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ABSTRACT

This thesis is an experimental and theoretical
investigation of the photorefractive properties of barium
titanate and tungsten bronze ferroelectrics, and applications
thereof. 1In the first part, the physics of the photorefractive
effect is presented. The band transport equations are solved
for three cases that describe the photorefractive mechanism in a
crystal with one photorefractive speciesland either one or two
types of charge carriers, or 1in a crystal with two
photorefractive species, but only one type of charge carrier.

In the second part, the coupled wave theory of two-wave
mixing in photorefractive crystals is reviewed. Effects of
energy coupling between the two interacting beams are discussed
along with experimental methods for determining the two-beam
coupling coefficient and the photorefractive response time.

The photorefractive crystals barium titanate, strontium
barium niobate, and barium strontium potassium sodium niobate
are described in the third part. A summary of their optical,
physical and electrical properties is presented for use in
subsequent sections of the thesis.

In the fourth part, the photorefractive properties of these
crystals are presented. Data from two~beam coupling
experiments are used to obtain the two-beam coupling
coefficients and the photorefractive response times of the
crystals under a variety of experimental conditions. The band

transport models are then applied to these results.



Figures of merit are defined in the fifth part that are then
used in a comparison of several photorefractive materials,
including the barium titanate, the strontium barium niobate, and
the barium strontium potassium sodium niobate crystals. Both
ferroelectric and non-ferroelectric materials are considered.

In the last part, applications using barium titanate and the
tungsten bronze ferroelectrics are described. By using the
self-focusing properties of barium titanate and strontium
barium niobate, the compensation of nonlinear optical
distortions with phase conjugation is demonstrated. A passive
phase conjugator that relies on no external mirrors and uses
strontium barium niobate as the nonlinear medium is also
described. Finally, a thresholding passive phase conjugate
mirror is then presented along with several devices that can
perform mathematical operations on images such as subtraction

and differentiation.
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1. INTRODUCTION

1.1 Photorefractive Materials and Applications

Strictly speaking, one might define a photorefractive
medium as a material in which light induces a refractive
index change. Over the past fifteen years, however, the terﬁ
has come to be understood to refer to a much smaller subset
of such materials. Photorefractive materials to be con-
sidered in this work are those in whi¢h absorbed photons
cause charge migration (drift, diffusion, hopping, etc.), the
distortion of charge results in a space charge field, and the
field modulates the refractive index through the electrooptic
effect. All photorefractive materials must thus absorb light
and have both mobile charges and a nonzero electrooptic co-
efficient. |

Current photorefractive materials consist of electro-
optic «crystals such as LiNbO3(1), KNbO3(2), BaTiO3(3),
Sr_Ba;_, Nb,0g (SBN)(4) (ferroelectrics), Bi,;,(Si,Ge,Ti)0,y
(5,6) (nonferroelectric oxides), and GaAs(7’8), InP(7), CdTe
(compound semiconductors). The mobile charge in these
materials is provided by a donor (or acceptor) trap system
such as provided by iron in two valence states (Fe2+ and
Fe'*) in KNbO,(2), Linbo,‘?), 1np¢7), and probably sBn(?) and
BaTiO3(1O), or by the defect EL2 and EL2+ in nominally
undoped GaAs(7)-

Photorefractive materials permit construction of unique

devices. Optical amplifiers with gain factors of 4000 have

been constructed using photorefractive materials and CW



lasers(ll). Efficient self-pumped phase conjugators that are

self-starting and require no external pump beams have also

(12,13).

been constructed using CW lasers Here the only

competing technology 1is stimulated Brillouin scattering
conjugators that usually require pulsed lasers with more than
a millijoule per pulse(14).

A wide variety of other applications have been performed

in devices constructed from photorefractive materials. These

operations include real-time image sdbtraction(IS), beam
clean-up(16), beam combining or locking(17), associative
memory(ls’lg’zg), threshold detection(21), convolution and
correlation(zz), edge enhancement(23), holographic
storage(3), optical limiters(24), incoherent to coherent
conversion, and beam steering(zs) or real-time holographic
optical interconnection, imaging of phase objects(26), and rf

signal correlation(27).

A number of factors appear to be hindering the con-
version of these prototypical devices into commercial
products. First, not all photorefractive materials have a
large enough nonlinearity to efficiently perform these
operations. Second, commercial availability of materials
with large nonlinearities is 1limited. To be specific,
BaTiO;, which is available from one commercial supplier, has
been used for many of these experiments. Other materials
with large nonlinearities, such as KNbO3, SBN, and other
tungsten bronzes, and KTa;_ _Nb O3 (KTN) are not available

commercially with good optical quality.



Growth of these crystals of the size and optical quality
needed for optical signal processing requires an investment
of several years, substantial funding, and talented person-
nel.

A third factor limiting application is low sensitivity.
It requires typically 0.5J/cm2 to produce a phase conjugate
beam with BaTiO; using self-pumping. Thus for a moderate
input intensity of 1 W/cm2 the response time is of the order
of 0.5 sec. At this speed photorefractive materials cannot
compete with light valves or electronic computers. Finally,
available crystals of BaTiO; and SBN are somewhat smaller
than desirable for the typical optical processing algorithms.

Other photorefractive materials such as Bilzsiozo(zs)
and GaAs(7) are faster or available in larger pieces (GaAs,
LiNbO;) but none of these are as nonlinear as BaTiO3 or SBN,

(29). Other materials such as semi-

and LiNbOj3 is slower
conductors like CdTe or InP have simply not been the subject

of much investigation.

1.2 Outline of the Thesis

In Chapter 2 the band transport theory of the photo-
refractive mechanism is presented. From an initial, general-
ized set of equations, three solutions are found that
describe the photorefractive effect in three limiting cases.
These results will then be used throughout the chapters which
follow.

The coupled wave equations for two-wave mixing in photo-

refractive crystals are derived and solved in Chapter 3.



Effects of energy coupling between the two interacting beams
are discussed along with experimental methods for determining
the two-beam coupling coefficient and photorefractive
response time.

In Chapter 4 the photorefractive materials barium
titanate, strontium barium niobate, and barium strontium
potassium sodium niobate are described. Their physical,
optical, and electrical properties are summarized for use in
later chapters. Preparation of these materials is also
considered.

The photorefractive properties of these crystals are
presented 1in Chapter 5. Data from two-beam coupling
measurements are used to obtain the coupling coefficients,
response times, and absorption coefficients under a variety
of experimental conditions. The band transport models are
then applied to these results in order to further understahd
their dependence on variables such as temperature and laser
intensity.

In Chapter 6 barium titanate, strontium barium niobate,
and barium strontium potassium sodium niobate are compared to
other ferroelectric and non-ferroelectric photorefractive
crystals. This comparison is based upon a number of criteria
which serve as useful figures of merit for numerous device
applications.

Finally, Chapter 7 deals with the applications of
photorefractive crystals. By using the self-focusing

properties of barium titanate and strontium barium niobate,



the compensation of nonlinear distortions with phase
conjugation is demonstrated. A passive phase conjugator that
relies on no external mirrors and uses strontium barium
niobate as the nonlinear medium is also described. A
thresholding passive phase conjugate mirror is then presented
along with several devices that can perform mathematical

operations on images.



1.3

References

10.
lll
12.
13.
14.
15.

16.

17.

18.

F.

p.

S.

M.

A,

S. Chen, J. T. La Macchia, and D. B. Fraser, Appl.
Phys. Lett. 13, 223 (1968).

Gunter, U. Fluckiger, J. P. Huignard, and F. Micheron,
Ferroelectrics 13, 297 (1976).

Feinberg, D. Heiman, A. R. Tanguay, Jr., and R. W.
Hellwarth, J. Appl. Phys. 51, 1297 (1980).

A. Rakuljic, A. Yariv, and R. R. Neargaonkar, Opt.
Eng. 25, 1212 (1986).

P. Huignard and F. Micheron, Appl. Phys. Lett. 29, 591
(1976). ‘

I. Stepanov and M. P. Petrov, Sov. Tech. Phys. Lett.
10, 572 (1984).

B. Klein, Opt. Lett, 9, 350 (1984).

M. Glass, A. M. Johnson, D. H. Olson, W. Simpson, and
A. A. Ballman, Appl. Phys. Lett. 44, 948 (1984).

E. Peterson, A. M. Glass, and T. J. Negran, Appl.
Phys. Lett. 19, 130 (1971).

B. Klein and R. N. Schwartz, J. Opt. Soc. Am. B 3, 293
(1986).

Laeri, T. Tschudi, and J. Albers, Opt. Commun. 47, 387
(1983).

0. White, M. Cronin-Golcomb, B. Fischer, and A. Yariv,
Appl. Phys. Lett. 40, 450 (1982).

Feinberg, Opt. Lett. 7, 486 (1982).

Ya. Zeldovich, V. I. Popovichev, V. V. Ragulskii, and
F. S. Faizullov, Sov. Phys. JETP Lett. 15, 109

(1972).

K. Kwong, G. A. Rakuljic, and A. Yariv, Appl. Phys.
Lett 48, 201 (1986).

E. T. Chiou and P. Yeh, Opt. Lett. 10, 621 (1985).

Feinberg and G. D. Bacher, Appl. Phys. Lett. 48, 570
(1986) . —_—

Z. Anderson, Opt. Lett. 11, 56 (1986).



19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

B.

A,

H. Soffer, G. J. Dunning, Y. Owechko, and E. Marom,
Opt. Lett. 11, 118 (1986).

Yariv and S. K. Kwong, Opt. Lett. 11, 186 (1986).

B. Klein, G. J. Dunning, G. C. Valley, R. C. Lind, and
T. R. O'Meara, Opt. Lett. 11, 575 (1986).

O. White and A. Yariv, Appl. Phys. Lett. 37, 5 (1980).

P. Huignard and J.P. Herriau, App. Opt. 17, 2671
(1978).

Cronin-Golomb and A. Yariv, J. Appl. Phys. 57, 4906
(1985).

Rak, I. Ledoux, and J. P. Huignard, Opt. Commun. 49,
302 (1984).

S. Brody and R.P. Leavitt, "Dynamic Holographic Method
of 1Imaging Phase Objects," in Technical Digest,
Topical Meeting on Holography (Optical Society of
America, Washington, D.C., 1986), p. 5.

S. Brody, "sSignal Correlation with Phase-Conjugate
Holographic Reconstruction Using a BaTiO3 Crystal,"
Proc. SPIE 613 (1986).

A, Mullen and R. W. Hellwarth, J. Appl. Phys. 58, 40
(1985).

Gunter, Phys. Rep. 93, 199 (1982).



2. THE PHOTOREFRACTIVE EFFECT

The nature of the exact mechanism which is responsible
for the photorefractive effect in a given material is still a
subject of ongoing debate because of the many possible
mechanisms that are potential contributors, and the relative
importance of these efects 1is different in different
materials. . The basic phenomenon involves the holographic
recording of a light interference paftern. As shown in
Figure 2.1, charge carriers inside the crystal redistribute
themselves because of the spatially varying light intensity,
whereupon the electric field associated with the resulting
space charge operates through the electrooptic effect to
produce a refractive index grating. Many attempts, with
varying degrees of sophistication, have been made to
t(1-26)

formulate theoretical models of the effec  and there

has been considerable success in fitting experimental results
to the predictions of these theories.

