various 

applied fields. It is  observed that only for field s o f  about 1 kV cm "1

is there a flat response across a w ide range o f  spatial frequencies. 

A t other applied voltages there is  a non-linear frequency response. 

Specifica lly , although the application o f  a high electric fie ld  

significantly im proves the diffraction effic ien cy  at low er spatial 

frequencies, the flat response desired for an inform ation p rocessing  

material is  sacrificed.
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4.6 Tolerance of Bragg matching to the Volume Hologram

Figure 4.10 A  typical optical configuration using a photorefractive  
crystal.

In the preceding section it w as observed that the spatial frequency

response o f a PR crystal, as a com ponent o f  an optical system , m ay not 

be linear. It is  therefore convenient to exam ine also how  geom etric

factors affect the spatial-frequency bandwidth. A  typical im aging  

system  is  shown in Figure 4 .10. The lenses used in such a set-up are

assum ed to p ossess a sufficiently large aperture to a llow  us to neglect

their influence. It can be seen from  Fig. 4 .10  that a major in fluence  

on the optical performance o f the system  is the m agnitude o f  deviation, 

8, from  the Bragg angle within which a diffracted beam  can still be 

obtained. From chapter 3, the expression for diffraction e ffic ien cy

w as given  by;

Ti = .e x p ( - /£ ) s in (% 2 + v 2) 1/2 

(1 +  ^ 2/ v 2) 1/2

2
(4 .2)

A s t, is a measure o f 8, it is convenient to p lot a graph o f  

norm alised diffraction effic iency  as a function o f  £. Such a graph is 

show n in Figure 4.11 below . The values for v  o f  7t/24 and 7t/4 were 

chosen to represent typical values for B SO . In B S O  with A = 1 q m  and 

E o = 0, An * 1 x 10"5 -> v  -  7t/24, and for A  =  20 Jim and E o =  6.3  k V cm ’1, 

An * 6 x  10’5 -* v  ^ 7t/4. Therefore, for the experim ents presented in 

this thesis; 7t/24 < v  <  7t/4.
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Figure 4.11 Plot o f  norm alised diffraction effic ien cy  against 
=  8(27tA-r)£sin(3, for two values o f  the parameter v  =  7tAnf/ArCosp.

It is  seen from  Figure 4 .11 that r| -» 0 at -  3, w ithin  the 

experim ental range o f  v . Therefore, to com pute a value for 5 for  w hich  

the diffraction effic ien cy  is zero, w e should set £, = 3 in  equation 3 .2 , 

yielding;

5 =  3 ^ r (4 .3)
2 jc£ s in p

^ Aw Ar 

A r 2 £ s in 0

or, from  the definition o f A  (section  2.2);

8  -  — (4 .4)
i

In other words, the angular acceptance around the B ragg angle is  

dependent on the ratio o f fringe spacing to the thickness o f  the 

crystal. For any particular sam ple, the thickness is  fixed , leav in g

only the fringe spacing as a m eans for m axim ising the acceptance angle. 

In practice, this generally entails increasing A  as m uch as possib le, 

w hile still producing diffracted and transmitted beam s w hich  are 

spatially separated within the confines o f  the optical system  (i.e . i f  A  

was increased the zero and first order diffracted beams w ould  overlap).

Figure 4 .12  demonstrates the effect that varying the fringe spacing  

has on an im age that is  diffracted through a system  such as that 

depicted in Figure 4 .10. It should be noted from  this diagram  that, 

not only is  the spatial frequency bandwidth o f the system  dependent on

46



A, but also the spatial extent of the information passed. The relative 
roles of each of these effects is determined by the distance between the 
lens and the crystal, i.e. whether there is any decomposition of the 
optical information into its spatial frequency components.

F ig u re  4 .12  Demonstration of variation of field-of-view restriction at 
various average spatial frequencies. From top to bottom, a) 4.0 pm 
b) 2.5 pm and c) 1.1 pm.
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4.7 S p atia l F ilterin g  by L ocal V a ria tio n s in th e  M o d u la tio n  In dex

It was observed in chapter 3 that the diffraction efficiency is 
dependent on the modulation index, as determined by Ii and I2. This
effect can be exploited to produce spatial filtering in the Fourier 
transform (F.T.) plane [4.9]. This opportunity for spatial filtering 
arises because of the wide dynamic range of spatial frequency
information at the F.T. plane. Therefore, if a reference beam of 
(approximately) uniform intensity is used to form a hologram with an 
image beam, then the modulation, and thus diffraction efficiency, will 
vary according to the local intensity of the F.T. pattern. In other 
words, the system can be adjusted so that the optical information 
corresponding to the higher spatial frequencies of an input scene is 
accentuated; i.e. edge-enhancement is achieved. Figure 4.13 shows an 
example of such edge enhancement.

F ig u re  4 .13  Example of edge enhancement obtained by varying the beam 
ratio such that non-linear recording of the hologram is obtained to 
accentuate the higher spatial frequencies of the input object.

4 .8  In teraction  o f  O b ject F u n ction s

The final section in this chapter examines how the superposition of 
spatial information onto two coherent beams affects the resulting 
hologram formed by their interference.

Suppose that the two coherent beams forming a grating have objects 
inserted into them, with arbitrary transmission functions f(x,y) and 
g(x,y). These beams will generally pass through an optical system 
(such as a series of lenses) to produce a linear transform (such as the
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Fourier transform) o f the functions f(x ,y ) and g (x ,y ), at the B SO  

crystal. Suppose then that the transformed light at the crystal plane  

(p,q) is g iven  by F(p,q) and G (p,q). A s these tw o beam s are coherent 

(it is  also assum ed that they are o f  parallel polarisation) they w ill 

interfere to produce an intensity distribution o f  the form;

I(p,q) =  | F(p,q) +  G(p,q) | 2  (4 .5)

It w as demonstrated in chapter 2  that, in accordance with the 

Kukhtarev m odel o f  the photorefractive effect, this intensity pattern

w ill inhom ogeneously generate photoelectrons within the volum e o f  the 

crystal. T hese charge-carriers m ove by drift and diffusion  into the 

dark regions where they are subsequently re-trapped. In the

’drift-m ode’ o f  grating form ation, applicable to the fringe spacings 

used in the optical processing tasks considered in this thesis, this

charge migration w ill form a space-charge field  w hich is approxim ately  

proportional to the applied electric field  and the inhom ogeneous

illum ination (from  consideration o f  equation 3.7 it is clear that at 

A  ~  20  pm , | Esc | ~  m E o ). Considering only the term o f  (4 .5) that is

associated with the correlation output o f  this system , the fundamental

com ponent o f  the space-charge field , E sc, is then;

Esc(p,q) ~  F(p,q)G*(p,q) (4 .6)

V ia the linear electro-optic effect this optically induced local

electric fie ld  m odulates the refractive index. The change in

refractive index for this orientation o f B SO  is given by;

A/i(p,q) = -  \ n  r4i Esc(p,q)

where n and r are as previously stated. Thus a readout H eN e

beam w ould encounter a phase m odulation given by;

<j)(p,q) = —  i  A/i(p,q) (4.8)
Xr

The transmission function o f the crystal is then;

t(p,q) =  exp{ L <|>(p,q) } (4 .9)

or for the case o f B SO  where the induced phase m odulation is small;

t(p,q) “ 1 +  l  Y F(p,q)G*(p,q) (4 .10)

where y  =  i  —  n r . Thus if  a readout beam, o f  arbitrary
X  r

distribution R(p,q), is incident on the crystal such that it satisfies
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the Bragg-m atching criterion for the term shown in equation (4 .10 ), the 

light distribution just beyond the crystal w ill be proportional to;

R(p,q).F(p,q).G *(p,q) (4 .11)

In other words, the diffracted com ponent o f  the readout beam  

con veys inform ation about the original distributions f  and g, such that 

m ultiplication o f  the tw o-dim ensional information is achieved at the 

crystal plane. This readout beam itse lf m ay contain spatial

inform ation (see section 6 .2 ), or it m ay be a plane w ave (section 6.1). 

The light distribution at the crystal plane is generally passed through 

another lens to form  either the F.T. o f  equation (4 .11), or the im age o f  

it.
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Chapter Five
The Effect of Optical Bias on the Transient Characteristics of BSO

5.1 Introduction

In chapter 2  it w as observed that dam ped oscillatory behaviour can 

be expected  on form ation o f the space-charge fie ld  w hich is produced by  

the interference o f  tw o plane w aves. In other words, a transient peak  

w ill be evident in the field  w hich, v ia  the linear electro-optic effect, 

is  also m anifested in the diffraction effic ien cy  o f  the resulting  

refractive index grating. Therefore, transient enhancem ent w ill be 

experienced in beam s which are subsequently diffracted from  such a 

grating.

In this chapter results are presented to demonstrate that this 

transient peak can be controlled by a suitable choice o f  external

conditions. A s before, gratings are written using an Ar+ laser

operating at 514  nm and a H eN e laser at 633 nm performs the readout.

It w ill be demonstrated that a necessary and regulating condition for 

this transient enhancem ent is uniform  illum ination in excess o f the

cosinusoidal interference pattern; i.e . optical bias. The experim ental 

conditions for optim ising this effect w ill be presented, and detailed  

m easurem ents noted in an attempt to com prehend its physical basis.

A nalysis o f  the phenom enon w ill be attempted, and its relevance to 

device considerations assessed.

It should be borne in mind that an incoherent diffracted beam can 

be sensitive only to the m agnitude o f the space-charge field  and not to 

any (tim e-dependent) phase shift between the recording pattern and 

resulting grating. Thus, these results should be v iew ed  as

supplementary to those previously reported on transient energy transfer 

(TET) using the sillenite crystals [2 .13]. It is anticipated,

therefore, that these results w ill offer further insight into the

fundamental nature o f  grating formation in B SO  and its isom orphs.
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5.2 Experimental Configuration

The experim ents w ere carried out on the sam ple o f  B SO  obtained from  

Sum itom o Industries. T his e ffect has also been observed in other B SO  

crystals.

Figure 5 .1  Experimental arrangement used to study the effect o f  optical 
bias on the grating formation characteristics.

The experim ental arrangement used to carry out this study is shown  

in Figure 5.1. A single-longitudinal-m ode Ar+ laser beam is split into 

tw o beam s, Ii and I2 , o f equal intensity, which then recom bine within  

the vo lum e o f  the crystal at an angle which can be varied to provide 

fringe spacings, A, from  1 to 25 p.m. One o f the beam s is  chopped at 

the mutual focal plane o f  a two lens system , LI and L2, both o f  focal 

length 4 5  cm . Thus the sw itching o f  this beam occurs on a 

sub-m illisecond tim e scale, but can also be varied by axial m ovem ent o f  

the optical chopper. The extra uniform illum ination is provided  

in itially by a Schott white light source with fibre optic light-guide. 