Most models of the dynamics of the charge migration have
involved rate equations taking into consideration the effects
of externally applied electric fields and the recursive
effects of the space charge electric field on the space

1£(9/11,13)

charge itse + This theory also included the photo-

voltaic effect(4), in which the asymmetry of the crystal
caused photoionized charge carriers to be ejected into the

conduction band preferentially in a particular direction
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Figure 2.1. The photorefractive mechanism. Two laser beams inter-
sect, forming an interference pattern. Charge is excited where the
intensity is large and migrates to regions of low intensity. The
electric field associated with the resultant space charge operates

through the electrooptic coefficients to produce a refractive index

grating.
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relative to the optic axis of the crystal thus giving rise to
a photocurrent. Feinberg and coworkers(ls), however, used a
different theory to analyze their results. Their theory, the
hopping model, involved a simple physical picture of charge
carriers hopping from site to site, with the probability to
hop dependent on the local light intensity and electric
field. Most recently, a new photorefractive mechanism, the ¢

(18) i, which light

model, was proposed by Agranat and Yacoby
induced variations of the Curie point of the material are
used to modulate the index of refraction.

In the following paragraphs the band transport model
will be presented starting from a viewpoint somewhat more

(9’11’13). Three

general than that wused by Kukhtarev
solutions will then be found that describe the photo=-

refractive effect in three limiting cases.

2.1 The Band Transport Theory

In the band transport theory charge carriers are
believed to move between trapping centers via a three-step
process of photoexcitation, drift or diffusion in the con-
duction or valence band, and recombination into a neighboring
trapping site. Figure 2.2 depicts the process for thé case
where there are two donor species, two types of trapping
centers, and both hole and electron charge transport.

Consider the writing of a refractive index grating by
the simultaneous illumination by two mutually coherent beams

in a sufficiently thin slice of the photorefractive medium
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Figure 2.2. Schematic of the band transport model of photorefrac-
tivity for the case where there are two donor species, two types of
trapping centers, and both hole and electron charge transport.
Electrons (holes) are photoexcited into the conduction (valence)
band from Fe2+ (Fe3+) and Ce3+ (Ce4+) donor ions, leaving behind

3+ 2+ + +
Fe (Fe” ) and Ce4 (Ce3 ) acceptor ions, respectively. The elec-

trons (holes) then recombine with Ce4+ (Ce3+) and Fe3+ (Fe2+) traps

in regions of low irradiance, thereby completing a cycle of the band

transport mechanism.
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depicted in Figure 2.2 so that the intensity modulation is
constant. Assume that the light intensity interference
pattern, which 1is possibly moving in the x direction,
is given by

I(x)=IO+Ilei(kx+s2t)+I’;‘e—i(kx+m:). [(2.1]

The set of equations for determining the spatial dis-
tribution_of the electric field that is responsible for
modulating the refractive index is given in MKS units by

(9,11,13,19,20,22)

The rate equations

C
SI
aC C_ .+
=t = - —HEV_ C + y_nC, [2.2]
p
C
+ S I
9C h + C
p
C
- S°1
oF e - F
P
F
ST I
F h F, -
2= - A~ F + yjhF, [2.5]
p
the continuity equation
- .+ 1 9
——gt(n—h+F -CT)= 3 ——ai, [2.6]

the current equation

R on _ ah
J = e(un+uy h)E+kgT(u —5o = upny) [2.7]
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Poisson's equation

E _—e - v e ot inConF
—5x =——(n-h+F -C +N;-N,), [2.8]

and the number densities

F- + F = Npo [2.9]
c+ct =N, [2.10]
where

C is the number density of Ce that act as donors for
electron transport or acceptors for hole transport,

ct is the number density of Ce that act as acceptors
for electron transport or donors for hole
transport,

e is the charge on the electron,

E is the total electric field,

€ is the static dielectric constant,

F is the number density of Fe that act as acceptors
for electron transport or donors for hole
transport,

F- is the number density of Fe that act as donors for

electron transport or acceptors for hole transport,
Ye is the two-body recombination rate coefficient for

elections at sites C+,

YE is the two-body recombination rate coefficient for
holes at sites C,

Yg is the two-body recombination rate coefficient for
electrons at sites F,

Yi is the two-body recombination rate coefficient for

holes at sites F-,



h is
h is
p

J is
kB is
Mo is
My is
n is
NCe is
NFe 1S
v is
C .
NA 1s

the
Pla
the
Bol
the
the

the

the

the
the

the
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hole number density,
nk's constant,
current density,
tzmann's constant,
electron mobility,
hole mobility,

electron number density,

total number density of species Ce,

total number density of species Fe,

frequency of the optical wave,

number density of negatively charged,

nonphotoactive ions that compensate for the charge

of C+ in the dark,

Ng is the number density of positively charged,
nonphotoactive ions that compensate for the charge
of F~ in the dark,

Sg is the photoionization cross section of C,

Sg is the photoionization cross Section of C+,

Si is the photoionization cross section of F ,

Sg is the photoionization cross section of C+, and

T is the temperature.

When the modulation index of the light interference pattern

is significantly 1less than one,

+

E, C, F, n,

and h can be
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approximated by

E=E, + E;(t)elk¥+E](t)e 1kX [2.11]
ct=ctrcT(trelk®e(ch) ™ (r) e ikx [2.12]
Fo=F+F] (t)e X%+ (FT) " (£)e 1kX [2.13]

ikx [2.14]

3 * -
n=ng+n; (t)e X¥4n] (t)e

. . .
h=ho+h; (t)e ®%¥+n] (£)e 1KX [2.15]

where E;, CT, Fi, n;, and h; are the first order harmonic

amplitudes. Higher order terms become increasingly important
. . . (27,28)

as the modulation index approaches unity .

In the sections to follow three solutions to the above
equations are found. The first one describes the case of
only one photorefractive species and one carrier, while the
second solution allows for two charge carriers. Finally, the

third case considers the photorefractive mechanism when there

are two photoactive species, but one type of charge carrier.

2.2 Solutions to the Band Transport Equations

2.2.1 The one species, one carrier solution

The equations that describe the situation in which there
is only one photorefractive species, assumed to be Ce, and
only one type of charge carrier, the electron, are still Egs.

[2.1]-[2.15], but with the following terms set to zero:

Np =F=F =N;=S =8/ =y =y =h=p, =S5 =);=0. [2.16]
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(29) for the

The subsequent equations have been solved
electric field E under the assumption that c>>ct. Extending
this solution to include situations in which this condition

may not necessarily hold results in the following expression

for the induced electric field.

Ey= applied field normal to grating planes [2.17]

and

. it -t/1
I, (Eo+iEg) (e "-e )

E, = -iE ’ [2.18]

1, [Eo—gto(Ed+Eu)]+i(Ed+Eq+QtoEo)

where the characteristic fields are defined by

C
eNpy C C
Eq = =k — [1+N,/ (N =N -1 [2.19]
kgTk ‘
Ed = ——-—g— ’ and [2'20]
Yo Ny
Eu = — ’ [2.21]
e

and where the response time is given by
Eg+i(Eg+E )

T o=ty _ [2.22]
E0+1(Ed+Eq)
C
h_ 4N .
and where to = — p” A = . [2.23]

S To(Ngg=Ny)
The refractive index change can now be obtained by consider-

ing the electrooptic effect in the material.
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2.2.2 The one species, two carrier solution

The second case to be considered is similar to the one
just presented. Again, only one photorefractive species is
assumed, this time Fe, but a second type of charge carrier is
now allowed; namely, the hole. Equations [2.1]-[2.15] are
still valid with the following terms set to zero:

C o gC=sf=yCoyE=o. [2.24]

+ = = =
Nog = C7 =C =N, =8 =58 =7, =1y

A solution to the resulting set of equations has been found

(22), assuming a

for the electric field E in the steady-state
stationary intensity interference pattern (&=0) and no

externally applied electric field. It is

and
I, E (o,~0 )
. d h “e
E, = iE ' [2.26]
g Ip (Ed+Eq) (oh+oe)
where the characteristic fields are defined by
F
e(N_ =N -1
_ Fe "A) _FoF
L [1+(Ng =N, ) /Ny ] [2.27]
and
kBTk
Ed = — [2.28]

and where the mean electron and hole conductivities are given
by :

ey SFloNF
e e A
9% = —F F [2.29]
ye(NFe-NA)hpv
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and
F F
_ euSplo(Npe=Ny)
oy = T [2.30]
N. h_ Y .
Yh “a P

The resulting refractive index change can be calculated by

considering the electrooptic effect in the material.

2.2.3 The two species, one carrier solution

This final case considers the situation in which there
are two photorefractive species, Ce and Fe, but only one type
of charge carrier, assumed to be the electron. Equations
[2.1]}-[2.15] with the following terms set to zero describe
photorefractive mechanism in this example:

gF=gCo Fo C=h=up=o° [2.31]

(19,30) for the electric

These equations have been solved
field E assuming a stationary intensity interference pattern

(g=0). The solution is

0=applied field normal to grating planes [2.32]
and
-ie 1 i OF %c 3 -t/ 1+ -t/1
Ey—xh - - + To(l+A e +A-¢ - ),
€ Taiff "B /\'ic 'IF
[2.32]
where

-2
T1

1
= T 1, [2.33]
z Mﬁ' 4T T

Az

where the response times are given by
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-1
2T,

1+ = 73 p—y —1 =3 [2.34]

T T] -4T, T,

where the absorption coefficients are defined by

Soa
ap = - [2.35]
oY
and
C C
SY(N._  Ny)
ag = — Ce- A~ . [2.36]
h_v
P

and where the characteristic times are defined by

_{ 1 ( 1 1 1 1 1 i ]'1
T,= + + + -— 3,
Tai \"1c'IF Tic'r  TirTcC TirTic \ "aiff 'E

v, {< 1 a)/[1 > L1 1
ITdiff Te/\'1c 7 TIF Tic'1F T1Cc'F
1 .
p 1 .1 1 . +_l_)J‘z, [2.38]
TCcTIF T3di\'1Fr Tp T1C Tc
and
. -1 )
TIF Tp T1C Tc Tai TAdiff g
with
£
. = 2.40
Tdi eueno’ [ ]
e
s - < [2.41)
diff =~ | T, 2
B e
1

TE = (uekEo)— ’

[2.42]
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1
o = (Sglo+ygn0) , [2.43]
_ F F_ =1
trp = (ScTo*vgna) [2.44]
_ ,.c.c,-1
o = (YeNA) , and [2.45]

=1

1

c F
tp = [vg(NpeNp) ]

where the zeroth-order electron number density is given by

C C F_F
o [Se(NpeNxy SN, 110 2. 46]
0 [YCNC + YF(N -NF)]h v ) )
e A e Fe A p

As before, the refractive index change can now be calculated

by considering the electrooptic effect.
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3. TWO-WAVE MIXING IN PHOTOREFRACTIVE CRYSTALS

In the previous chapter the grating formation in photo-
refractive crystals was explained in terms of nonlinear
differential equations which describe the coupling between
the light and the mobile charges within the crystal. A
spatially varying intensity pattern set up by two interfering
plane waves was found to cause a redistribution of charge
which then modulates the index of refraction through the
electrooptic effect. The plane wave components which set up
are subsequently coupled to each other by the self-induced
diffraction. In this chapter, the problem of propagation of
light within these crystals ié investigated by means of a set

of nonlinear differential equations which describe the

coupling.