This a llow s variation o f  the uniform  (white light) intensity I3 with  

respect to the intensity o f  the coherent writing beams. A  low -pow er
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( <  lm W  ) H eN e beam  is diffracted from  the refractive index grating 

form ed and the diffracted beam  intensity is m easured using a 

photodetector and pow er meter. The analogue output o f  this m eter is 

fed  to an A /D  input card on a PC so that averaging and analysis o f  

signals can be directly carried out.

The grating vector is arranged to be parallel to the [110] 

direction to m axim ise diffraction effic ien cy  and to alleviate the

com plication o f  a tim e-varying m odulation index due to energy transfer. 

A  voltage o f  up to 5kV is applied, also in the [110] direction, to 

enhance the amplitude o f  response and facilitate the form ation o f

gratings at the larger fringe spacings.
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5.3 Results and Discussion

5 .3 .1  E ffect o f  W h ite -L ig h t I llu m in ation

Time (s)

F igu re 5 .2  Diagram show ing the effect o f  optical bias on the transient 
diffraction efficiency. From top to bottom; a) coherent write-beam s 
present only, and b) optical bias (white light) introduced. The dashed  
line show s the steady-state diffracted output, and the solid  line show s 
the case with beam Ii chopped.
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T he intensity o f  the w hite light illum ination was varied by the use 

o f  neutral density filters. The two extrem e cases are show n in 

Fig. 5.2; a) is  the trace obtained with only the tw o coherent writing  

beam s present and b) is  for the case when white light is introduced. 

The w hite light has tw o effects: the additional intensity has the usual 

effect o f  reducing the m odulation index, m , and so the steady state 

diffraction effic ien cy , T|, is reduced according to the approxim ate 

dependency o f  T| with m  [2 .4]. The second and m ore interesting effect  

to observe is  that as this reduction in the steady state value o f  

diffraction effic ien cy  takes place, it is accom panied by an increase in 

the transient peak relative to that steady state value. That is, in a)

the diffraction effic ien cy  rises m onotonically to its steady state 

value, whereas in b) the diffraction effic ien cy  reaches a transient peak  

before fa lling back down to its steady state value, i.e. transient 

enhancem ent is achieved.

F igu re  5 .3  Plot show ing the progression between the two extrem e case 
cases that were shown in figure 5.2.

The progression between the two states shown in Figure 5 .2  is  given  

in Figure 5.3. N ote that, in each case, the grating formation fo llow s  

the sam e rise curve before being damped down to the steady-state value  

o f tj, as determined by the m odulation index calculated from Ii, h  and 

13. The ratio o f  peak-to-steady-state intensity is seen to increase as
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the w hite light intensity is increased. If this ratio is plotted as a 

function o f  the w hite light intensity (Figure 5.4, below ) it is seen  

that there appears to be a sim ple relationship. T his w ill be exam ined  

further in due course.

1 2
W h i t e  L i g h t  I n t e n s i t y  ( m W c m - 2 )

F ig u re  5 .4  Plot o f  the transient-peak to steady-state intensity ratio 
as a function o f  the w hite light intensity. The w hite light intensity  
w as m easured via  the use o f a glass slide to ’pick o ff ’ a com ponent o f  
the intensity, prior to the crystal.

5 .3 .2  S p ectra l D ep en d en ce

Up to this point the light that w as used to provide the optical 

bias has sim ply been a (polychrom atic) white light source. It is o f  

interest now  to exam ine the behaviour o f  this phenom enon as a function  

o f  w avelength.

To select a specific wavelength from  the white light intensity a 

set o f  narrow bandpass (~  10 nm) interference filters was used. This 

produced a range o f  fairly m onochrom atic sources throughout the visib le  

spectrum. Constant intensity at the crystal was maintained fo llow in g  

careful calibration o f  the system  com prising a glass beam  splitter 

(~  5 % reflectance) positioned just in front o f the crystal, and a 

N ew port photodetector with calibrated power meter.
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F ig u re  5 .5  Variation o f transient and steady-state diffraction  
effic ien cy  with the w avelength o f  the optical bias.

The steady-state and transient diffraction effic ien cy  are plotted, 

as a function o f  photon energy, in Figure 5.5. N ote that the transient 

peak does not begin to overshoot the steady-state diffraction effic iency  

until about 2.3-2A eV , from which point the steady-state diffraction  

effic ien cy  is reduced as before, and the transient peak becom es more 

prom inent. This suggests that what is  in fact causing the transient 

enhancem ent is the production o f  (spatially uniform) photocurrent within  

the crystal, how soever generated.

Therefore, in order that an accurate and useful m easurem ent o f  the 

w hite light intensity at the crystal can be obtained, it is assum ed  

that, ultim ately, all that is o f  consequence in the form ation o f  the 

grating is the production o f photoelectrons. A relative m easure o f  the 

conduction-band electron density is g iven  by the photocurrent through 

the crystal. Thus the crystal itse lf can be used effective ly  as an 

optical power meter i f  the photocurrent passed by the (electrically) 

biased crystal is  measured. The w hite light intensity can now  be 

scaled  in units o f  the sum o f the photocurrent induced by the two 

write-beam s. This technique avoids any problem s inherent in the 

m easurem ent system  used to determine the intensity o f w hite light.
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F ig u re  5 .6  Transient-peak to steady-state ratio as a function o f  
the photocurrent induced by the w hite light.

Figure 5 .4  can now  be re-plotted using the photocurrent as a 

m easurem ent o f  the ’u sefu l’ white light intensity. From Figure 5 .6  it 

is  seen that a linear relationship between the transient-to-steady-state 

ratio and the optical bias level is now  apparent.

F ig u re  5 .7  Transient-to-steady-state ratio as a function o f  various 
w hite-light to write-beam  intensity ratios.

For the next experim ent the w hite light intensity was fixed  at 

three levels  and, at each, the com bined Ar+ write beam  intensity was
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varied. From Figure 5.7 the ratio o f  peak to steady state intensity is 

seen to be approxim ately linearly dependent on the ratio o f  w hite light 

to write-beam  intensity over this range and ratios up to a factor o f  

four are achieved with this crystal before the diffracted intensity  

becom es im m easurable. It is  now  clear that the ratio o f

transient-to-steady-state diffraction effic ien cy  is determ ined by the 

ratio o f  optical bias to write-beam  intensity.

5 .3 .3  E ffec t o f  th e  Sou rce o f  O p tica l B ias.
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F ig u re  5 .8  Variation o f  the ratio o f  transient-peak to steady-state 
diffraction effic ien cy  for different sources o f  optical bias.

B y using the photocurrent as a measure o f  the optical bias it is 

possible to com pare the effect o f  using different light sources for the

optical bias. Readings were thus taken o f  the variation o f  the

transient-to-steady-state ratio at four settings o f  w hite light

intensity. Then the corresponding optical bias w as obtained using a

third beam derived from the sam e Ar+ laser as the tw o w rite-beam s.

Finally, the sam e conditions were established by varying the ratio o f  

the two write-beam s alone. It is seen from Figure 5 .8  that no 

significant variation is observed between the different sources o f

optical bias. Thus, it is concluded that the optical bias has only to

be present to generate a uniform photocurrent; the actual

characteristics o f  the illum ination are irrelevant.
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5 .3 .4  V a ria tio n  w ith  O vera ll In ten sity

0.2 0.4 0.6
1/(11+12+13) (m W cm -2) -1

F igu re  5 .9  Variation o f  a) transient-to-steady-state ratio, and b) 
width o f  transient peak, as a function o f the com bined (Ii + I2 +  I3) 
intensity.

It is  evident from  chapter 3.3 that the formation o f  a

photorefractive grating is driven by the photogeneration o f charge 

carriers. The transient response is therefore characterised by the

M axw ell relaxation time. It is expected then, that the ’w idth’ o f  the 

transient peak (defined here as the width at 63% height) can be

controlled by adjustment o f the intensity o f  the beam s involved. To  

demonstrate this effect it was chosen to use for the optical bias an Ar+

laser beam  that was derived from the same laser as the two w riting

beams. This allow ed the overall power o f the beam s to be increased  

co llectively  w hile m aintaining the sam e ratios between them. It can be 

seen from  Figure 5.9 a) that as the intensity is increased the ratio o f

peak to steady state is unchanged, but from Figure 5 .9  b) that the width  

o f the peak is inversely dependent on the overall intensity. This

demonstrates that the peak-to-steady-state ratio is determ ined only by

the ratio o f  optical bias to coherent intensity whereas the width o f  the 

peak is determ ined by the overall intensity. Peak widths o f  around 20  

m s are easily  obtained with only 2 m W  o f coherent optical power required  

at the crystal; i.e. devices based on this effect could  produce recovery  

o f the optical processor at T .V . frame rates at low  values o f coherent 

intensity.
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Finally in this section, the behaviour o f  the transient peak (in 

terms o f  both transient-to-steady-state ratio and peak width) at a 

constant w hite light intensity was studied w hile varying the Ar+

laser w rite-beam  intensity. This experim ent should ascertain whether 

the optical bias alone determ ines the peak width, or i f  all beam s 

present (i.e. including the write-beam s) are influential.

0.2 0.4 0.6 0.8
1 / ( 11 +I2) (mWcm“2)"1

0.2 0.4 0.6 0.8
1 /(h + l2 )  (mWcm-2)"1

F igu re  5 .1 0  Demonstration that the optical bias alone appears to 
determine the peak width, regardless o f  the write-beam  intensity.

From Figure 5 .10, it is seen that although the 

transient-to-steady-state ratio is determined by the ratio o f white

light to write-beam  intensity, as before, the width o f  the transient 

peak does not significantly change over the same range o f  write-beam  

intensity as in Figure 5.9. Therefore it appears that the optical bias 

alone determ ines the peak width, irrespective o f  the write-beam  

intensity.

In summary, the ratio o f  transient-peak to steady-state diffraction

effic ien cy  is determined by the ratio o f optical bias to (useful) write 

beam intensity, w hile the peak width o f  the transient peak is determined  

by the absolute intensity o f  the optical bias.
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5.3.5 Effect of Fringe Spacing
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Figure 5.11 Variation o f  transient and steady-state diffraction
effic ien cy  as a function o f  fringe spacing.
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For this experim ent the fringe spacing w as set to various values by 

adjusting the angle between beam s Ii and I2. At each setting o f  A  the 

H eN e incidence angle was adjusted for optim um  Bragg-m atching, passing  

through the sam e region o f  the crystal each time. The relative beam  

intensities were set such that a transient-to-steady-state ratio o f  

about 2:1 was obtained at A =  20 pm . It can be observed from

Figure 5.11 that the transient peak is greater than the steady state

diffraction effic ien cy  for grating periods greater than about 4  pm . It 

is  interesting to note that this is similar in magnitude to the reported

fringe spacing [2.13] above which transient energy transfer is  in excess  

o f the steady state transfer. A lso, a prerequisite for TET is that 

there m ust be an intensity im balance between the two writing beams; i.e. 

optical bias must be present, as here.

5.3.6 Effect of Applied Field

An experim ent was conducted to investigate the effect o f  an applied 

field  on the transient peak. For this experim ent the grating spacing

was set to 20 pm  and the white light intensity was adjusted to g ive  a 

transient-to-steady-state ratio o f  approximately 2:1. The voltage

applied across the 8 mm wide crystal was adjusted between 1500 and 5000  

V olts.
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F ig u re  5 .12  Variation o f  a) transient and steady-state diffraction  
effic ien cy , and b) transient-to-steady-state ratio, as a function o f  
applied electric field.

T he results that were obtained on increasing the field  were 

interesting in that although both the steady-state and transient

diffraction effic ien cies increased as expected (see Figure 5 .12  a),

fo llow in g  the quadratic dependence [5 .1], the ratio betw een them  was 

fixed  (Figure 5 .12  b); i.e. the applied field  does not significantly  

affect the transient-to-steady-state ratio over this range.

5 .3 .7  V aria tion  w ith  C h op p in g  T im e

0 20 40 60 80 100

R i s e  T i m e  o f  C h o p p e d  B e a m  ( m s )
0 20 40 60 80 100

R i s e  T i m e  o f  C h o p p e d  B e a m  ( m s )

F ig u re  5 .13  Variation o f  a) transient-to-steady-state ratio, and b) 
transient peak width as a function o f ’chop-tim e’.
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A n experim ent w as conducted to determ ine the effect o f  the chopping  

characteristics o f  beam  Ii on the transient properties o f  the diffracted  

beam. The chopping tim e is defined here as the rise tim e o f  the 

intensity o f  beam Ii after it has passed through the tw o lens and 

optical chopper system . The chop-tim e was then varied sim ply by m oving  

the chopper axially. It is seen from Figure 5 .13 that the chop-tim e

has no effect on either the transient-to-steady-state ratio or (more 

surprisingly) the transient peak width.

5.3.8 Crystallographic Orientation

T he transient effect was studied under identical conditions for 

both crystallographic orientations (tw o-w ave and four-w ave m ixing  

orientations). It was found that neither orientation produced a

greater transient enhancem ent but the four-w ave m ixing orientation was 

preferred because o f  its higher (steady-state and transient) diffraction  

effic iency .
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5.3.9 Comparison of the Transient Characteristics of Photocurrent and 
Diffracted beam

In an attempt to com prehend the physical basis o f  this phenom enon, 

the transient characteristics o f  all parameters involved  in the grating 

form ation w ere studied. A  system  was set up to measure sim ultaneously  

the diffracted beam , the photocurrent passing through the crystal and 

the write-beam s (to detect any transient energy transfer). T his was 

achieved using the system  shown in Figure 5.14.

F ig u re  5 .14  System  used to measure the diffracted beam, the 
photocurrent, and the write-beam  sim ultaneously. A ll signals pass to a 
m ulti-channel A /D  converter (Metrabyte D A SH 8) in the PC.

The diffracted beam was measured as before using a photodetector. 

A lso , the write-beam  which would receive energy during transient energy  

transfer w as incident on a photodetector after traversing the crystal.

T he photocurrent was measured using a high-input-im pedance Op-Am p  

(L F411C N ) as a current-to-voltage converter. The sam pling and feedback  

resistors o f  the electronic circuit could be changed such that the 

sensitivity o f  the device was adjusted to produce a 5 V olt output 

(com patible with the input sensitivity o f  the A /D  converter) from  inputs
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across the range 1 |iA  to 100 pA . The details o f this circuit are given  

in A ppendix A.

A  third photodetector was positioned to measure a com ponent o f  Ii 

after the optical chopper, which w ould  act as a reference for the

signals.

A ll the signals from the Op-Am p and the photodetectors were fed  

into a M etrabyte D A SH 8 m ulti-channel A /D  converter. The data

acquisition w as controlled via  the A S Y S T  software package, w hich  allow ed  

im m ediate v iew ing  and analysis o f  the data. Figure 5 .15  show s the set 

o f  data that w as acquired for the case when there w as a significant

lev e l o f  optical bias on the crystal; i.e. corresponding to the trace 

show n in Figure 5 .2  b). It is  observed that there is no significant 

corresponding transient peak in the photocurrent or energy transfer. 

This experim ent, therefore, provided no further direct elucidation o f

this transient enhancem ent effect. Flowever, it did show  that the 

effect cou ld  exist w ithout the presence o f  significant transient energy  

transfer.
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Figure 5.15 Set o f  plots a llow ing comparison o f  the transient 
characteristics o f  (from top to bottom) the diffracted beam, the 
photocurrent, the Ar+ laser write-beam  that receives energy transfer, 
and the reference derived from the chopped beam Ii.

Com plete sets o f  data were acquired using the above experim ental 

configuration for four levels o f optical bias (in this case using an Ar+ 

laser beam to avoid m odulated photocurrent effects). A lso ,
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corresponding data were obtained for the optically and electrically  

identical situation except that the tw o write beams were perpendicular;

i.e. no grating w as formed. The results obtained for these experim ents 

are presented in Appendix B. It is  interesting that in m ost cases when  

a grating is form ed there is  significant temporal variation o f  the

photocurrent, whereas in the case for perpendicularly polarised  

write-beam s the photocurrent rise tim e is essentially instantaneous.

The first consequence o f  this result is  that clearly, under these

conditions, the photocarrier density is  not fixed with tim e as the

photocurrent is  a direct indication o f  the photocarrier density. This

m eans that there should be careful examination o f  the linearising

assumption, —  =  0, that was used to so lve the Kuhktarev equations in 
at

chapter 2 and by other authors.

A lso , from  exam ination o f  the data, it is seen that when the

grating is form ed with m axim um  m odulation, the photocurrent decreases 

with time, whereas when the grating is erased (with uniform  light) the

photocurrent increases with tim e (both on tim e scales com parable to the

formation and decay tim es o f  the diffraction effic iency). W hat this 

suggests is that in fact there is a lim ited number o f  photocarriers

available within the volum e o f  the crystal, and as the photocarriers 

m ove through the dark regions o f  the crystal they are trapped and take 

no further part in the photoconduction process. This lim ited number o f  

photocarriers is  not commensurate with the band transport m odels o f  

Kuhktarev and others, but is fu lly  in line with a charge hopping m odel 

such as that postulated by Feinberg et al. This w ill be discussed  

further later in this chapter, fo llow in g  an attempt to m athem atically  

m odel the experim ental data using the band transport equations.

5.3.10 HeNe or Ar+ Laser Readout

Finally, for practical device considerations it is o f  interest to 

consider the possibility  o f  using an Ar+ laser beam (or other beam o f

similar wavelength) to play the dual role o f  supplying the optical bias 

and reading out the grating. This w ould mean that the expected drop in 

the steady-state diffraction effic ien cy  (due to the addition o f  the 

optical bias) w ould be com pensated for by the increase in the beam that 

is  actually reading the grating. In other words, transient enhancem ent
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could  be obtained, because o f  the addition o f  the optical bias, w ithout 

the attendant drop in the absolute diffracted intensity. Clearly, in

terms o f  devices based on this phenom ena, this w ould  be h igh ly  

beneficial.

This possib ility  w as investigated by providing as the optical bias 

an Ar+ laser beam  which w as incident at the Bragg angle.

Therefore,this beam  was both supplying the optical bias and reading out 

the grating. A  H eN e laser beam  was sim ultaneously incident at the 

Bragg angle appropriate to its wavelength, and so readout w as m aintained  

at both the H eN e and Ar+ laser w avelengths as the optical bias (third 

Ar+ laser beam) w as increased.
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F ig u re  5 .16  An experimental plot show ing the transient enhancem ent 
achievable when different forms o f readout are used.

Unfortunately, Figure 5 .16 show s that no significant transient 

enhancem ent w as detected in the Ar+ laser read-beam, although the H eN e  

laser beam does exhibit a steadily increasing enhancement.

The reason for the absence o f  significant transient enhancem ent 

when using an Ar+ laser beam to perform the dual role is unknown. It 

is  hoped however, that these data w ill provide further background  

inform ation in the pursuit o f  a reasonable explanation for the transient 

effects presented in this chapter.
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5.4 Analysis

To establish whether the Kukhtarev single-carrier band transport 

m odel predicts the observed transient effects with optical bias, it is

necessary to re-evaluate the temporal evolution o f  Esc, using

expressions for the incident intensity and resulting photoelectron  

distributions w hich explicitly  contain a term corresponding to the

optical bias.

The intensity at the crystal should thus be expressed as;

I(z) =  lob + Io + 2(Iil2)1/2(e'Kz +  e",Kz) (5.1)

where lob is the intensity o f  optical bias (it is clear that

lob =  I3) and Io =  (Ii + I2). The resulting photoelectron distribution  

w ill then be o f  the form;

n(z) =  nob + no +  - ^ ( a e 1̂ 2 +  a*e"*^z) (5 .2)
2

where nob, no are the number o f  photoelectrons that w ould  be

generated i f  the crystal was illum inated with uniform illum ination o f  

intensity lob and Io, respectively.

It is  clear that the ion ised  donor distribution must still be

lim ited by Na, and so the expression for the spatial variation o f  

ionised donors remains;

Nd+(z) = Na + J ^ { A e iK z + a Y ' Kz) (5 .3)
2

where A  is the parameter that indicates the level o f  m odulation o f  

the available trapping density.