3.1 Coupled Wave Theory

Consider the two-wave mixing configuration shown in
Figure 3.1 in which beams 1 and 2 are plane waves of the same
polarization, but of different frequencies. Their optical

electric fields can be written as

E
> +> > .
Bl(w1)=A1(r)el(kl'r_wlt)+C-C- [3.1]
and
N N >
Ez(mz)=A2(r)el(k2'r'“2t)+c.c. [3.2]

These two coherent beams form an intensity interference

pattern in the crystal which gives rise to a refractive index
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PR Crystal

Figure 3.1. Two-wave mixing in photorefractive crystals.
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variation through the photorefractive effect. From the
photorefractive theory developed in Chapter 2, this index
grating is given by

> > >

1 3 i(ky=kj)erx
n = ng + Sr eeNoEre 1 "2 +C.C. [3.3]

where np is the background refractive index of the crystal
and roff is the effective electrooptic coefficient.

Substituting this index variation into the scalar wave
equation

2 2
V E+k E=0, [3.4]

(1)

and using the slowly varying field approximation

2

S dA.
—d <k —, [3.5]
dz dz

the coupled wave equations

*
cos8, = - ¥ x ¥ ~35 Al [3.6a]
dz A]_Al + A2A2
: *
dA, A AjpA, o
cosf, = y* * + —~ = A,
az AA] + A,Ay 2 [3.6b]
are obtained where
* %*
iw 3 A1A1+A2A2
Y = FeggNoEl * ’ [3.7]
4c “eff AAS

6; and 6, are the angles between the beams and the z-axis,
and o 1s the intensity absorption coefficient. In most
situations of interest, (wy-w;)/w;<<1l; otherwise, the

response of the crystal would not be fast enough to follow



26

the moving light interference pattern. Therefore, w; and uw;
can be replaced by w=w;=w,, except in the term E; in Egs.
[3.3] and [3.7].

The first term of the right side of Eq. [3.6] represents
the contribution from self-diffraction, while the second one
represents the linear absorption in the crystal. Equation

[3.6] can be rewritten in terms of the intensity and phase of

each beam:

COSGITE—"‘ = =T —iT—' - al; [3.8a]
I,I,
dy, I
cos8) gy— = -T' -7ﬁ? [3.8c]
dy, I
Cosez—d—z— = —I" Io ’ [308d]
where T = 2Re{y}, I'' = Im{vy},

I, = I;+I, is the total intensity,

I.= A.2, and A.= A. eiw. ¢ J=1,2. [3.9]
J J J J J

Note that the intensity coupling is due to the real part of
the coupling constant y, and the phase delay is due to the
imaginary part of y. The phase delay is independent of a and
is always equal to zero when the phase of E; is xq/2. At
this point the induced index grating is 90° out of phase from
the interference pattern, which results in maximum intensity

coupling. This condition 1is often satisfied in photo
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refractive crystals to which no external electric fields have

been applied.

3.2 Solutions to the Coupled Wave Equations

Equation [3.8] can be solved (2-4) in the symmetric case
where 08;=08,=6 given the initial values I;(0), I(0), ¢,(0),

and ¢,(0). The solution is

-ag
I (e) = [11§°1+§§§8§]e_rg [3.10a]
I,(0) ©
-af
1,(¢)= L1{0lraitlle [3.10b]
1,000
I,(0)

I,(0)

— T r’ 1+ I(0)
v1(8) = v (0)-T E+7An ll(O)e-rg [3.10c¢c]

I,(0)

I,(0)

_ _pep D' |1+ T1:(0)
¥2(8) = ¥2(0)=I'g-F 2n}ig l;(o)erg [3.10d]

I,(0)

where g=z/cosé and 0<g<g=d/cosb.

Equations [3.10a] and [3.10b] describe the coherent
optical gain for beam 2 at the expense of beam 1 when T is
positive. A coherent optical amplifier can be built based on
this principle. Equations [3.10c¢] and [3.10d] describe the
phase delays of the beams due to the nonlinear interaction.

Photorefractive crystals can thus be viewed as dynamic

holographic media in which refractive index holograms can be
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repeatedly and continuously rewritten. In general, a phase
shift exists between the hologram and the light interference
pattern creating the hologram which can result in energy
coupling between the interacting beams. These two phenomena
are the unique properties of photorefractive crystals that
distinguish them from other holographic media such as photo-

(5)

graphic emulsions, dichromated gelatin . and photopolymer

materials (6).

3.3 Experimental Methods of Two-Beam Coupling

The two-wave mixing experiment of Figure 3.1 can be used
experimentally to determine the two-beam coupling coefficient
r, which from Eq. [3.7] is a fundamental quantity of the
photorefractive crystal. Equations [3.10a] and [3.10b] can
be solved for T to give

1
I‘:Lln [_I.:!-

L 1
1

~—~
(@]
S
-

[ an]
-
*
S
g |

(0) ] . [3.11]

where the superscript 1 denotes intensities inside the

crystal.

In practice, however, it is the intensities outside the

crystal are measured. They are related to the intensities
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inside the crystal by (7)

i 0
I7(0) = %%1(0); [3.12a]
i 5} ()
I2(0) = TI,(0), [3.12b]
0 Wi
I1(2) = TIj(&), and [3.12c]
0 @y
I2(12) = I2(%), [3.12d]

where the superscript 0 denotes intensities outside the

crystal. Incorporating these into Egqg. [3.11] results in

1

0
pe g, [LI0)T,(8) ]
Y
1

0
2
(2)12(0) ]° [3.13]

% [ 1

Therefore, by measurement of the four intensities I;(0),
I-(0), I1(%), and I2(%) outside the crystal, the two-beam
coupling coefficient T can be obtained from Eq. [3.13].

The transient behavior of the two-beam coupling may be

approximated (8,9) by

Ij(2;t)=(l-e_t/T)Ij(2;t+w)+e_t/TIj(£;t=o), 5=1,2, [3.14]

where T is the photorefractive response time of the crystal.
From the results of Chapter 2, 1 is also a fundamental
photorefractive quantity of the material. Therefore, by
measurement of I;(2) and I2(%) as a function of time, the
response time t can be obtained by fitting the data to Eq.

[3.14].
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4, PHOTOREFRACTIVE CRYSTALS

Photorefractive effects have been observed in many
electrooptic crystals such as Bi;,Si0,,, Bi,;,Ge0, . LiNbOg,
LiTaO,, (PbLa)(TiZr)O,, KH,PO,, CdS, Bi,Ti 0 ,,, K(TaNb)Og,
KNbO,, BaTiOg, Ba,NaNb 0,5, and SrXBal_Xszos(SBN)(1-12), and
may be considered a general property of electrooptic
materials. Depending on the bandgap and the transport
properties of the given crystal, the refractive index changes
may be induced not only by visible 1light, but also by
pltraviolet or infrared radiation.

In this chapter and in the ones to follow, attention
will be focused on two classes of photorefractive crystals;

namely, the perovskite BaTiO; and the tungsten bronze

ferroelectrics.

4.1  Barium Titanate

Barium titanate (BaTiO;) was the first ferroelectric
perovskite to be discovered. The perfect perovskite
structure is an extremely simple one with a general formula
ABO, where A is a monovalent or divalent metal and B is a
tetravalent or pentavalent one. As shown in Fig. 4.1, it is
cubic, with the A atoms at the cube corners, B atoms at the
body centers, and the oxygens at the face centers.

BaTiO,; has the prototypical cubic perovskite structure,
point group m3m, above 120°C. Below 120°C it transforms

successively to three ferroelectric phases; first to 4mm



Figure 4.1.
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The cubic ABO3 perovskite structure.

(After Ref. 21)
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tetragonal, then to mm orthorhombic at about 5°C, and finally
to a 3m triagonal phase below -90°C. The polar axis in the
three ferroelectric phases 1is [001], [011}, and [111l] re-
spectively. All three transitions are of first order, and
the temperature dependence of the dielectric constant shows
discontinuities at the transitions and peak values as high as

4

10°. Above Tc=120°C the dielectric constant follows a Curie-

Weiss law(13).

At room temperature, BaTiO3 has a tetragonal structure
with very large electrooptic coefficients. The origin of
these anomalously large constants is the phase change at 5°C.
This phase change destabilizes the polar vector in the plane
perpendicular to the fourfold axis of the tetragonal form,
giving exceedingly high values for €;; and thus the large
electrooptic coefficients rgs; and ry2. Furthermore, these
values are strongly temperature dependent. Extreme care must
be exercised when BaTiO3 is cooled below room temperature
since this phase transition can lead to catastrophic damage
of the crystal; i.e., cracking. Additionally, twinning can
océur and severely limit the application of large electric
fields to BaTiO3. These ferroelectric twins, unfortunately,

are difficult to remove by poling.

4.2 Tungsten Bronze Ferroelectrics

Ferroelectric tungsten bronze oxides have been studied

for their electrooptic and pyroelectric properties(l4—16).

The bronze compositions can be represented by the general
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formulas as (AI)Q(A2)2810030, in which A, Ay, G, and B are
15-, 12-, 9-, and 6- fold coordinated sites in the structure.
The basic octahedral framework of the tungsten bronze
structure is shown in Fig. 4.2. A wide range of solid
solutions can be obtained by the substitution of different

(17-19)

A A and B cations , and a number of different types

1’ 2!

of'ferroelectric phases have been identified. These phases
can be divided into two groups; those with tetragonal
symmetry (4mm) and those with orthorhombic symmetry (mm2).
Table 4.1 lists a number of tetragonal and orthorhombic
tungsten bronze <crystals along with values of their
electrooptic coefficients. In general, the r, , coefficient
is large for the orthorhombic bronzes, while either r,; or

r can be large for the tetragonal bronze crystals,

51
depending on the size of the unit cell. 1In the smaller unit
cell crystals, such as SBN, the dominant electrooptic
coefficient is r,,;, whereas in the larger unit cell bronzes,

such as BSKNN, r., is the largest coefficient.

4.3 The Photorefractive Crystals That Were Studied

Eight photorefractive crystals were studied in this
work. One was barium titanate, while the remaining seven
were tungsten bronze ferroelectrics. Six of these were
strontium barium niobate and barium strontium potassium
sodium niobate was the seventh. All eight were, typically,
single crystals in the shape of cubes, 0.5 cm on a side.

Usually all six faces were polished while electrodes were
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O e o )

A1 site A2 site B1 site B2 site C site

Figure 4.2. The basic octahedral framework of the fungsten bronze

structure looking down the tetragonal c-axis. (After Ref. 23)
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Table 4.1. List of important tungsten bronze crystals. (After Ref. 24)

Dielectric Electrooptic

T, Coefficient Coefficient Unit cCell

Composition (°C) €34 €14 x 10" *“m/v al bi ch
Tetragonal crystals

SBN:75 56 3400 - 1400 12.440 - 3.924
SBN:60 75 880 470 420 12.467 - 3.937
SBN:50 128 450 300 180 12.475 - 3.952
SKN 150 1000 800 270 12.470 - 3.939
- BSKNN 207 200 350 380 12.560 - 3.973
K;Li,NbgO, g 405 115 306 80 12.580 -  4.015
PBN:60 350 310 560 1000 12.576 - 3.978
BagTi,NbgO,, 245 209 193 420 12.589 -  4.020
Orthorhombic crystals

Pb,KNb O, ¢ 460 129 1550 r,, = 100 17.780 17.961 7.784
Ba,NaNb 0, ¢ 560 57 242 s, = 92 17.590 17.613 7.982
Sr,NaNb;0, ¢ 270 1500 - Ty, = 400 17.450 17.493 7.784
K,BiNb:0,; 405 500 400 - 17.851 17.852 7.804

K,Li,Nb, ,Ta, 50,5 150 375 300
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added to the C-faces of some of the crystals. Before
conducting any experiments, the crystals were electrically
poled by first being heated to above their Curie points and
then being cooled to room temperature with an applied dc
electric field of 5 to 8 kV/cm along their c-axis. When
poling BaTiO3, however, the temperature of the crystal was
not allowed to rise above 110°C and an electric field of only
1KV/cm was used; otherwise, cracking of the crystal occurred.