A lso , the spatial distribution o f  the electric field  in the sam ple 

w ill be unaffected by the level o f optical bias (assum ing the B SO  

crystal is  by far the dominant source o f  resistance in the electrical

circuit - this was experim entally verified and values are quoted in

Appendix A ) Therefore;

E ( x )  =  E o +  E sc(z ) = E o +  i ( E s c  e 'K z +  E s c Y ' K z )  (5 .4 )
2

In order that a solution for the temporal variation o f Esc can be 

obtained, it is  necessary to substitute the experim ental conditions, 

given by equations (5.1) to (5 .4), into the one-dim ensional rate 

equations (2 .10) - (2 .13). Specifically  the rate equation for the

im m obile ion ised  donors w as given as;
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(5.5)
dNp (z )  _  Q R 

at

B y substituting equations (5.1) to (5 .4) into (5 .5) and equating
iK zcoefficien ts o f  e , one obtains;

—  Na = (nob + no)!*1 [m ' - A - 5ta 1
at L J

(5 .6)

w here m' and ft are defined by m' =  ^ ( h l i ) ------^ _ --------------- no-------
I i  +  12 + 1 3  (nob  +  n o )

G auss’s Law was stated in the form o f  equation (2 .13) as;

ee = <7(Nd+(z) - Na)
° sz

Substitution o f equations (5 .1) to (5 .4) into (5.7) yields;

/Kee Esc = <?ANa

(5 .7)

(5.8)

In order that equations (2 .10) to (2 .13) could be linearised to

provide an analytically soluble system  o f  equations, the

quasi-stationary approximation was used, i.e. —  =  0. W e can now  see
at

that, from  the data given in Appendix B , this approximation is only  

valid  for the case with significant optical bias (lob 2Io). In other

words, for this case there is no significant temporal variation o f  the 

photocurrent (a direct indication o f  the photocarrier distribution) on 

the sam e tim e scale as the grating formation. Therefore, this solution  

is  again only valid for low  grating modulation, a condition that has 

already (coincidently) been im posed. Therefore;

G - R =  - -  (5.9)
?  az

Substituting equations (5 .1) to (5.4) into (5 .9) yields;

(nob + no)!*1 m' - A  - fta = -zK|i(nob + no)Esc - /KjinoaEo + K2Dano
(5 .10)

An expression for a can be obtained on rearrangement o f  equation

(5.10);
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(5 .11)
1 m  - A  +  i K a z E s  c

a ------------------- 2--------------------------£ 1 + K  Dx - iKqxEo

B y substituting this expression for a and the expression for A  from  

equation (5 .8) into equation (5 .6) produces the fo llow in g  expression for 

the temporal variation o f  Esc;

SE sc _ (nob + no)g|H
at b e

m ' ( E o  +  / E d )  +  E . c ( l  +  K2/2 - ;K/ )S B

(1 + K 2r2 - / Kr E)
(5.12)

T his differential equation has the fo llow in g  solution;

c  m ' ( E o  + iE d )rise = - ----
1 + K 2 / 2 i K /

E L

1 - exp
( 1 + K 212 - iK  l  ) 1v s E'

_ x ' ( l  + K r  - / Kr )Mv D EJ '

(5 .13)

£8
w here x ' =

M <7|i(nob + no)

B y com parison o f  equations (5 .13) and (2.21) it can be seen that 

the steady-state values o f  Esc for the cases with and w ithout optical 

bias are scaled by the values o f m' and m respectively, as expected. 

The other change, also as expected, is that the overall transient 

characteristics o f  Esc are scaled by a M axw ell relaxation tim e which now  

contains a com ponent due to the optical bias.

O f more interest here is how equation (5.13) relates to the prime 

experim ental measurements, i.e. the effect o f  optical bias on the

transient-to-steady-state diffraction effic ien cy  ratio.

It is seen that the general form o f  equation (5.12) is given by;

E(t) =  (a +  ib).[ 1 - ex p {-(c  +  id)t }] (5 .14)

where a,b,c and d are real parameters. The characteristics o f  

equation (5 .14) can now  be studied and related to the physical process.

A s was m entioned before, it is the com plex argument o f  equation

(5 .14) that predicts that damped oscillatory behaviour w ill occur. In 

other words, a transient peak is expected in the space-charge field.

Clearly then, the general form o f  equation (5.14) qualitatively predicts
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the transient enhancem ent results obtained experim entally. H ow ever, 

further investigation is  necessary to assess whether it quantitatively  

predicts them.

In chapter 2  it w as seen that r|, the diffraction effic ien cy , is 

proportional to | Esc | 2. Thus the general form for the temporal

variation o f  r\ is  g iven  by;

rj(t) | ( 0  +  ib).[l - ex p {-(c  +  id)t } ] |^  (5 .15)

F ig u re  5.17 Comparison o f  the experimental data for lob ~ 2Io with the 
general expression given by equation (5.1). m' ~  0 .2 , A  =  20 |im ,

Eo =  6.3 kV cm '1.

A  non-linear curve fitting routine was em ployed to fit equation

(5.15) to the experim ental data obtained for the case when lob ~ 2Io. 
It is  observed (Figure 5.17) that, qualitatively, a reasonable fit to 

the data is obtained, although the experimental data appear to be 

overdamped. This overdam ping has been observed by other authors in 

related holographic ’tim e-of-fligh t’ experim ents [5.2] and has been 

attributed analytically to a spatially varying drift m obility.

If equation (5 .15) is taken, to a first approximation, as the 

general form required to m odel the experimental data, then it is 

necessary to exam ine how  the parameters a,b>c and d relate to the prime 

experim ental ’figure-of-m erit’ - the transient-to-steady-state
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diffraction efficiency ratio.

From computer simulations of equation (5.15) it was found that, for 
values corresponding to the range of experimental data, there was a 
linear relationship between the ratio of the first maximum, T| , of

p
(5.15) to the steady-state value, T| , and the ratio d]c (to withinss
3 %). Specifically;

_ L .  =  0 . 3 5  ^  +  0 . 8 (5 .16)

over the experimentally obtained values of r\ /rj . Thus, ifp ss
equation (5.15) is the general form of the solution for the temporal
variation of diffraction efficiency, then the transient-to-steady-state
intensity ratio is determined by the ratio of the imaginary to real
components of the argument of (5.15); (and the steady-state value is 

2
given by \(a + ib)\ ).

A normalised form of solution to equation (5.12) is given by; 

Esc = 1 - exp
(1 + K 2l2s - ( K / e)

t m ( 1  +  -  ' K r E>

Thus, the ratio of die can be seen to be;

t

. K r + K3r J 2 - K / - K 3/ r2d __ E ES  E E D

c 1 + K2r 2 + K2/2 + K4r2/2 + K21 r
D S D S E E

(5.17)

(5.18)

This expression can be simplified to a certain degree, by examining 
the specific experimental conditions initially used to investigate the 
effect of optical bias; i.e. A = 20  Jim and Eo = 6.3 kVcm"1. Thus,
using the value for rD of 0.6 Jim from reference 5.1;

. Kr + K3 r l2 - Kld _ E__________E S E

c 1 + K2/ r
E E

(5.19)

The most immediate feature of equation (5.19) is that it contains 
no reference to any terms derived from the optical bias. Clearly then, 
the single-carrier band transport model does not predict in detail the 
behaviour of the experimental data on varying the level of optical bias, 
as presented in this chapter.
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There are several possibilities for modification of the
mathematical analysis, in order that it may predict the experimental
data. These are; the use of a model which allows for two species of 
photocarrier - this produces grating dynamics with two (fast and slow) 
characteristic time-constants [5.3,5.4]; the use of a multiple
trap-level model which allows the possibility of multiple phase-shifted 
gratings with independent characteristic time-constants [5.5]; and
finally the use of a charge-hopping model such as that derived by
Feinberg et al. The hopping model predicts damped oscillatory
behaviour in the build-up of the space-charge field, and some
experimental evidence suggests that it may in fact be the dominant
transport mechanism in BSO [5.6,5.7,section 5.3.9 above].

Due to time constraints, detailed investigation of these
possibilities was not accomplished within the confines of this thesis.
However, it is anticipated that these options will provide a rich source
for future work, with efforts incorporating the data presented in 
Appendix B.

5.4 Conclusions

While a detailed analysis of the transient effect was not readily
achieved, the experimental study carried out provided ideal
characteristics to be established for the implementation of transient 
devices using BSO. As this was the ultimate aim of this thesis, 
efforts were switched to development of applications (details given in 
the next chapter) based on the reported experiments. The control over
the transient properties of a diffracted beam that is afforded by this
system makes it very attractive for devices. It is believed that this
control makes it more useful than other methods of transient enhancement 
(such as the use of TET), and this is discussed in the context of the
demonstration of a novelty filter.
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Chapter Six
Optical Information Processing Systems

In this chapter, details are given of various optical processors 
that were constructed using BSO as a dynamic holographic medium. 
Unfortunately, the implementation of completely real-time optical
processing systems is hampered by the cost and quality of the currently 
available spatial light modulators (SLM’s). Most of the applications
described here, therefore, are simply demonstrations of principle, using
static transparencies or test slides as the input objects. It is
expected that these results can be generalised to completely real-time 
systems when suitable SLM’s become available.

6.1 Coherent Optical Correlator

In this section details will be given of a coherent optical 
correlator based on BSO, and results presented for the case of simple
binary amplitude transparencies as the input objects.

The process of optically correlating (or convolving) two input 
signals generally relies on the Fourier transforming property of a
converging lens. This enables the Fourier transform (F.T.) of the
input signal to be formed (essentially instantaneously) within the 
volume of the holographic medium. If two or more of these input 
signals are illuminated with spatially and temporally coherent beams, 
then the resulting optical interference pattern will be proportional to 
the multiplication of the Fourier transforms. This interference
pattern can then be recorded in a holographic material, in this case via 
the photorefractive effect as a volume phase grating. Consequently, 
the profile of a beam which is diffracted from the refractive index 
grating will contain optical information of the input signals. This 
diffracted beam, if subsequently Fourier transformed by another lens, 
will produce the desired optical correlation in its focal plane.

6.1.1 Joint-Transform Correlator

Various types of optical correlator have been previously
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demonstrated using BSO [6.1-6.3]. After exploratory work on several 
different configurations it was found that the most successful was the 
Joint-Transform Correlator (JTC) [6.4] previously demonstrated using BSO 
by Pichon et al in 1980 [6.1]. In this type of correlator the
holographic grating is produced by the interference pattern formed from
the Fourier transforms of two input signals. This grating is then read 
out by a plane wave beam. In a frequency-plane correlator [6.2], on 
the other hand, the grating is produced by the interference of the F.T. 
of one input signal with a plane wave reference beam, in analogy to the 
conventional VanderLugt filter [6.5]. The resulting frequency-plane 
filter is then probed by the F.T. of the second input signal. Both the 
joint-transform and frequency plane configurations have their respective 
merits, and will be assessed later in section 6.1.5. The distinction 
between the joint-transform and frequency-plane geometries is only 
necessary when a PR medium is used as a dynamic holographic medium, as 
here. When a phase conjugate geometry is used to implement the
correlator, all beams have equal status; i.e. there are no distinct
write/read processes.

6.1.2 Analysis of JTC Optical System

Figure 6.1 Schematic diagram showing the various input, filter and 
output planes of the joint-transform correlator.

The relationship between the input, BSO and output planes can be 
seen in figure 6.1. Inputs 1 and 2 are binary amplitude objects 
described by f(x,y) and g(x’,y’) respectively, where x’= x - b and 
y’ = y; i.e. b is the distance between the two inputs in the (x,y) 
plane. The light field pattern at the crystal plane, (p,q), (located
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in the back focal plane of LI) will then be given by the F.T. of inputs 
1 and 2. The F.T. of f(x,y) is given by;

F(p,q) = | |  f(x,y).exp{ [ xp + yq ]} dxdy
Xc f514

(6. 1)

where f is the focal length of LI. Similarly, the F.T. of 
g(x’,y’) will be given by;

G(p,q) = | |  g(x’,y’).exp{ [ x’p + y’q ]} dx’dy’ (6.2)

- O O  ^ 5 1 4 f

The intensity pattern in the plane of the crystal is then;

I(p,q) = | F(p,q) + G(p,q) | 2 (6.3)

From chapter 4.8 it was seen that this intensity pattern will 
produce a crystal transmittance which can be expressed in the form;

t(p,q) “ 1 + i  y  F(p,q)G*(p,q) (6.4)

The readout HeNe beam is incident on the BSO crystal at the angle 
which accommodates the change in wavelength, such that it Bragg-matches 
to the volume phase grating. The readout beam is then given by;

R(p,q) = Ro exp{ p sjn0 } (6.5)

where 0 is the external angle that the readout beam makes with the 
normal to the (p,q) plane. The light pattern immediately following the
crystal will then be given by;

E(p,q) = R(p,q) t*(p,q) (6.6)

where the conjugate transmission function is encountered by the 
readout beam as it is counter-propagating with respect to the writing 
beams. The output of the JTC is readily calculated as the diffracted 
light will propagate back through LI and so the light at the (X,Y) plane 
will be the Fourier transform of E(p,q). Thus the output light 
distribution, I(X,Y), is given by;

I(X,Y) = 

substituting

11 R(P,q) t*(p,q).exp{ -L2n

W
[ pX + qY ]} dpdq (6.7)

equations (6.1), (6.2), (6.4) and (6.5) into (6.7) and
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performing the integration yields the following expression for the
output light distribution;

oo
I(X,Y) = JJ f(x - D - HI X, y - ill Y).g*(x - D, y) dxdy (6.8)

- O O

which is the cross-correlation of f(x,y) with g(x,y). The
displacement, D, from the optic-axis is given by D = b + f sin0 and

6 3 3

the output plane is scaled by the metric, —  .

6.1.3 Experimental Configuration for the JTC

Figure 6.2 Experimental configuration used to implement the 
joint-transform correlator.

The experimental set-up for the coherent joint-transform correlator 
is shown in figure 6.2 . Inputs 1 and 2 were produced using high 
contrast photographic film and are each approximately 4 mm in extent. 
They were produced on the same slide and are separated by 4 mm. The 
Ar+ laser is spatially filtered and expanded to about 25 mm to give 
approximately uniform illumination across the full extent of both the 
input objects. The Fourier transforms of both of the inputs are formed 
at the crystal plane by LI. The average spatial period of the 
holographic fringes, and consequently the grating formed, is 20 pm. 
This fringe spacing was chosen to provide a reasonable field of view of
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the diffracted image (section 4.6). The grating vector is parallel to
the [110] crystallographic direction. A voltage of 5kV is applied 
across the crystal also in this direction to provide a sufficient range 
of charge migration to allow grating formation and to enhance the 
diffraction efficiency of the resulting grating.

The focal length, f, of LI was chosen to provide a reasonable scale 
of F.T. It is a combination of this focal length and the greatest 
spatial dimension of the input objects that determines the axial 
deviation from f, Az, over which the Fourier transform relationship is 
valid [6.6], such that;

2 f2 X,
Az < ----- —511 (6.9)

rmax
where r is the maximum spatial extent of either of the input

max

objects in any direction. Thus we see that the BSO crystal must lie 
within the tolerance Az of the focal length of the lens to ensure that
the F.T. is present throughout the volume of the crystal, otherwise a
deterioration in the correlation will occur. In this configuration
f = 300 mm and r = 4  mm so that Az = 5.7 mm. Experimental

max

verification of equation (6.9) was carried out in reference 6.1. For 
their experimental conditions Az ~ 5.5 mm, and it was demonstrated that 
a ± 3 mm axial deviation of the crystal from the geometric focal plane 
resulted in a drop in the output auto-correlation peak power by a factor 
of two. Such practical constraints were also evident during
construction of this correlator.

The readout HeNe laser beam is spatially filtered and expanded to 
12 mm diameter and is incident on the BSO crystal at the Bragg angle. 
The diffracted component is picked off by the beam-splitter following 
passage through LI, which produces the F.T. in its focal plane. This
plane is coincident with the input array of a CCD video camera. A 633 
nm interference filter eliminates scattered Ar+ laser light. The video 
signal is fed directly to a monitor for viewing and also to a PC with 
frame-grabber to enable capture of single video frames. The Ar+ laser
intensity was set to about 2 mWcm'2 at the crystal. The grating
response time at this setting of Ar+ laser intensity is about 50 ms. 
The HeNe beam intensity is around 200 p.Wcm 2 which, together with the 
spectral sensitivity of BSO (section 4.1) ensured non-destructive
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readout of the holographic grating. As presented in section 4.4.3, the 
diffracted and transmitted components of the HeNe beam emerge from the 
crystal with significantly different polarisation states due to the 
natural optical activity of BSO. This permits a good signal-to-noise
ratio to be obtained via the use of a polaroid sheet at the output 
stage.

6.1.4 Results

Various input objects were chosen for the JTC to demonstrate the 
correlation/convolution nature of the output. Inputs 1 and 2 are shown 
in Figures 6.3-6.6 a) and b) respectively, with the corresponding output 
of the system shown in part c) of each figure.

It should be noted that when the inputs to the system are purely 
real objects (i.e. containing only amplitude information), there is no 
physical distinction between the operations of correlation and
convolution. Whether the output obtained from this correlator is 
proportional to F(p,q)G*(p,q) (correlation) or to F(p,q)G(p,q) 
(convolution) is simply determined by the relative orientations of the
inputs. In other words to transform G(p,q) to G*(p,q) one simply has0
to rotate g(x’,y’) by 180 . This is because if g(x’,y’) is purely
real, then F.T.[g(-x’,-y’)] = G*(p,q) [6.7].

It is thus simply a matter of nomenclature whether an operation
carried out by a physical correlator is a correlation or convolution. 
It is generally regarded as a correlation operation when one input 
object is compared with another for a ’match’. On the other hand, the 
convolution operation is when one object is distributed at the locations 
of a set of smaller inputs. Thus Figures 6.3 and 6.4 may be regarded 
as the correlation of the input signals whereas Figures 6.5 and 6.6
demonstrates the operation of convolution of the two input signals.
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Figure 6.3 Experimental demonstration of the joint-transform
correlator. From top to bottom a) Input 1, b) Input 2, and c) the
corresponding output intensity pattern.
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Figure 6.4 Experimental demonstration of the joint-transform
correlator. From top to bottom a) Input 1, b) Input 2, and c) the
corresponding output intensity pattern.
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Figure 6.5 Experimental demonstration of the joint-transform
correlator. From top to bottom a) Input 1, b) Input 2, and c) the
corresponding output intensity pattern.



Figure 6.6 Experimental demonstration of the joint-transform
correlator. From top to bottom a) Input 1, b) Input 2, and c) the
corresponding output intensity pattern.
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6.1.5 Conclusion

The salient features of the correlator described above can be
summarised as follows;

1) With the joint-transform correlator the three F.T. operations
required for correlation can be performed using just one high quality 
lens.

2) The use of a HeNe laser to read out the holographic gratings is
non-destructive and allows the suppression of scattered Ar+ light via
the use of an interference filter.

3) The significantly different polarisation states of the transmitted
and diffracted beams allows further suppression of background HeNe light
by the insertion of a polaroid sheet.

4) The noise reduction techniques given by 2) and 3) above allowed 
respectable S/N ratios of up to 50:1 to be attained.

5) The small angle between the writing beams provided a large field of
view (and good resolution) in the diffracted output, but required the 
application of an external electric field to facilitate formation of the
grating.

6) The joint-transform correlator is good for matching identical
objects as there will be good modulation at all spatial frequencies (as 
the intensity pattern is formed by the interference of two identical 
F.T. distributions), but consequently spatial filtering cannot be used 
to improve discrimination (section 4.7), as is possible in the frequency 
plane correlator [6.2]. 7

7) The time response of the crystal is the limiting factor of this
design as each time either of the inputs changes a new grating has to be 
formed; in contrast to the frequency plane correlator where a reference 
object can be stored and non-destructively read out at any rate (i.e.
only when it is necessary to change the reference object of the 
frequency-plane correlator must a new grating be formed).
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6.2 Optica] Intensity Correlator

This section presents work carried out on an optical intensity 
correlator using BSO. The basic difference between this and the work 
presented on the coherent joint-transform correlator is that the 
intensity correlator uses spatially incoherent light to read out the 
grating formed in the holographic medium. This produces a correlator 
system with several distinct practical advantages which are outlined 
below.

6.2.1 Introduction

As mentioned in section 6.1, the implementation of coherent 
correlators based on dynamic volume holographic materials is hindered by 
the requirements of precise positioning of the medium at the focal plane 
of the transforming lens(es) [6.1], and also good overlap of the Fourier 
transforms of the input signals is required [6.8]. It has been 
demonstrated that an optical intensity correlator is free from these 
positional constraints [6.9]. This increased tolerance in positioning 
eases the implementation of an intensity correlator based on BSO. 
Further, due to the spatially incoherent nature of the readout beam, any 
spatial phase variation of components in the readout portion of the 
system will have no influence on the correlator output. This allows an 
inexpensive liquid crystal television (LCTV) to be used as a spatial 
light modulator (SLM) to address the holographic filters, despite its 
inherent phase inhomogeneities caused by the transparent electrodes and 
liquid crystal molecular distribution. The disadvantage of the
intensity correlator is that its discrimination ability is significantly 
lower than that of its coherent counterpart.