The BaTiO3 single crystal was obtained from Sanders

(20)

Associates Its absorption spectrum was taken and is

shown in Fig. 4.3. Although the spectrum 1is rather
featureless, slight perturbations near 550nm and 590nm
indicate the presence of deep level impurities. Also, due
presumably to the presence of a large Urbach tail(zl), a
distinct band edge cannot be identified. Finally, while
optical absorption is rather large throughout the visible,
the BaTiO3 crystal becomes increasingly transparent in the
near-infrared.

The strontium barium niobate (SBN) crystals were grown
at Rockwell International Corporation(zz) by the Czochralski
technique. Undoped, the crystal is transparent and can be
grown with a wvariety of ferroelectric and electrooptic
properties, depending on the specific cation ratios
introduced into the structure. In SBN the unit cell contains
10 NbOg octahedra, with only five alkaline earth cations to

(23)

fill 10 interstitial sites . The structure is thus

incompletely filled, which permits the addition of a wide
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range of dopants into the host crystal. The general formula
for SBN is erBal_bezos, SO SBN:60 represents
Srg.sBao.qszOe.

The six SBN crystals that were studied include both
uﬁdoped and doped samples. They were (1): an undoped SBN:60;
(2): a heavily cerium-doped SBN:60; (3): a heavily iron-doped
SBN:60; (4): a lightly cerium-doped SBN:60; (5): a lightly
cerium-doped SBN:75; and (6): a doubly calcium- and
cerium-doped SBN:60. The absorption spectra of these six
crystals are shown in Figs. 4.4 through 4.9.

Figures 4.5 and 4.6 show the effects of cerium and iron
impurities on the absorption spectrum of undoped SBN:60,
which is given in Fig. 4.4. Several interesting observations
can be made. First, the band edge shifts from 400nm in
undoped SBN:60 to 430nm in Ce-doped SBN:60. Second, deep
level impurities in the undoped SBN:60 sample are evidenced
by perturbations in its spectrum near 550nm. Finally, the
effects of Ce and Fe in SBN:60 are seen to be significantly
different. While the spectrum of Ce-doped SBN:60 is rather
featureless, with a broad deep level centered at 480nm, the
spectrum of Fe-doped SBN:60 displays a structured but broad
absorption extending from 500nm to 700nm, with characteristic
peaks at 550nm and 590nm.

The absorption spectrum of the doubly-doped SBN:60
crystal shown in Fig. 4.9 is markedly different from that of
the other cerium-doped samples. While absorption in these

crystals decreases monotonically with increasing wavelength
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Figure 4.4. Absorption spectrum of undoped SBN:60.
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Figure 4.5. Absorption spectrum of heavily Ce-doped SBN:60.



42

1 i ] |
500 600 700 800
x(nm)

Figure 4.6. Absorption spectrum of heavily Fe-doped SBN:60.
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Figure 4.7.

Absorption spectrum of lightly Ce-doped SBN:60.
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Figure 4.8.

Absorption spectrum of lightly Ce-doped SBN:75.
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Figure 4.9. Absorption spectrum of doubly Ce- and Ca-doped SBN:60.
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of light, the spectrum of the SBN:60 sample doped with Ce and
Ca shows an absorption band in the red, centered about 650nm.
Therefore, the addition of calcium impurities to cerium-doped
SBN:60 should result in a photorefractive crystal with
extended red response.

The last of the photorefractive crystals that were
stpdied was barium strontium potassium sodium niobate
(BSKNN) . Its general formula is Baz_xSrXKl_yNabesols, and
it was also grown at Rockwell International Corporation by
the Czochralski technique. The structure of BSKNN, like that
of SBN, permits the addition of dopants such as cerium to the
host crystal.

The absorption spectrum of the BSKNN crystal, which was
lightly doped with cerium impurities, is shown in Figure
4.10. Only visible 1light is significantly absorbed by the
BSKNN sample, not unlike the absorption in the 1lightly
Ce-doped SBN:60 and SBN:75 cryspals, whose spectra are given
in Figures 4.7 and 4.8. As the wavelength of the light is
shifted towards the red and into the near-infrared, the BSKNN
crystal becomes increasingly transparent.

The optical quality of nearly all of the samples was
sufficiently high to allow measurements of their photo-
refractive properties. Data on iron-doped SBN:60 are not
available since striations so affected the optical quality of
the crystal that no reliable experimental values could be

measured. It is believed(24) that better control of the

growth conditions can eventually eliminate this problem.
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Figure 4.10.

Absorption spectrum of lightly Ce-doped BSKNN.

v
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5. PHOTOREFRACTIVE PROPERTIES

The photorefractive properties of the crystals intro-
duced in the previous chapter are discussed here. Using the
method of two-beam coupling, the photorefractive response
times and the two-beam coupling coefficients of the crystals
were determined experimentally. These values were measured
under a variety of experimental conditions so that their
dependence on variables such as intensity and optical
wavelength could be determined.

The photorefractive properties were also investigated
theoretically using the band transport models from Chapter 2,
the results of which suggested a number of methods for
enhancing or controlling the photorefractive effect in the
crystals. Many of these techniques were implemented with
varying degrees of success, some of which, for example,
resulted in the development of an SBN crystal with an im-

proved near-infrared photorefractive response.

5.1 The Two-Beam Coupling Experiment

Measurements of the two-beam coupling coefficients and
photorefractive response times weré performed with the
experimental arrangement shown in Figure 5.1. Light from a
number of possible laser sources first passed through an
electrically controlled attenuator, composed of an electro-
optic cell placed between crossed polarizers(l), so that the

overall light intensity could be varied during the experi-
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Figure 5.1. Experimental setup for two-beam coupling experiments.
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ment. This attenuated beam was then split into two waves by
a beamsplitter that ensured that the modulation index of the
intensity interference pattern created by the intersection of
these beams within the crystal was much less than one. The
crystal was mounted on a movable platform that allowed the
angle between the two beams to be varied so that the fringe
spacing inside the crystal could be controlled. An elec-
tronic shutter was placed in the path of one of the beams so
that any existing refractive index gratings within the
crystal could be erased by illuminating the crystal with only
one of the beams before the experiment was started. Finally,
the input and output intensities were detected by four
calibrated photodiodes which were connected to a computer
that not only performed the calculations to determine T and
T, but also was used to control the experiment itself.

In order to observe a large photorefractive effect in
these crystals, 1light of extraordinary polarization was
used(2’3)- However, the orientation of the crystals was
determined according to their electrooptic coefficients.
Aligning the c-axis of the SBN samples parallel to the
grating wave vector of the intensity interference pattern
ensured that the large r33 coefficient was utilized. The
BaTiO3 and BSKNN crystals were oriented in such a manner that
the angle between their c-axis and the grating wave vector
was 100. Although the optimal value(4) is 200, 100 was
chosen to avoid using beams close to 90o incidence, since the

index of refraction of these crystals is so large (typically

2.3 to 2.4).
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With this experimental set-up, the two-beam coupling
coefficient r and the photorefractive response time 1 of a
given crystal could be obtained under a number of different
conditions, since the light intensity, the wavelength of the
light, and the period of the fringe spacing or the grating
wavelength could be changed at will. At times, specific
experiments were conducted in which the temperature of the
crystals was varied, or in which an external electric field
was applied to a sample. Thus, further dependencies of T
and 1 on experimental parameters were determined. Finally,
some of the «crystals were subjected to oxidation and
reduction treatments to determine what effects the dark
conductivity, oxygen vacancies, and the density of traps have

on the photorefractive properties of these materials.

5.2 Dependence of T and t_on Grating Wavelength

The grating wavelength Ag is defined by Ag=2n/k, where k
is the grating wave number of the intensity interference
pattern (see Eq. [2.1]). In Figures 5.2 to 5.7, the two=-beam
coupling coefficients and response times of the
photorefractive crystals are shown. An argon 1ion laser
operating at 514.5 nm was used to obtain the data which were
taken at room temperature with no electric fields applied to
the crystals.

Although cerium is an effective dopant for enhancing the
photorefractive effect 1in SBN, since 1its addition also

decreases the response time of the crystal, the active
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impurity or impurities in the undoped SBN:60 and BaTiO;
samples were initially not known. An elemental analysis by
nuclear activation(s) of BaTiO3, undoped SBN:60, and Ce-doped
SBN:60 was performed as an attempt to identify these
impurities. Table 5.1 shows the results. Since undoped
SBN:60 is photorefractive while containing only trace levels
of cerium, there must be other photorefractive species for
SBN besides cerium. In fact, Table 5.1 indicates that there
are significant amounts of Fe, Ni, Mo, and Ta impurities in
the undoped SBN crystal, and Fe and(Ni, for example, are
known to be effective photorefractive centers in LiNbO3(6).
Similarly, there are large quantities of iron and strontium
in the BaTiO3 crystal. Since strontium has yet to be
directly associated with the photorefractive effect, the
activity of BaTiO3 is attributed to iron. This claim is
further justified by the recent work of Klein and Schwartz(7)
who found that Fe impurities in both the Fe2+ and Fe3+ states
are the predominant photorefractive species for BaTiOj;.

The so0lid curves in Figures 5.2 and 5.5 were obtained
from first principles calculations using the one species, one
charge <carrier band transport model of Chapter 2 to
characterize the photorefractive effect in Ce-doped SBN:60.
In order to apply these equations, several material param-
eters were needed. The relative dielectric constant, the
‘electrooptic coefficient, and the background refractive index
are readily available(s); €33 = 880, r33 = 420 pm/V, and n_ =

2.3. However, values for the mobility, the photoionization
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Table 5.1. Elemental analysis by weight of BaTiO3, undoped SBN:60,
and heavily Ce-doped SBN:60.

Elements

& Units BaTiO, SBN: 60 SBN:Ce
U PPHM < 0.1 < 0.1 < 0.1
TH PPM < Q.2 < 0.3 < 0.2
NA PPM < 30.0 30.0 < 30.0
SC PPM 1.2 0.04 0.03
CR PPM < 5.0 < 5.0 < 5.0
"FE % 0.040 0.029 0.014
CO PPM 0.2 0.3 0.3
NI PPM < 50.0 50.0 50.0
ZN PPM 5.0 7.0 5.0
AS PPM < 1.0 < 1.0 < 1.0
SE PPM < 10.0 < 5.0 < 5.0
BR PPM < 0.5 < 0.5 < 0.5
MO PPM < 2.0 11.0 4.0
SB PPM 0.7 0.5 0.5
CS PPM < 1.0 < 0.2 < 0.2
BA PPM 540000.0 160000.0 150000.0
LA PPM 0.4 0.2 1.0
HF PPM < 2.0 < 0.2 < 0.2
TA PPM < 0.5 < 12.0 13.0
W PPM < 3.0 < 3.0 < 1.0
AU PPB < 5.0 < 5.0 5.0
CE PPM 2.0 < 1.0 47.0
ND PPM INTERFER INTERFER INTERFER
SM PPM 0.05 0.01 0.32
EU PPM < 0.05 0.07 0.10
TB PPM < 0.1 < 0.1 < 0.1
YB PPM < 0.50 < 0.05 0.05
LU PPM < 0.06 < 0.01 < 0.01
SR PPM 900.0 148000.0 135000.0

RB PPM < 5.0 < 5.0 < 5.0
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cross section, and the two-body recombination rate co-
efficient in Ce-doped SBN:60 are not known and are difficult
to obtain.

Estimates of these quantities are given for BaTiO,

(2’9_12). Since both BaTiO; and SBN are very electrooptic,

ferroelectric materials with similar photorefractive
properties, values for Ce-doped SBN were approximated by the
data given for BaTiOj;; that is, sg = g = 1.6x10°19 cm2,
ue=u=O.Scm2/Vsec, and yg=yR=5xlO-ch3/Sec, where it was
implicitly assumed that the electron was the charge carrier
in SBN. This assumption is justified in the next section.

The last two quantities needed were the dopant density

N and the compensative acceptor density N§S. They were

Ce
found by fitting the theory to the data in Figures 5.2 and

_1019 -3 C -1 16 _3
5.5. The results were NCe— cm and NA-NA— 0 cm .

In the sections to follow calculations using this model
are presented that theoretically describe the dependence of
the two-beam coupling coefficient and the photorefractive

response time of Ce-doped SBN:60 on various parameters such

as the external electric field and the carrier mobility.

5.3 The Sign of the Charge Carrier in the Crystals

Consider Egs. [2.18], [3.7], and [3.8] with Q=0 and
Eq=0. The sign of the two-beam coupling coefficient of a
refractive index grating formed in a photorefractive index

grating formed in a photorefractive crystal along the c-axis
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can be written as
Sign {r}=sign {e}sign{rss}. [5.1]
Thus, the sign of the charge carrier is given by
Sign {ej}=sign{rj}sign{rss}-. [5.2]
Therefore, by determining sign {r} and sign {r33}, the sign
of the charge carrier and, hence, the type of carrier
(electron or hole) in a crystal can be found from Eq. [5.2].
The coupling coefficients of the crystals were given in
the previous section. The direction of the c—axis in the
experiments was defined so that it pointed from the face of
the crystal that was positive when poled to the face that was
negative when poled. The signs of the r33 coefficients were
found by considering the electrooptic effect in the crystals.
In birefringent crystals such as SBN, the functional
dependence of the extraordinary and ordinary refractive
indices are
1 3
n (E)=n_-zn rj3E [5.3]
and
n_(E)=n_-pnor; sk, [5.4]
where ne(E) is the extraordinary index with applied field E,
Ng is the extraordinary index with no applied field, ng(E) is
the ordinary index with applied field E, and ngy is the
ordinary index with no applied field.
In crystals such as BaTiO3 and SBN, ng>n, and 'nér333>

1,8) This implies that if’ne(E)—no(E)[ decreases

3 (
‘noflﬂ
with increasing E, then rj33<O.

If a plane polarized wave 1is incident on such a
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material, the ordinary and extraordinary rays are shifted in
phase by a¢ relative to each other, after traveling a

distance d in the substance.

Ap = —%1‘ d ne(E)—no(E) , [5.5]

0

where j, is the wavelength in vacuum.

The crystal in gquestion will, therefore, act as a
retarder of increased or decreased magnitude, in a higher
electric field, depending on the sign of ryg- To be
specific, if the crystal acts as a waveplate of lower order
as the electric field increases, then it must have an r3,;<O.
Using this characteristic the sign of the r,, coefficients in
the crystals was determined with the following experiment.

A gypsum wgdge placed between <crossed polarizers
displays dark fringes at points where the wedge acts as a
full wave plate (gypsum is birefringent). A crystal is now
placed, along with the wedge, between the crossed polarizers.
As the electric field on the crystal is increased the fringes
will be seen to shift. If the fringes move towards the
thicker edge of the wedge, then the crystal is acting as a
wave plate of lower order, so r,, must be negative. The
opposite is true if the fringes move in the other direction.

The results of this experiment are shown in Table 5.2,
which indicates that the electron is the charge carrier in
the tungsten bronze ferroelectrics. Thus, the one carrier
models of Chapter 2 are sufficient to describe the photo-

refractive effect in these crystals. However, charge trans-
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Table 5.2. Sign of the charge carriers in the photorefractive crystals

Type of
Crystal Sign (T} Sign (rj,) Sign {e) Carrier
SBN:60 + - - electron
SBN:60 (Low Ce) + - - electron
SBN:60 (High Ce) + - - electron
SBN:60 (Low Ce + Ca) + - ' - electron
SBN:75 (Low Ce) + - - electron
BSKNN (Low Ce) + - - electron

BaTio,‘7/13.,14) +,- +,- +,- electron/hole
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port in BaTiO3 is provided by both electrons and holes. The
two carrier band transport model of Section 2.2.2 is,
therefore, needed to describe the photorefractive properties

of barium titanate.

5.4 Dependence of r on Applied Electric Field

Figure 5.8 shows the theoretical dependence of the

two-beam coupling coefficient I' on the grating wavelength Ag
of Ce-doped SBN:60 when an electric field of 2kV/cm is
applied to the crystal along the c-axis. A maximum value of
35cm_l is predicted at a grating spacing of 5uym. Such a
large response would then make even very thin samples of
cerium-doped SBN:60 useful photorefractive media.

Voltages of up to 3000V were applied to many of the
crystals, including the heavily Ce-doped SBN:60. The
electrical connections were made through contacts formed by
depositing Au or Pt on the c-faces of the crystals. The
values of I were then measured using the two-beam coupling
technique.

In practice, very large values of T were never obtained.
If the fields were applied with polarities opposite to that
of the poling voltages, the two-beam coupling in the crystals
would decrease. Furthermore, if the magnitude of these
fields was sufficiently high, this decrease was irreversible
since partial depoling of the crystals would result.

Reversing the polarity of the voltages so that they were
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the same as the poling fields presented other difficulties.
For fields below 1kV/cm in magnitude, no appreciable changes
in T were detected. However, as the electric fields applied
to the crystals were increased, induced stresses deformed the
materials, and the incident beams were distorted, precluding
any further measurements.

Therefore, the application of electric fields to the
crystals to control their photorefractive two-beam coupling

coefficients is of limited use.

5.5 Dependence of 1 on Laser Intensity

According to the photorefractive theory of Chapter 2,
the photorefractive response time t is a decreasing function
of total laser intensity Ig. As the intensity is increased,
more energy is deposited into the crystal per unit time, and
thus the photorefractive index grating forms more rapidly.
The specific functional dependence of 1 on Iy depends on
whether one or two photorefractive species are involved in
the process.

For the case in which only one species contributes to
the photorefractive effect, the response time can be written
as (see Eq. [2.22]) |

T=aIEl, [5.6]
where a is a constant of proportionality in units of J/cmz.

If two photorefractive species are involved, then, from Eq.

[2.34], the response times can be written as

+

1 -1 2 -2
Tt = a( ) Io + a(i) Io + ..., [5.7]
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where the a(i)'s are the coefficients iyn the Laurent series
expansion of tt.

An experiment to determine the functional dependencies
of t on Iy in the BaTiO3 and the heavily Ce-doped SBN:60
crystals was performed. Using a dye laser, the response
times of the crystals were obtained as a function of light
intensity over the spectral range of rhodamine 6G. A typical
set of points is shown in Figures 5.9 and 5.10.

Next, a curve of the form t=al ¥ was fit to each of the
data sets, and the parameters a and x were determined. The
results are given in Figures 5.11 to 5.14. They indicate
that x is approximately unity in BaTiO3 which suggests that
only one photorefractive species is present in this crystal.
This was expected since the only significant impurity in
BaTiO3 was iron (see Table 5.1). However, the values of x in
the Ce-doped SBN:60 sample differed from unity. This implies
that a second photorefractive species may exist in this
crystal, and, indeed, the data in Table 5.1 indicate the same
because of the substantial iron content of this crystal.
Hence, the photorefractive properties of the Ce-doped SBN:60
crystal may be better explained with the two species model of
Chapter 2, rather than with the one species theory. However,
the latter is much simpler to apply, and, for this reason, it

will continue to be used throughout the rest of this chapter.

5.6 Dependence of r and 1t on Oxidation State

The oxidation state of a photorefractive crystal can be
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Figure 5.9. Photorefractive response time of the heavily Ce-doped

SBN:60 crystal versus intensity for X = 565 nm and Xg = 1.4 ym.
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60 at Ag = 1.4 um.
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defined in terms of the number density of oxygen vacancies in

the crystal. Oxygen vacancies(15°21) are formed to compen-
sate for the charge imbalance created when sites in the
crystal are filled by impurity ions of the wrong valence,

3
such as when Fe +

ion is substituted for Ti“+ in BaTiO3. A
crystal is said to be reduced if it contains a large number
of oxygen vacancies, while in an oxidized crystal the number
of oxygen vacancies is small.

The number of oxygen vacancies and, hence, the oxidation
state of a material can be modified through oxidation and
reduction treatments. Reduction is the process whereby
oxygen is removed from a crystal, leaving behind oxygen
vacancies. It is typically performed by heating a sample in
an oxygen deficient atmosphere, or in a vacuum, to a high
temperature, and then quickly cooling or quenching it back to
room temperature. The reduction process is given by

0%~ » %02 + Vo + 2e7, [5.8]
where V, represents an oxygen vacancy.

Oxidation is the inverse process. A crystal is heated
to a high temperature in an oxygen rich atmosphere and is

then quenched back to room temperature; it is given by

- 1 2.
Vo + 287 + 30, > 0 [5.9]

where oxygen is now added to the material, thereby reducing
the number of oxygen vacancies.
Oxidation and reduction treatments were suggested(zz) as

methods for controlling and modifying the photorefractive
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response of Ce~doped SBN:60. In this crystal, cerium is
present in both the Ce3+ and the Ce“+ valence states. Since
electron transport is dominant in SBN:60, the Ce3+ ions are
the donors of electrons while the Ce“+ ions are the electron
traps. The effect of reduction is, therefore, to decrease
the number of traps by converting Ce“+ ions to Ce3+
ions by the following process:
scet + 20°7 5 (4cetrav +ae) 40,

> (4ce’*i2v )40, - [5.10]

Oxidation, on the other hand, increases the number of traps
. 3 b
by converting Ce * ions to Ce + ions by the inverse process:
3+ 44 -
(4Ce  +2V)+0, » 4Ce +4e +2V +20

4 2 -
> 4Ce T420°7. [5.11)

The theoretical dependence of the two-beam coupling
coefficient 1t and the response time 1 of the heavily
cerium-doped SBN:60 crystal on trap density is shown in
Figures 5.15 and 5.16. They indicate that both T and =
should decrease with decreasing trap density given by the
parameter NA' the compensative acceptor number density, which
is equal to the number density of electron traps in the dark.
Although the exact number density of traps was difficult to
measure, the two-beam coupling coefficient was varied from
less than 0.1 Crﬂ-1 to 15 cm—1 by heating the crystal in
atmospheres with different oxygen partial pressures, thereby
changing its oxidation state.

The predicted variation of the photorefractive response
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time was not observed. Although I' decreased as expected when
the «crystal was heated in a reducing atmosphere, the
time constant remained unchanged at a typical value of 100
msec at 1W/cm2 irradiance, regardless of the oxidation state
of the crystal. Thus, the changes in the photorefractive
properties of the Ce-doped SBN:60 could not be due to
variations in the trap number density, but rather to some
other phenomena in the crystal manifested by the oxidation
and reduction treatments.

In order to investigate these other effects an undoped
SBN:60 sample was highly reduced by heating in a vacuum. The
resultant crystal was very deep blue in color. 1Its spectrum
is given in Figure 5.17 which shows significant absorption in
the red, possible due to an absorption band centered in the
infrared. Furthermore, the crystal was semiconducting.
Although, normally, the resistivity of the SBN:60 crystal is
greater than 10129cm, values less than losﬂcm were measured
in this reduced sample.