Experimental results will be presented using BSO and an LCTV. 
Fresnel transforms of the input objects are written within the volume of 
a single crystal of BSO using an Ar+ laser operating at 514 nm and 
simultaneously read out using a HeNe laser at 633 nm. This provides an 
updateable hologram as the reference of the correlator which is 
interrogated at frame rates by the LCTV.
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6.2.2 Theoretical Basis

Figure 6.7 Schematic diagram of the input, filter and output planes of 
the optical intensity correlator

A schematic diagram of the various input, filter and output planes 
of the optical intensity correlator is given in Figure 6.7. Input 1 is 
a binary amplitude object described by o(x,y). The light field pattern 
at the crystal plane (p,q) due to inputl can be evaluated by considering 
the impulse response of the optical sub-system comprising input 1, LI 
and the BSO crystal. Suppose an input impulse, 8(x-xo,y-yo), is in the 
plane of input 1. To evaluate the resultant light pattern at (p,q) we
must first evaluate the distribution at the plane of the (thin) lens 
(a,p) due to the diffraction of o(x,y), which is analysed using the 
Fresnel approximation. We should then consider the phase
transformation due to the lens and finally the light at (p,q) will be 
the Fresnel diffraction pattern of the light at (a,P). Thus, ignoring
the pupil function of the lens, the response function is given by;

h(p,q;xo,yo) = (T exp {- — — [(a-Xo)2+(P-yo)2]}.exp{— ^L (a2+p2)}
^  X d 1 f-o o  5 1 4  g K  f51 4

•exp{--------- t(p-a)2+(q-p)2]} dotdp
X d ’

5 1 4  g

(6. 10)

where f is the focal length of the transforming lens LI and d and
§
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d ’ are the distances as shown in Fig. 1. In practice d « f for the 
optical intensity correlator and so we are concerned here with a 
non-imaging system. Evaluation of the integral in (6.10) then yields 
the impulse response as;

h(p,q;xo,yo) = exp{l7i[(i - —J(xo2+ yo2) + ( i ) ( p 2+ q2)
C C 1 S c  c ;  

2 2

2K 
C C

(xop + yoq)]} (6. 11)

where C = ^ 4dg , C2= ^ d ’ and C = X5J

and K is defined by — = i  + — - —
K C, C C

1 2 3

The crystal plane is at a distance from LI which is not generally 
equal to the focal length of LI. Thus the light distribution in the 
crystal plane may be termed the Fresnel transform of o(x,y) [6.10], of 
which the Fourier transform is a specific case at d ’ = f. The Fresnel

O
transform of o(x,y) can be calculated from the convolution of o(x,y) 
with the impulse response function, i.e.;

0(p,q) = JJ o(x,y).h(p,q;xo,yo) dxdy (6.12)
-  oo

The reference beam is a plane wave and can be described by,

R(p,q) = Ro exp{----p sin0 } (6.13)
X

5 1 4

where 0 is the angle that the reference beam makes with the normal 
to the (p,q) plane. Assuming that the object and reference beams are 
of parallel polarisation, the intensity pattern in the plane of the 
crystal is given by;

I(p,q) = | 0(p,q) + R(p,q) | 2 (6.14)

As before, the necessary term of this interference pattern can be 
linearly recorded in BSO as a volume phase grating.

t(p,q) “ 1 + i  Y 0(p,q)R*(p,q) (6.15)

To calculate the output of the optical intensity correlator it is 
convenient to employ a procedure similar to that used to derive equation
(6.11). However in this instance the illumination of input 2 is first
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rendered spatially incoherent by propagation through a rotating 
diffuser. This produces time-averaged spatially-incoherent
illumination which has been shown to be equivalent to using an extended 
illumination source. Thus we are interested in the irradiance, or 
intensity, impulse response of the optical system. Suppose that an 
input impulse 5(x-xo,y-yo) is at the plane of input 2, then by 
inspection of (6.11) it is clear that the complex light distribution 
just behind the plane of the BSO crystal will be given by;

E(p,q) = t*(p,q).exp(i7t[(i - — )(xo2+y<>2) + ( i  - — )(p2+ q2)
C C2 C C2

1 1  2 2

2K
C C i 2

(xop + yoq)]} (6.16)

where the conjugate transmission function is encountered by 
this beam because it is counter-propagating to the writing
beams. Note that df , d’ and the focal length of L2 were
all chosen to accommodate the change in wavelength, i.e.
d = —  d X d = X d = C  and so on. This ensures that ther 633 g 633 r 514 g 1
Fresnel transforms formed at the crystal of inputs 1 and 2 are the same 
scale. The complex light distribution at the output plane (X,Y) will
be given by the Fourier transform of E(p,q);

oo
h(X,Y;xo,y0) = JJ E(p,q).exp{

- O O

-l2k

X f ’63 3
[ PX + qY ]} dpdq (6.17)

where f* is the focal length of lens L3 such that f  = —̂  f.
X633

The coherent impulse response of the system can be evaluated by
substituting equations (6.12), (6.13), (6.15), and (6.16) into (6.17)
and performing the integration. For convenience, the case of unity
magnification between the input and output planes is considered here.

K C3
This means choosing C , C and C to satisfy the condition ------- = 1 and1 2 3  c c1 2
yields the following expression for the coherent impulse response;

h(X,Y;xo,yo) = ^(X,Y;xo,yo).o*(xo + fsinG + X, yo + Y) (6.21)

where £(X,Y;xo,yo) contains all the purely imaginary components of 
the solution. The irradiance impulse response of the optical system,
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(6.22)

h.(X,Y;xo,y0), will then be given by;

h.(X,Y;xo,y0) = | o(xo + fsin0 + X, yQ + Y) | 2

2
If an optical signal with an intensity distribution of |o(x,y)| is

in the input 2 plane, the intensity at the output plane, according to
2

optical linear system theory, would be the convolution of |o(x,y)| with 
h.(X, Y;xo,y0) i.e.;

oo

I(X,Y) = J J  |o (x ,y )|2 | o(x + fsin0 + X, y + Y) | 2 dxdy (6.23)
- O O

which is recognised as the intensity auto-correlation of o(x,y).

6.2.3 Experimental Configuration

Figure 6.8 Experimental configuration for the optical intensity 
correlator. BE1,BE2, beam expanders; Ll-3, achromatic doublet lenses, 
LI 30 cm focal length, L2,3 25 cm focal length; X/2, half-wave
plates.

The experimental 
shown in Figure 6.8.

set-up for the optical intensity correlator is 
A BSO crystal of dimensions 10 x 8 x 2 mm3,
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supplied by Sumitomo Industries, was used for the experiment. The Ar+ 
laser operates in single longitudinal mode and the output beam is 
spatially filtered and expanded to 15 mm diameter before being split by 
a polariser cube. One beam passes through input 1 and a convenient 
scale of Fresnel transform is formed in the volume of the crystal by LI. 
The second beam acts as the reference and is directly incident on the 
(110) face of the crystal. The average spatial period of the
holographic fringes is 20 (im. The HeNe read beam is expanded to 10 mm 
diameter before passing through a rotating diffuser to minimise the 
speckle size of the emergent spatially incoherent beam. This beam 
illuminates input 2 and a Fresnel transform of this input image is 
obtained at the crystal by L2. The readout beam is incident on the 
crystal with the usual restriction of Bragg-matching to the volume phase 
hologram. The component of the read beam diffracted by the refractive 
index grating is collected by lens L3 to produce the intensity 
correlation in its back focal plane, which coincides with the face of a 
video camera. Background noise is considerably reduced by the use of 
an interference filter and polaroid. The video output from the camera 
is connected to a monitor. The total Ar+ laser intensity at the 
crystal was set at about 2 mWcm . The HeNe intensity is at least two 
orders of magnitude lower than this. All beams are incident on the 
crystal with horizontal polarisation.

6.2.4 Experimental Results

For preliminary demonstration of the optical intensity correlator 
both inputs 1 and 2 were binary amplitude objects fabricated from 
high-contrast photographic film and are as viewed in Figure 6.9 a) and
b) respectively. The corresponding output from the optical intensity
correlator is seen in Figure 6.9 c). The output shown is a photograph 
of the monitor screen and is thus the time-average of several frames. 
An axonometric plot of this output is shown in Figure 6.9 d) and 
demonstrates that under these conditions the correlator possesses
sufficient discrimination to distinguish the similar letters O and G.
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Figure 6.9 Experimental demonstration of the correlator using high 
contrast photographic transparencies for both inputs 1 and 2; a)
input 1, b) input 2, c) corresponding output intensity pattern, and d) 
axonometric representation of output.

An important advantage of the optical intensity correlator using 
spatially incoherent readout is that there is little restriction on the
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placement of the optical filter. The in-plane movement of a real-time
filter, of course, has no effect provided that the beams still overlap 
in the volume of the crystal. However it was found that the on-axis 
placement of the BSO crystal in this optical system is greatly relaxed
compared to the coherent optical correlator. The correlator was set up 
as in the above experiment, with the exception that the BSO crystal was 
mounted on a translation stage to allow axial movement. The crystal 
could be moved axially through a distance of 2 cm without any 
significant deterioration of the output intensity pattern (see figure
6.10). This is compared to typical values of d and d ’ of between 10

& b
and 15 cm. This increased ’depth of field’, compared to a coherent 
correlator [6.1], suggests that a crystal of longer interaction length,
L, could be used as the dynamic medium in the intensity correlator. As 
the diffraction efficiency of a volume hologram scales as L2 [3.1], an
increase in intensity would be achieved at the output stage. This 
would improve the signal-to-noise ratio of the correlator, and offer 
possibilities of operating such a system in low light-level conditions.

Figure 6.10 Demonstration of the extended ’depth of field’ of the 
intensity correlator. From left to right; a) output intensity pattern 
when the distances d^ and d’ are set according to the ratio of the
respective wavelengths, and b) output intensity pattern after the BSO 
crystal is moved 2 cm towards L2.

It was also found that the position of input 2 could be moved 
axially and a displacement of almost ± 2 cm had no significant effect on 
the intensity of the auto-correlation peak (Fig. 6.11). Thus the 
insertion of an SLM into the system, to act as input 2, can be easily
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achieved. The in-plane movement of input 2 is restricted by the 
Bragg-matching constraint.

- 2 - 1 0  1 2
Axial Position o f Inpu t2  (c m )

Figure 6.11 Variation of the intensity in the auto-correlation (of the 
’O’ with the ’O’) peak on moving input 2 axially.

The second experiment was conducted using an LCTV as a real-time 
SLM for input 2. A CITIZEN T530 colour LCTV was used. A
monochromatic contrast ratio of 10:1 was obtained on projection of the
HeNe laser through the TV screen. Images were obtained on the LCTV
screen by connecting to it the video signal from a camera with zoom lens 
trained on the real objects. The reference object of the correlator
was the single letter O to which the letters 0,G and A were presented
sequentially by placing them in front of the camera. The results are
as viewed in Figure 6.12. Note that no attempt was made to compare the 
absolute intensities at the output plane as the usual fluctuations of
the diffraction efficiency of gratings formed in BSO in ’drift-mode’
would have precluded comparison. Thus each of the results shown in 
Figure 6.12 c) has been normalised. The full widths at half maximum 
(FWHM) of the auto-correlation (of the ’O’ with the ’O’) and cross 
correlation (of the ’O’ with the ’G’) peaks are in the ratio 3 : 4 .  It
is seen that although the discrimination of the correlator is quite low, 
as expected, it is again sufficient to distinguish between the letters O 
and G. The lower discrimination of the correlator when using the LCTV
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r a th e r  th a n  lith o g r a p h ic  f i l m  a s  in p u t  2  i s  a lm o s t  c e r t a in ly  a c c o u n t e d  

f o r  b y  th e  lo w  r e s o lu t io n  a n d  c o n tr a s t  o f  th e  L C T V .