These effects were attributed to the formation of F
centers in the crystal as a result of the reduction treat-
ment. Rather than reducing the valence state of a multi-
valent dopant, such as Fe, the excess electrons left o§er in
the crystal by the removal of oxygen are captured and trapped
by an oxygen vacancy. The F centers can then act as donors
of electrons with ionization energies dependent on whether
one or two electrons are trapped. The energy levels are

thought to be quite shallow - 0.025eV for Vy with two trapped
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and 0.2eV for Vy with one trapped electront1®). At room
temperature the oxygen vacancies are singly ionized, thus
explaining the increased dark conductivity of the reduced
crystal.

In order to further substantiate this claim, the
resistivity of the sample was measured as a function of
temperature so that the second ionization energy of the F
centers could be determined and compared with theory. The
experimental points are shown in Figure 5.18 along with a
curve of the form exp(Ei/kBT) that was fit to the data. A
value of 0.27eV was found for Ei’ in agreement with the
expected value of 0.2eV.

The anomalous behavior of the photorefractive properties
of Ce-doped SBN:60 on the oxidation state was, therefore,
~attributed to the formation of oxygen vacancies and their
subsequent effect on the dark conductivity of the crystal.
The decrease in T with reduction was the result of an in-
crease in the dark conductivity of the crystal which would
reduce the overall magnitude of any internally generated
space charge fields. Since the refractive index change is
directly proportional to these space charge fields, a

decrease in the two-beam coupling coefficient I' followed

immediately.
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5.7 Dependence of 1 on the Mobility, the Two-body

Recombination Rate, and the Photoionization Cross

Section

Figures 5.19, 5.20, and 5.21 show the theoretical
dependencies of the photorefractive response time 1 of the
heavily cerium-doped SBN:60 crystal on the electron mobility
u, the two-body recombination rate vy and the photoioniza-
tion cross section s, respectively. Since the two-beam
coupling coefficient does not depend on these parameters,
changes in the speed of response of a photorefractive crystal
can be made independently of T. However, these three
qualities are not easily controlled in practice.

Figure 5.19 indicates that the response 1 time should
decrease with increasing carrier mobility. Since u is
predominantly an intrinsic quantity of the host crystal,
little can be done to increase its value other than eliminat-
ing unnecessary scattering centers from the crystal by the
use of purer starting materials during the crystal growth.

However, s and ygp are extrinsic parameters that depend
on the dopant properties. If a different dopant is chosen
that has either a larger photoionization cross section or a
smaller two-body recombination rate coefficient than that of
cerium, then, according to Figures 5.20 and 5.21, the result-
ing doped sample of SBN:60 should have a shorter response
time. The selection of such a dopant, unfortunately, is a
nontrivial task.

Although the dependence of 1 on mobility is as expected,
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the effects of s and yp on t may not be intuitively obvious.
I1f the photoionization cross section is considered to be a
measure of the quantum efficiency of the donors, ﬁhen the
decrease in 1 with increasing s is plausible. However, if
the two-body recombination rate coefficient is taken as a
measure of the capture cross section of the traps, then an
immediate response may suggest that traps with large YR are
desirable. This is not the case since the ultimate goal is
to transport charges a distance on the order of microns,
which is some one hundred times the average spacing between
neighboring traps. 1In a crystal characterized by a large YRe
charges would recombine with traps before traveling the full
distance. Thus, multiple photoexcitations would be needed to
transport a single charge the required distance. Hence,
traps with small values of y, are preferred since less

photons per charge are necessary to obtain the same results.

5.8 Dependence of T and 1t _on Optical Wavelength

Consider the two-beam coupling coefficient T given by
Egs. [2.18]), [3.7], and [3.8]. It is proportional to the
optical frequency w and to the first order component of the
space charge field, E;. For small grating periods Ed>>Eq and
E; = Eq, while for large grating periods, Eq>>Ed and E1=Ed.
Although Ed=kBTk/e is independent of the optical wavelength
A Eq=eNg[1+N§/(NCe—Ng)]-l/ek does indeed depend on A though

the term (NCe—Ng) which is number density of donors in the
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dark that are photoionizable by the wavelength of 1light in

question. Therefore, the two-beam coupling coefficient can

be given by
- -1 C _Chp=1o(1)
r A [1+NA/(NCe NA)] r for small Ag, [5.12a]
and
~1 (2
' = A r( ) for large A _, [5.12b]

g

where the relation g=2xc/x was used, and where the constants

NED IS G (1)

P(2)=AP-

. _ C _nC

are defined by T —x[%+NA/(NCe Np)IT and
Similarly, £from Egs. [2.22] and [2.23] the photo-

refractive response time can be written as

=S NS A1 ) [5.13]

(1) L)

where ¢ is defined by =S§(NCe-Ng)xT. Assuming that
the optical absorption within the bandap of the crystal is
due solely to the photoionization of photorefractive sites,
then Sg(NCe—Ng)=a, the absorption coefficient, and the

expression for 1 becomes

=(ar) D) [5.14]

Figures 5.22 and 5.23 show the results of the two-beam
coupling experiments performed on the BaTiO3 crystal with an
argon—-ion laser, an R6G dye laser, a He-Ne laser, and a
GaAlAs semiconductor laser. The direction of the grating
wavevector remained constant throughout the experiments. The
theoretical curves were obtained from equations [5.12b] and
(2)

1) .
[5.14] by choosing appropriate values for T and 1( ) in
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each case.

The data in Figures 5.22 and 5.23 indicate that BaTiO,
is photorefractive throughout the visible and into the near
infrared. For grating wavelengths greater than lym, the
two-beam coupling coefficient is only a factor of 2 or 3 less
at 1.09ym than it is at 0.45;m. As expected, the curves for
r are seen to fit the experimental data best at the longer
grating periods.

The response time of barium titanate, however, is
significantly more wavelength dependent than pr. In fact,
throughout this wavelength domain, 1 varies by two orders of
magnitude; from 100 msec at 0.45;,m to greater than 10 sec at
1.09ym for Io=100mw/cm2. Also, the dependence of 1 on
grating wavelength is apparently quite weak in the range from
lym to 3um. The theoretical variation of 1 with A was
obtained from the absorption spectrum of BaTiO3 given in
Figure 4.3 and is seen to fit the experimental points only to
within a factor of 3 or 4. This implies that there is still
significant wavelength dependence in the 1(1) term. Further-
more, the assumption that led to the expression a=Sg(NCe-N§)
is <certainly not entirely wvalid since not all optical
absorption will necessarily contribute to the photorefréctive
process.

The near infrared photorefractive properties of the
tungsten bronze ferroelectrics are shown in Figures 5.24 to
5.27. At 0.84uym all of the crystals were photorefractive

with responses comparable to that of BaTiO3. As expected the



93

4 Grating Period
o © Iz/-Lm A
A
Hm o
-0 3um
0
(]
O
A
4 A
O
a o ©
o ) o
T

| ] } ] |

>

A
2_
1.5

ry -

£ =

O -

~ -
S
0

Figure 5.24.

0.84 um.

BaTiO4 SBN:60 SBN:60 SBN:75 BSKNN SBN:60
High Ce Low Ce Low Ce Low Ce c?

Two-beam coupling coefficients of the crystals at A



94

A
100 s .
- o
| A
D
50 ( = C
O
A
u A
<S5 F Io =100 mW/cm?
()
v
: o Grating Period
o | um
0O & 2pum
{0} o
| A O 3um
5 —
I | | ] ] 1 | —
BaTiO, SBN:60 SBN:60 SBN:75 BSKNN SBN:60?
HighCe LowCe Low Ce Low Ce c?
Figure 5.25. Photorefractive response times of the crystals for A =

0.84 um.



95

2ol
i Grating Period
B O | um
=~ = a 2 pm
'E - o 3 pm
O p—
~ k
B A
S 0
i o)
0 L — | i n || >
BaTiO; SBN:60 SBN:60 SBN:75 BSKNN SBN:60
High Ce Low Ce Low Ce Low Ce c?
Figure 5.26. Two-beam coupling coefficients of the crystals for X =

1.09 um.



96

100 (e ) (00) (0 0] (0 0] (0 0]
50
N
—~ F ¥e) I,= 100 mw/cm?
o o .
n Grating Period
b o |pum
A 2pum
10 — o 3um
5 | —
| ! ! _ | ] ]

BaTiO4 SBN:60 SBN:60 SBN:75 BSKNN SBN:60
HighCe LowCe LowCe LowCe ce

Figure 5.27. Photorefractive response times of the crystals for X =

1.09 um.



97

doubly-doped SBN:60 crystal did exhibit enhanced photo;
refractive properties in the near infrared due presumably to
the absdrption band centered in the red near 0.65um (see Fig.
4.9). However, at 1.0%9pum, none of the tungsten bronzes
displayed a photorefractive effect, wunlike the Dbarium
titanate sample. A cutoff must, therefore, exist in these
crystals between 0.84pym and 1.09um. This implies that the
energy 1levels created by the cerium impurities 1in the
tungsten bronze ferroelectrics must necessarily lie deeper in

the bandap than those formed by iron in barium titanate.

5.9 Dependence of T and v on Temperature

Although an obvious temperature dependence exists in the
expressions for the two-beam coupling coefficient T and the
photorefractive response time 1 through the characteristic
field Ed=kBTk/e (see Egs.[2.18]), [2.22], and {[3.7]), such an
effect would be quite weak over a limited temperature range.
Much larger temperature effects should exist near the phase
transitions of the crystals due to dramatic changes in both
the electrooptic coefficients of the materials and their
dielectric constants. In barium titanate this temperature
dependence should be greatest near its tetragonal to ortho-
rhombic phase transition at 5°C(23), while in SBN:60 this
effect should be largest near its tetragonal to cubic phase
transition(24) at 72°C.

These predictions can be justified by examining the

expressions of T and t in the limit of large grating spacings
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where Ed<<8q. In this case it follows from Egs. [2.18],
[2.22], and [3.7] that

' arE, or [5.15]

d
and

-1
T Eq (Ed+Eu) a €. : [5.16]

Thus, as the temperature of the crystal approaches that of
the phase transition, both the two-beam coupling coefficient
and the photorefractive response time should, therefore,
increase. Although the effect is no£ as pronounced at
shorter grating spacings, it still does exist(zs)-

These results were experimentally investigated by exam-
ining the temperature dependence of the fanning effect in
BaTiO3 and cerium-doped SBN:60. When an extraordinarily
polarized laser beam passes through a photorefractive
crystal, two-beam coupling causes 1light scattered from
crystal to be amplified into a broad fan(26). This effect is
sufficiently strong to be wused as an optical 1limiting
mechanism(27). Figure 5.28 is a plot versus temperature of
the power T transmitted through the optical limiter at steady
state normalized by the power transmitted before the buildup
of any holographic gratings. Also shown as a function of
temperature is the intensity normalized response time. The
angle between the incident beam and the crystal c-axis was
49° measured outside the crystal. Temperature control was
achieved by immersing the sample in an oil filled cuvette

mounted on a thermoelectrically cooled copper block. As

expected, between 10°C and 60°C the response time decreased
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slightly while the transmissivity increased from 3% to 11.5%
which cérresponded to a decrease in the two-beam coupling

coefficient.

Figure 5.29 is a plot of steady state transmissivity
versus temperature for the heavily Ce-doped SBN:60 crystal.
As the theory predicted, the efficiency of the limiter became
larger as the temperature was increased towards the
tetragonal to cubic phase transition. However, the
efficiency increase, as well as the overall efficiency, was

much smaller than for barium titanate.
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6. COMPARISON OF PHOTOREFRACTIVE CRYSTALS

Photorefractive crystals are promising materials for
optical data processing applications. A large number of
parallel operations can be processed in a single crystal.
Photorefractive materials can store optical holograms for
time durations of hours to years, depending on the dark
conductivity. Optical amplifiers with gain factors of 4000
have been constructed(l), and phase conjugate reflectivities
greater than 20 have been observed in BaTiO3 with four-wave
mixing(z). Operation on nanosecond time scales has been
demonstrated(3-5) with Q-switched pulses from doubled Nd:YAG
lasers. Finally, the requirements on write and erase energy
density 1in photorefractive crystals such as BSO(G) are
comparable to the best photographic plates.

There are two major factors that 1limit widespread
application of photorefractive materials at present. First,
some of the promising crystals such as BaTiOj3, SBN, and KNbOj;
are not widely available in large samples with high optical
guality. Second, the crystals that are available are not
optimal in all respects. For instance, 1in order to
demonstrate high speed, low write energy, long memofy, or
large gain, it is necessary to use several different types of
materials. The purpose of this chapter 1is, therefore, to
compare photorefractive materials including BaTiO3, SBN, and
BSKNN on the basis of several figures of merit which are

introduced in the next section. Both ferroelectric and
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non-ferroelectric materials will be considered in the

comparison.

6.1 Figures of Merit

6.1.1 Steady-state index change

The steady-state change in the refractive index is
defined as the index change reached after illumination for a
time that is long compared to the photorefractive response
time 1. The index change is related directly to the space

charge field through

A 1 3

Nss = 3™bYefflsc! [6.1]
where ny, is the background refractive index, roff is the
effective electrooptic coefficient, and ESC is the internally
generated space charge electric field. The steady-state
index change is also related to the two-beam coupling co-

efficient T by

An
Ss

1]

I'c/w

AT/2m, [6.2]

where A is the wavelength of light.

In order to determine the materials dependence of AN,

the space charge field Ege needs to be considered. Using the
one species, one carrier model of Chapter 2, three limits for

ist:
Esc exlst

(1): E = E

sc g° From Eq. [2.18}, this occurs when Eo <

Qj < Eq which is a common condition when no
electric field is applied and the grating period is

large. In this case
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3

Angg @ NproeeBy
3

& Npreffg ¢

since Eg does not depend on material parameters.

[6.3]

(2): Eqe = Eq. This occurs when Eq < E4 or Eg; that

is, when a large electric field is applied or when

the grating period is small. 1In this case

3
Anss a nbrefqu

a n [6.4]

breff/ €
where ¢ is the dielectric constiant of the material.

(3): Esc = Eg. This occurs when Eq < By < Eq which

holds in cases where moderately large electric

fields are applied to the crystal. Hence,

3
Angg o MpYopeby
3

bFeff® [6.5]

a n

Therefore, photorefractive crystals with large values of
3 3 . . .

LI Py and nbreff/e are desirable for applications such as

passive phase conjugation that require large steady-state

index changes.

6.1.2 Response time

The photorefractive response time ¢ is a useful figure
of merit for applications in which available energy limits
the illumination time, or in which the grating must be
written or erased in a set time scale. The response time
scales with intensity until times as short as either the time
for a charge carrier to move one grating period or the time

necessary for the electrooptic effect to respond to the
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Coulomb field of the displaced charge. The longer of these
times is the fundamental 1limit. Diffusion times in
semiconductors such as GaAs are known to be < 10 psec(7).
The electrooptic response time is of the order of attoseconds
for the electronic component of the electrooptic coefficient,
Lofgr and picoseconds for the ionic part. The mix of these

two components varies, but the ultimate response time of a

photorefractive crystal is in the picosecond range.

6.1.3 Photorefractive Sensitivity

The photorefractive sensitivity S is defined as the

(8-11).

index change per absorbed energy per unit volume That

is,

_ _An

The photorefractive sensitivity is a useful figure of merit
because it tells us how well a material uses a given amount
of optical energy. Alternatively, it allows comparison of
crystals with different absorption coefficients on an equal

basis. From Eg. [2.18], An can be given by

_ _.-t/T
An = Anss(l e )y [6.7]
where a stationary index grating is assumed (Q = 0). For
t<<T'
An = Ansst/r. [6.8]

Since 1t is inversely proportional to aly, (see Eg. [2.22]),

then
Eo+1(Ed+E ) .

S a An
Ss EO+ Ed+Eu) [6.9]
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Clearly, a large steady-state index change is preferred.
Moreover, large mobilities and long recombination times,
corresponding to small recombination rates, are generally
desirable because these properties allow the carriers to
diffuse or drift longer distances before they recombine,
thereby reducing the drift field E . In either case the

photorefractive sensitivity is increased.

6.2 Summary of Material Parameters and Figures of Merit for

Photorefractive Crystals

Table 6.1 summarizes the material parameters of interest
for BaTiO3, SBN, and BSKNN along with other photorefractive
crystals, while in Table 6.2 the corresponding figures of
merit are given. Included is the wavelength range in which
the crystals are known to be photorefractive.

As expected the ferroelectric crystals BaTiO3, SBN:60,
SBN:75, BSKNN, LiNbO,, and KNbO; exhibit the largest photo-
refractive effect due to their large n;reff values. Although
n;reff/s is approximately equal in all the materials, the
former term apparently is more important for determining the
steady state refractive index change. However, the non-
ferroelectric crystals BSO, GaAs, and InP:Fe are significant-
ly faster than the ferroelectrics. Owing primarily to their
larger mobilities and their generally favorable transport
properties, these materials have photorefractive response
times 2 to 3 orders of magnitude smaller than those of the

ferroelectric crystals.
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Table 6.1. Material parameters of select photorefractive crystals.

Crystal n;3r;;(pm/V) n;3%r;;/€; (Pm/V) u(cm?/Vsec) v, (cm?/sec)
BaTiO, 11300 4.9 0.5 5 x 1078
SBN:60 5100 5.8 0.5 5 x 107 °®
SBN:75 17000 5.0 0.5 5 x 1078
BSKNN 4600 13.2 - ——
LiNpO,‘30,22-15) 359 11.0 . 0.8 -
KNbO, ¢ 16-19} 690 14.0 0.5 -
Bsot20.,21) 82 1.8 0.03 2 x 10-1!?
GaAs'?2:23) 43 3.3  5800.0 —

Inp‘24! 52 4.1 >5000.0 -—
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Table 6.2. Figures of merit of select photorefractive crystals.

(EO =0 V/cm)
Wavelength

Crystal Range (um) ang 1 for 1W/cm?,) S(cm3/3J)
BaTiO, 0.4-1.1 4.8 x 10”5  50msec, 0.5um 2.4 x 1074
SBN:60 0.4-0.85 3.2 x 10°°  120msec, 0.5um 5.3 x 1073
Ce-doped

SBN:60 0.4-0.85 9.6 x 107° 80msec, 0.5um 6.0 x 10~4
Ce-doped

SBN:75 0.4-0.85 4.0 x 10”%  150msec, 0.5um 3.0 x 1074
Ce~doped

BSKNN 0.4-0.85 4.0 x 10”5  200msec, 0.5um 2.0 x 10-4
LiNp0o, ‘10,12-150 g 4-0.7 1075 - 10"% >isec 5%x107% - 5x107°
KNbO, '1€6-19) 0.4-0.7 5.0 x 10”°  <1l0Omsec, 0.5um 1.7 x 1074
Bso¢25-27) 0.4-0.7 5.0 x 10°% < 1msec, 0.5um 3 x 1078
GaAs'?2.23) 0.8-1.8 6.4 x 1076 80usec, 1.06um 5.0 x 1072

Inp:Fe!?24? 0.85-1.3 0.2 x 10°¢ <100usec, 1.06um >2 x 1073



111

Since the photorefractive sensitivity is proportional to
Anss/r, these differences in the values of Anss and T between
the non-ferroelectrics and the ferroelectrics essentially
cancel, and large values of S are, therefore, possible with
either type of crystal. It is interesting to note that the
photorefractive sensitivity of SBN:60 is reduced by the
addition of cerium although such a doped crystal exhibits
improved values of Angg and t. This implies that not all of
the optical absorption in the cerium-doped SBN:60 crystal
contributes to the photorefractive effect.

Finally, the wavelength ranges given 1in Table 6.2
indicate that photorefractive effect in the oxides is
observed only with visible or very near infrared radiation.

At longer wavelengths only the semiconductors such as GaAs

and InP are known to be photorefractive.
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7. APPLICATIONS OF PHOTOREFRACTIVE CRYSTALS

7.1 Optical Phase Conjugation in Nonlinear Media

Highly phototrefractive crystals such as BaTiOj; and
SrXBal_be206 are important nonlinear materials for many of
the recently developed passive (self-pumped) phase conjugate
mirrors (PPCM's)(l-4)- The ability of these mirrors to
correct for linear refractive index inhomogeneities has been
well documented(5-7)- However, when the distorting medium is
nonlinear, the distortion <correction property of phase
conjugate mirrors was only theoretically considered(s). In
this section the experimental compensation of a nonlinear
distortion - the optical self-focusing phenomenon in
photorefractive crystals - with a PPCM is described along
with the corresponding theory.

This particular optical nonlinearity was chosen since
the power level required for significant nonlinear effects
was quite 1low. In fact, only a few tens of milliwatts of
laser power were necessary to initiate self-focusing in a
reduced sample of Sr ¢Ba 4Nb,0g. The experimental setup used
is illustrated in Figure 7.1. A photorefractive crystal was
illuminated by a Gaussian laser beam at 514.5 nm from én ar?t
laser. Due to linear absorption in the crystal, the Gaussian
intensity profile\will give rise to a nonuniform temperature
variation which, in turn, will produce a nonuniform index

profile via the thermo-optic effect. This index variation
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Figure 7.1. Self-focusing set-up. Photorefractive crystal is illu-
minated by a 514.5 nm Gaussian laser beam which is then self-focused

due to crystal nonlinearities.
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will then give the crystal lens-like properties which produce
the self-focusing and self-diffraction effects.
Mathematically, the self-focusing effect can be

attributed to a displacement vector containing nonlinear

terms;

D =D (linear) + D (non-linear)
where

D; (linear) = EijEj’

D. (non-linear) = gijTE

i 3’

£ = thermo-optic coefficient,

ij
and T = local temperature.

The refractive index is, therefore, given by
_1.1 aD; \ |1/2 _ 1 1/2
o —[;o <3f;>] = 5, feii toenT [7.1]

where the temperature dependence of the refractive index,

which gives rise to the self-focusing effects, can be seen.

In the experiment depicted in Figure 7.1, it was found
that the incident laser beam came to focus a distance f past
the crystal. Figure 7.2 summarizes the results of such an
experiment for several different photorefractive crystals.
As one would expect, the highly reduced sample of
Sr.eBa.qszOe produces the greatest effect since its
absorption coefficient is the 1largest of the samples
considered.

Since the effective radius of the induced lens is on the
order of the laser beam radius, the crystal should not only

focus the beam, but it should modulate its phase in a manner
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Figure 7.2. Self-focusing focal lengths f as a function of incident

power P, O = undoped SBN:60, £ = 0.66 cm. & = reduced undoped SBN:60,

£

0.071 em. © = heavily Ce-doped SBN:60, £=0.52 cm. + = BaTiOB,

£ = 0.41 cm.
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that produces diffraction rings much as a lens of finite
aperture would. This phenomenon 1is evident in Figure 7.3
which gives the intensity profiles of the transmitted beam at
a position indicated by the film plane in Figure 7.1.