Figure 6.12 E x p e r im e n ta l  r e s u lts  o f  o p t ic a l  in te n s ity  c o r r e la to r  u s in g  
th e  L C T V  a s  a r e a l- t im e  S L M  fo r  in p u t  2 .  T h e  r e f e r e n c e  o b j e c t  o f  th e  
c o r r e la to r  w a s  th e  s in g le  le t te r  O  to  w h ic h  th e  le t te r s  0 , G  a n d  A  w e r e  
p r e s e n te d  s e q u e n t ia l ly .  F r o m  to p  to  b o t to m ;  a ) in p u t  o b je c t ,  b )  o u tp u t  
p la n e  a n d  c )  3 - D  r e p r e s e n ta t io n  o f  th e  o u tp u t . T h e  p lo t s  s h o w n  in  c )  
h a v e  b e e n  n o r m a lis e d
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6.3 Optical Novelty Filter

6.3.1 Introduction

Many industrial, medical and other applications require a reduction 
of image data to be processed. In a lot of instances this involves 
removing the recurrent static information of an optical scene, e.g.
removal of the background of a cell culture to examine the moving
organisms [6.11]. Such an operation has been termed ’image
differentiation in time’ or ’novelty filtering’. The output of an
ideal novelty filter should thus remain blank until a portion of the 
input scene changes. This moving portion only should then be observed 
at the output. There have been various successful implementations of 
all-optical systems to carry out this operation [6.11-6.15].

In this section the operation of novelty filtering is demonstrated 
using a hybrid system which consists of an optical processor using BSO, 
with further real-time processing achieved via a PC fitted with a
frame-grabber card. As in previous applications, a BSO crystal is used 
as a dynamic holographic medium within which gratings are written at 
514 nm and read out at 633 nm. The transient peak in the diffraction 
efficiency of a grating formed in ’drift-mode’ is enhanced and
controlled by the imposition of various extrinsic conditions. It is 
felt that this particular system has the following inherent advantages: 
BSO is relatively fast in its response, reliable in its performance and 
is available with good optical quality over large surface areas; the 
stationary state output of the system is very stable allowing complete 
suppression of static information; the temporal duration of response 
to a step-like change can be controlled to produce re-setting of the 
optical processor at T.V. frame rates, i.e. the system as a whole is
updated at frame rates; good signal-to-noise is achieved through the
use of different wavelengths and polarisations to write and read the 
holographic grating, respectively; the ratio of transient to steady 
state intensity can be controlled simply by the addition of white light
intensity. Temporal discrimination is further improved by digital 
thresholding with a low-cost PC. The digitised image information at 
the output of this device may be passed either to another digital 
system or used to feedback into an optical system for further
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processing.

6.3.2 Transient Enhancement under Optical Bias

The device presented here relies upon the transient enhancement of 
a beam diffracted from a dynamic holographic grating formed in BSO as 
reported in chapter 5. It was seen that the transient properties of 
the diffracted beam can be controlled by the level of optical bias. 
Specifically, the ratio of transient-peak to steady-state diffraction 
efficiency is determined by the ratio of optical bias to (useful) write 
beam intensity, while the peak width of the transient peak is determined 
by the absolute intensity of the optical bias.

Thus the method of introducing incoherent optical bias provides a 
versatile, (inexpensive) means of controlling the transient properties 
of a readout beam. A further bonus of the effect for this particular 
application is that the steady-state diffraction efficiency when under 
the influence of the optical bias is much more stable than is the case 
with maximum modulation.
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6.3.3 Experimental Configuration

Figure 6.13 Experimental set-up for optical tracking novelty filter.
BE1,BE2, beam expanders; A/2, half-wave plate; BS, beam splitter; L1,L2, 
40 cm focal length plano-convex lenses; Va, applied voltage (5kV); WL, 
white light source; IF, 633 nm interference filter; and PI, polaroid 
sheet.

The experimental set-up for the novelty filter is shown in Figure 
6.13. A BSO crystal of dimensions 10 x 8 x 2 mm3 supplied by Sumitomo 
Industries was used. The Ar+ laser operates in single longitudinal 
mode and the output beam is spatially filtered and expanded to 15 mm 
diameter. The beam is then split by a polariser cube and one component 
passes through the input device which is imaged onto the crystal by LI. 
The second beam acts as the reference and is directly incident on the 
crystal to allow formation of the holographic fringes. The spatial 
period of these fringes, and consequently the grating formed, is 20 pm. 
This fringe spacing was chosen as it provides a reasonable ratio of 
transient to steady state intensity (section 5.3.5) and also permits a 
reasonable field of view of the diffracted image. The grating vector
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is parallel to the [110] crystallographic direction. 5kV is applied
across the crystal also in this direction to facilitate grating
formation at this fringe spacing and to increase the diffraction
efficiency of the resulting grating. The white light is fed to the 
crystal via a fibre optic system with I.R. filter and is incident at an 
arbitrary angle. Its intensity was adjusted with respect to the Ar+ 
intensity to provide a significant transient enhancement. A HeNe beam 
is expanded to 10 mm diameter and is incident on the crystal at the 
Bragg angle. The diffracted component is imaged by L2 onto the input 
face of a video camera. Background noise is considerably reduced by 
the use of an interference filter and polaroid sheet. The output from 
the video camera is fed into a PC with a frame-grabber card. This card 
is used as a real-time thresholding device by the assignment of binary 
values in a digital look-up table.

The principle of the device is that when the the grating is
stationary the diffracted output will be fixed at its stabilised, low 
intensity steady-state value. When a portion of the input moves then a 
new grating is continuously formed in the crystal at the spatial 
location corresponding to the moving region. On formation this grating 
has the transient enhancement as observed in Figure 5.2 and so the 
diffracted output will be considerably enhanced in the region of
movement. This enhancement is converted into a binary state by the 
thresholding operation of the frame-grabber. Once the object stops
moving the diffracted intensity will once again return t to its suppressed
steady-state value. Note that the time for this relaxation back to its 
steady-state value is determined by the intensity of the optical bias. 
The total Ar+ laser intensity at the crystal was set to about 2 mWcm’2 
and the white light intensity to approximately three times this value. 
On chopping the signal beam, these intensity settings produced a peak to 
steady-state diffraction efficiency ratio of about 4:1 and a peak width
of 20 ms.

6.3.4 Experimental Results

To demonstrate the principle of the novelty filter a USAF test 
slide was used as the input device and movement was produced manually. 
To allow quantitative assessment of the system the video camera was
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replaced by a photodetector with laser power meter. The object was
moved in a step-like manner and its change in position was registered by 
reflecting a beam from it onto a series of photodetectors. The 
diffracted intensity and object position were then logged simultaneously 
using a multi-channel A/D card on a PC and are presented in the upper 
and lower portions respectively of Figure 6.14. The diffraction
efficiency is seen to increase significantly on movement of the object
before settling back down to the well regulated steady-state value. 
Thresholding can be easily set at a value between the peak and
steady-state level. Thus time differentiation is achieved and a
novelty filter may be implemented.

0 4 8 12
Time (s)

Figure 6.14 Output diffracted intensity detected by a single element 
photodetector at the position of the output plane. The position of the 
object was registered by reflecting a beam from it onto a secondary 
series of photodetectors.
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Figure 6.15 shows the behaviour of the device when the video camera 
is returned to the system. In Fig. 6.15 a) the object is shown under
normal static, optimum modulation conditions with the image having been 
binarised with the frame-grabber device. When the object is moved 
under these conditions the re-formation of the grating follows an 
exponential growth curve with a purely real time constant as in Figure
5.2 a). Fig. 6.15 b) shows the static conditions after the optical 
bias has been introduced. For the purposes of this demonstration the
threshold value has been set deliberately low allowing some of the input 
image to be visible even when static; complete elimination of the 
background intensity under stationary conditions is easily obtained. 
Fig. 6.15 c) shows the output whilst the test slide is in motion; most 
of the input plane is again visible in reasonable detail. Once the
slide stops moving the output returns to the state seen in Fig 6.15 b). 
Clearly, under these conditions, the output plane is significantly 
enhanced only when the object is in motion.
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Figure 6.15 Output plane with video camera in position. a) normal 
static binarised image with optimum modulation; b) static object when 
white light is introduced; c) object in motion under the same conditions 
as in b).
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6.4 A Motion-Sensitive Optical Intensity Correlator

In this section details are presented of an optical processor which
carries out the dual operation of character recognition and temporal
differentiation. This is achieved by integrating into the intensity 
correlator system described in section 6.2, the transient enhancement
techniques implemented in the preceding section. As before, dynamic 
Fresnel holographic filters are written in photorefractive Bij2Si02o at
514 nm and read out using spatially incoherent illumination at 633 nm. 
The transient enhancement of the readout beam is achieved by the use of 
optical bias under the necessary conditions. Temporal discrimination 
is again further improved by digital thresholding. Thus, a threshold 
is set such that not only will a specific object be distinguished by the 
device, but it will only be apparent at the output stage when it is 
moving. The overall system operates at T.V. frame rates.

6.4.1 Experimental Arrangement

Due to the simplicity of the transient enhancement described in
section 6.3, it can easily be incorporated into the system used to carry
out the optical intensity correlation operation. Therefore, the
experimental system used for this application is the same as that for 
the intensity correlator, shown in Figure 6.8, with the exception of the
addition of a white light source. The white light is fed to the 
crystal via a fibre-optic bundle with an I.R. filter and is incident at 
an arbitrary angle. The total Ar+ laser intensity at the crystal is 
set to about 4 mWcm and the white light intensity to approximately
equal this value. On chopping the signal beam, these settings produced 
a peak-to-steady-state diffraction efficiency ratio of around 1.5:1 and 
a peak width of 20 ms (Figure 6.16).
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Figure 6.16 Variation of the diffracted intensity at the output plane, 
as measured using a single element photo-detector. To obtain this plot 
the beam illuminating input 1 was chopped at the mutual focal plane of a 
two-lens system.

6.4.2 Results

Experimental demonstration of the intensity correlator with
temporal differentiation was carried out using the same objects as shown 
in Figure 6.9 a) and b).
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F ig u re  6 .17  Demonstration o f  the dual temporal and character
discrim ination o f  the device, using the same input objects as shown in 
Figure 6.9. Left column; input 1 static. R ight colum n; input 1 
m oving. From top to bottom; a) variation o f  the output intensity
plane, demonstrating the transient enhancem ent b) axonom etric plot o f  
the output intensity to illustrate that relative intensities are 
m aintained, and so the correlator can still distinguish betw een the 
characters, and c) the output after digital thresholding has been
im plem ented. N ote that, under these conditions, the auto-correlation o f  
the ’O ’ with the ’O ’ is only registered at the output stage when in
m otion.
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T he introduction o f  the w hite light, o f  course, causes a uniform  

decrease in the output intensity pattern. Thus, when the input to the 

system  (input 1) is stationary, the diffraction e ffic ien cy  is  at a 

stabilised, low -intensity steady-state value. W hen the input m oves  

how ever, a new  grating w ill be formed, which initially has the transient

enhancem ent, as observed in Figure 6.17 a).

A s each o f  the constituents o f  the output plane is the

cross-correlation o f  input 2 with input 1, each o f  the 

cross-correlations is  enhanced by the sam e factor; i.e. the sam e 

relative intensities are maintained throughout the output plane.

Therefore the correlator maintains the ability to discrim inate betw een  

the input objects. This point is illustrated in Figure 6 .17 b) by 

3-dim ensional plots o f  the above intensity patterns.

The transient enhancem ent is  converted into a binary state by the 

thresholding operation o f  the frame-grabber (see Figure 6 .17  c). N ote

that com plete suppression o f the output is obtained in the steady state,

and that on ly  the correlation spot corresponding to the auto-correlation  

o f the ’O ’ with the ’O ’ is v isib le  when the input is  m oving. Thus the 

letter ’O ’ is  recognised by the system , but is only registered at the 

output stage when m oving. O nce the object stops m oving the diffracted  

intensity w ill again return to its low er steady-state value, and so the 

output is  suppressed by the digital thresholding. The tim e for this 

relaxation back to the steady-state value is determined by the intensity

o f  the optical bias (section 5.3 .4).
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C h a p t e r  S e v e n

C o n c l u s i o n s  a n d  F u r t h e r  W o r k

It has been demonstrated in this thesis that photorefractive B SO  

can be used as a dynam ic holographic m edium  to im plem ent im age  

processing operations such as novelty  filtering and optical correlation.

T he novelty filter that w as demonstrated exhibited good  temporal 

discrim ination, through the use o f  digital thresholding and careful 

optim isation o f  the optical system . The optical configuration o f  the 

novelty filter achieved a good  transient-to-steady-state ratio w ithout

having to resort to readout o f  the higher order harmonic gratings, as 

was necessary with other configurations [7.1]. This alleviates the

associated problem s o f phase-m atching, lim ited resolution (an order o f  

m agnitude low er) and low er diffraction effic iency  o f  the higher order 

grating. A lso , the use o f  digital thresholding, w hilst forfeiting the

possib ility  o f selective velocity  filtering, produces com plete  

suppression o f  the object below  a certain speed threshold.

Optical correlation w as im plem ented initially using a coherent 

optical system  in the joint-transform  configuration. A lthough this

correlator produced good  results its construction w as hindered, as with  

other coherent correlators, with the small positional tolerance o f  these  

coherent system s. A lso , an attempt to utilise a low -cost liquid

crystal television  (LCTV) as a crude spatial light m odulator w as 

unsuccessful. It is believed that the reasons for this w ere the 

optical phase inhom ogeneities, due to the transparent electrodes and the 

liquid crystal m olecular distribution, and the poor contrast o f  the 

LCTV.

M ost o f  these practical problem s were overcom e in the intensity  

correlator because it uses spatially incoherent light to read out the 

holographic filter. Certainly, the positional tolerance was

significantly improved, and this was demonstrated with experim ental

results. A lso , the phase inhom ogeneities o f the LCTV cannot be relayed  

to the output stage o f  the intensity correlator by the spatially

incoherent light.
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T he main disadvantage o f the intensity correlator is its poor 

discrim ination ability, as com pared with its coherent counterpart. It

is w e ll known that the discrim ination ability o f  an optical correlator

is  dependent only on the high spatial frequency content o f  the input

objects. Therefore it is expected  that edge enhancem ent, or the

suppression o f  the low  spatial frequency content, w ill enhance the 

discrim ination ability o f  the intensity correlator. Edge enhancem ent 

can be achieved for both o f  the input objects o f  the intensity  

correlator; the signal on the LCTV by com puter pre-processing, and the

input signal in the write-beam  by using the non-linear recording

technique presented in section 4 .7 . To date, attempts to im prove the 

discrim ination o f  the correlator using these techniques have been 

unsuccessful. One o f the main problem s o f  this w as the lim ited

resolution o f  the LCTV. This has recently been overcom e by the use o f  

an im aging system  to allow  the use o f  a larger portion o f  the LCTV

screen and thus achieve better resolution. Thus, an intensity

correlator with im proved discrim ination, achieved by edge enhancem ent, 

w ill be the subject o f  future work.

An im provem ent to the optical processor presented in chapter 6

w hich achieved temporal discrim ination and optical correlation  

sim ultaneously, would be to increase the level o f  output intensity.

The problem  with this device is that the output intensity o f  the

intensity correlator is initially very low , due to a lim ited fraction o f

the beam  pow er being able to Bragg-m atch to the volum e grating, as the 

light is very divergent fo llow ing propagation through the rotating 

diffuser. Therefore, the addition o f  white light has to be lim ited,

otherwise the output im age w ill not be registered on the output video

camera. A s the ratio o f  optical bias to write-beam  intensity w ill

therefore be quite low , the transient-to-steady-state ratio w ill also be 

low; i.e. the transient enhancem ent achieved is not as satisfactory as 

it was for the case o f  the novelty filter.

There are several steps which can be taken to im prove this

situation.

1) The use o f  a higher pow er H eN e laser to read the filter.

2) The application o f  a higher electric field.

3) The use o f  a PR crystal with a larger electro-optic coefficien t.
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Clearly the use o f  a higher pow er H eN e laser is  the sim plest 

solution. Unfortunately, such a laser was not easily  obtainable during 

the course o f  this thesis, but it is hoped that at som e tim e in the 

future this experim ent w ill be com pleted.

The application o f  higher electric fields (>  6 kV ) is not

particularly desirable as the crystal w ould  have to be inserted into a 

liquid  gate containing an insulating m edium  to avoid dam age to the 

crystal by surface currents. An attempt to artificially increase the 

loca l electric field  by the use o f  ’structured’ illum ination such as 

that used in reference [7.2] was unsuccessful. In this technique a 

m ask w as positioned in the white light beam  so that the illum ination in 

the centre o f  the crystal was about a factor o f  three less than that 

towards the electrodes. Thus, a significant portion o f  the applied

fie ld  should be dropped over the low er conductivity portion (i.e. the 

central portion) o f  the crystal. A lthough photoconductive enhancem ent 

w as obtained in the output im age as expected, there did not remain a

sufficient intensity o f  white light in the central portion (where the 

actual correlation took place) to produce significant transient 

enhancement.

It is not known whether the transient enhancem ent achieved in B SO  

w ould  be applicable to other PR materials. It is  intended therefore, 

on a more general level, to conduct a study into the transient 

properties o f  other crystals, such as strontium barium niobate. S ince

these crystals possess larger electro-optic coefficients, the attendant 

drop in the diffraction effic iency  caused by the addition o f  optical 

bias, w ould not be such a problem as with BSO , and therefore greater 

transient enhancem ents could be obtained without loss o f  the output 

im age. This m ay lead to the im plem entation o f  transient devices with  

both a reasonable level o f  output and controllable transient properties.

It is  clear from chapter 5 that there remains much work to be 

carried out to elucidate the results obtained with optical bias, and to 

develop a theory which accom m odates both this work and that previously  

reported on TET. The suitability o f  a tw o-species carrier and/or

charge hopping m odels to account for these results, is currently being  

assessed.
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It is  believed  that in the search for a theoretical explanation o f  

the effect o f  optical bias, the results contained in A ppendix B w ill be 

highly significant. The behaviour o f  the transient photocurrent in 

relation to the diffraction effic ien cy  is m ost interesting, and it is  

b elieved  that this does not conform  to the band transport m odel. The 

variation o f  the photocurrent decay on formation o f  the grating as a 

function o f  fringe spacing should yield  much inform ation. It is  

intended to conduct this experim ent, once a thorough understanding o f  

the rate equations is obtained, in order that an experim ental procedure 

can be formulated.
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Appendix A

Schem atic diagram o f  the electronic circuit used as 
converter to measure the transient photocurrent.

current-to-voltage
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Appendix B

Experim ental p lot 
energy transfer and 
were m  =  0 .2 , A  = 
parallel.

o f  transient 
the reference 
20 (im, Eo =

diffraction effic iency , photocurrent, 
signal. T he conditions for this p lot 
6 kV /cm  and write-beam  polarisation
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Appendix B

Experim ental plot 
energy transfer and 
w ere m  =  0 .4 , A  = 
parallel.

o f  transient diffraction effic ien cy , photocurrent, 
the reference signal. The conditions for this plot 
20  jim , Eo =  6  kV /cm  and w rite-beam  polarisation
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Appendix B

Experim ental plot 
energy transfer and 
w ere m  =  0 .6 , A  = 
parallel.

o f
the
20

transient 
reference 

fim , Eo =

diffraction effic ien cy , photocurrent, 
signal. The conditions for this p lot 
6 kV /cm  and write-beam  polarisation
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Appendix B

Experim ental p lot o f  transient diffraction effic iency , photocurrent, 
energy transfer and the reference signal. The conditions for this p lot 
w ere m  =  1.0, A  =  20  |im , Eo = 6 kV /cm  and write-beam  polarisation  
parallel.
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Appendix B

Experim ental plot 
energy transfer and 
w ere m  =  0 .2 , A  = 
perpendicular.

o f  transient diffraction effic ien cy , photocurrent, 
the reference signal. The conditions for  this plot 
20 |im , Eo =  6 kV /cm  and write-beam  polarisation
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Experim ental plot o f  transient diffraction effic ien cy , photocurrent, 
energy transfer and the reference signal. T he conditions for this p lot 
w ere m  =  0 .4 , A  =  20  |im , Eo = 6 kV /cm  and write-beam  polarisation  
perpendicular.

118

. m
e



Appendix B

Experim ental plot 
energy transfer and 
w ere m  =  0 .6 , A  = 
perpendicular.

o f
the
20

transient 
reference 

(im, Eo =

diffraction effic ien cy , photocurrent, 
signal. The conditions for this p lot 
6 kV /cm  and write-beam  polarisation
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w ere m  =  1.0, A  =  20  |im , Eo =  6 kV /cm  and write-beam  polarisation  
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