To analyze the nonlinear self-focusing and self-phase
modulation effects and their compensation, refer to Figure

7.4 and the analysis of Pepper and Yariv(a). Let E; and E,,

given by
i(wt-kz)

E, = y(D)e + cc : [7.2]

f£(Fyellot+kz) 4 o, [7.3]

Ej
‘represent the fields traveling essentially in the positive
and negative z-directions, respectively. The fotal field E
is, therefore,

E = [y(F)e 1KZ + £(T)elkZ] ol0t 4 cc. [7.4]
For simplicity, assume that the nonlinear medium is
isotropic. The dielectric constant responsible for the self-
focusing and self-phase modulation effects will then consist
(see Eq. [7.1]) of two terms; the first one describes linear,
spatially dependent refractive index inhomogeneities while
the second term depicts the nonlinear (temperature
dependent), spatially dependent refractive index
contributions. That is,

e = golf) + e,(T)T. [7.5]

Assuming that 1/¢ de¢/dx ) <<1, the wave equation in cgs

units is given by

2 L

VE= 2 gg(r) + e(r)T ,,2 =0 [7.6]
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Figure 7.3. Intensity profiles of the laser beam at the film plane

in Figure 7.1.

(a) P < 100 mW

(b) P = 100 mW

(c) P >> 100 mW
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Figure 7.4. Geometry for a PCM in order to compensate for temperature
dependent phase distortions. Solid (dashed) curves correspond to the

incident (conjugate) equiphase surfaces.
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Substituting Eq. [7.4] into Eq. [7.6] yields

2 2
2 - - -
{v W(T) +[—“’—2J“- e () - kZ]wm + 258 () T¥(r)
C

(o4

-2ik ag;ﬂ} e 1Kz 4 {vzﬂ‘f) [7.7]

2 2
- 2 - - -
+[—u2 eg(r) - k] £(T) + 5 e,(r)TE(r)
C

o}

+ 2ik a—f—glzf—)} elkz _

Consider now the temperature term T. In the experiments
where the nonlinear medium was a ferroelectric crystal, the
temperature was not permitted to rise beyond the Curie point
of the material. Also, it appeared that the thermal
conductivity of the photorefractive crystals was large enough
~to prevent high frequency thermal gratings from forming.
Hence, T was only a slowly varying function of position in
these materials which, thus, did not lead to coupling of the
forward y and backward f waves in the distorting medium.

Using this result in Eg. [7.7] and equating to zero the
sum of all the terms with exp(ikz) and, separately, those of

exp(-ikz) dependence leads to
2 -

2
2 b 2
V\p+[‘° egll —k ]w_l__“’__LE_?_LF_)_Tw_Zik _%_qzl=0 (7.8
C .

c

2 - 2 -
3
V2f+[“’ 5 r)—k2]f+—£72'£—l'w - Tf+2ik3~§-=o [7.9]
C »
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Taking the complex conjugate of Eq. [7.8] yields

2

- 2
2 ” . *
Vzw* + Ce (r) -k lp* + o) Ce (r) Tw* + zlk-g_wz_ =0.[7.10]

Equations [7.9] and [7.10] indicate that y*(r), the
conjugate amplitude of the forward wave, and the amplitude of
the backward wave, f(r), obey the same propagation equation.
It follows immediately by a self-consistent argument that if
the reflectivity of the phase conjugate mirror located at z =
Zoem? is equal to R then

£(r) = Ry*(r)
for all z<zpcm. In other words, the reflected field is
proportional to the complex conjugate of the incident field
everywhere in the distorting medium and outside it. At the
input plane, then, the wave is healed of any distortion
caused by the propagation through the distorting nonlinear
medium.

The experimental arrangement used to investigate the
effect is depicted in Figure 7.5. A Gaussian laser beam is
self-focused by a photorefractive crystal onto a self-pumped
phase conjugate mirror composed of a concave mirror and
another photorefractive crystal which did not self-focus at
the power levels used in this experiment. This "semi-linear"
mirror (1) redirects the light back into the distorting medium
which is then projected onto a film plate by the beam-
splitter. Figure 7.6(a) shows the profile of the original

laser beam while Figure 7.6(b) displays the distorted beam.

The reflectivity of the PPCM is =30%. Figure 7.6(c) is a
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(Semi-Linear)

G——) Film

Figure 7.5. Experimental equivalent of Figure 7.4. Crystal 1 pro-
vides the nonlinear distortion while crystal 2 and the concave mir-
ror form a PPCM. The conjugate beam is directed to the film plane

by beamsplitter BS.
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Figure 7.6. Intensity profiles of the beams in Figure 7.5.

(a) Original Gaussian beam.

(b) Distorted beam due to self-focusing in crystal 1.
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Figure 7.6. (Continued)

(c) Phase-conjugate or corrected beam after passing back through the

distortion.

(d) Beam obtained when PPCM is replaced by an ordinary mirror.
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photograph of the phase conjugate reflected beam and shows
that it is indeed corrected of virtually all wavefront
distortions. For comparison, Figure 7.6(d) shows the profile
of the same Gaussian beam reflected back through the
nonlinear distortion by an ordinary mirror rather than a
PPCM.

Hence, it was shown both theoretically and experi-
mentally that optical self-focusing and self-phase modulation
effects can be compensated to a high degree by phase
conjugation. Since the thermal conductivity of the
photorefractive crystals was large enough to prevent high
frequency thermal grating from forming, it was possible to
demonstrate the above results with a self-pumped phase
conjugator.

These results should be of importance to research in
areas such as atmospheric propagation of high power laser
beams, thermally induced lensing effects within intra-cavity
laser gain media, and high intensity transmission through

optical fibers and crystals.

7.2 Self-starting Passive Phase Conjugate Mirror with

Ce-doped Strontium Barium Niobate

Two-beam coupling in photorefractive crystals has been

used to demonstrate passive phase conjugate mirrors which do

(9,1,2,)

not require external pump beams A more recent

(3,10,11)

version of such a device introduces an important

simplification by using total internal reflection in the
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photorefractive crystal instead of external mirrors. Such a
mirror, however, requires a higher coupling threshold than
that of the earlier devices. In this section, the
construction of this phase conjugate mirror using cerium-
doped strontium barium niobate photorefractive crystals as
the holographic four-wave mixing media is described.

| The experimental setup for studying phase conjugation
with SBN is shown in Figure 7.7. Initially the lenses and
transparency were removed so that the response of the phase
conjugate mirror could be studied with a simple Gaussian
beam. The reflectivity of two mirrors, one with Ce-doped
SBN:60 and the other with Ce-doped SBN:75, is given in Figure
7.8 as a function of time. Not only do the data of Figure
7.8 show that phase conjugation using internal reflection is
possible with SBN, but also that the steady-state phase
conjugate reflectivity measured with Ce-doped SBN:75 is
comparable to the 30% reflectivity obtained with BaTi03(3).
A photograph of the SBN:75 phase conjugator in operation is
shown in Figure 7.9.

The imaging characteristics of the SBN phase conjugator
were also determined with the arrangement shown in Figure
7.7, but now with the transparency and lenses in place. The
transparency, an Air Force resolution chart, was illuminated
by the argon ion laser and focused onto the crystal by the
lenses. The phase conjugate reflection was picked off by the
beamsplitter and projected onto the screen. Figures 7.10(a)

and 7.10(b) show the resolution chart and the phase conjugate
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Figure 7.7. Experimental set-up for studying phase conjugation with

SBN.
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Figure 7.8. FPhase conjugate reflectivities of the SBN phase conjuga-

tors as a function of time. Pump beam power density was approximately

1.5 W/cmz.



130

Figure 7.9. Photograph of the lightly Ce-doped SBN:75 mirror in

operation.
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Figure 7.10.
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(a) Air Force resolution chart.

(b) Phase conjugate image of the resolution chart.
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Figure 7.10. (Continued)

(c) Image of the resolution chart with distortion.

(d) Phase conjugate image of the resolution chart with distortion.
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image of the chart. Next a phase distortion was placed
between the transparency and the crystal, which, as shown in
Figure 7.10(c), rendered the chart indiscernible, and the
phase conjugate image was once again viewed as it was
projected onto the screen. Since the phase conjugate
wavefront at the crystal surface is that of the resolution
chart after passing through the distortion, but with time
reversal, the beam emerging from the distortion 1is the
original undistorted image of the chart. This distortion
correcting property of the SBN phase conjugator is shown in
Figure 7.10(d).

In summary, it was shown that the self-starting passive
phase conjugate mirror using internal reflection can be
constructed with cerium-doped strontium barium niobate.
Phase conjugate reflectivities of 25 and 12%, not corrected
for Fresnel reflections, were measured with Ce-doped SBN:75
and SBN:60, respectively. The imaging and distortion
correcting properties of the SBN phase conjugator were also

demonstrated.

7.3 Thresholding Semilinear Phase Conjugate Mirror

Phase conjugate mirrors have been used as nonlinear
thresholding devices by using background illumination, pump
depletion, semi-self-pumped phase conjugation, and optical
bistability(lz'ls). The background illumination and
semi-self-pumped phase conjugation schemes were self-pumped

phase conjugate mirrors which ideally generated the phase
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conjugate of the incident beam if its intensity was above a

threshold I h and no output if it was less than Iipe Both of

t
these configurations rely on an external reference beam that
(12,13)

determines the threshold intensity In this section,
a different method 1is demonstrated for obtaining phase
conjugate thresholding - by using a moving grating inside the
photorefractive crystal and relying on the dependence of
photorefractive response time on the incident beam intensity
to vary the coupling constant yl.

The basic semilinear phase conjugate mirror configur-
ation has been described in earlier works and is illustrated
in Fig. 7.11(1/18) | 1¢ s a passive device, relying only on
the incident beam to generate the phase conjugate of that
beam. Light scattered and amplified by the fanning effect is
reflected back into the crystal by external mirror. The
grating in the crystal is formed by the light interference
pattern between this reflected fanning beam and the incident
beam. Since the phase of the light interference pattern is a
direct function of the optical path difference of the two
beams, the grating can be translated by ramping the phase of
the 1light reflected by the external mirror. In the
experiment, this was done by varying continuously the optical
path length traveled by the reflected fanning beam. The
external mirror was mounted on a piezo-electric micrometer,
and a high voltage ramp was applied to the device to
translate it at a constant velocity.

The reflectivity of a semilinear phase conjugate mirror
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Figure 7.11. Configuration for a semilinear self-pumped phase con-

jugate mirror. The external mirror M is mounted on a piezoelectric

micrometer to move it towards the BaTiO3 crystal.
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(1)

is given by

172 2 172 2
M +[a (1+M)-1]

1727 T772
M+2-M [a (1+M)-1]

R =

where M is the reflectivity of the external mirror, and a is

related to the coupling constant yl by
tanh(*lYla)= a
2 [7.12]

There exists a threshold value(yl)th of the coupling constant

defined by
2 1 2 1 ]
qp = T+ m - tanh | =7 (Y1)ppd
. M
for which Rep = (M+2)2 1/9 for M = 1, but can be made

significantly smaller by choosing M<1l. The result is that R
will be high for yl above (yl)th, while R + O for vl below
the threshold; in other words, the mirror phase conjugates
essentially only for I>Ith'

If the external mirror is stationary, the effective
coupling constant will be above threshold, the grating will
build up after some finite time interval, and the semilinear
mirror will produce a phase conjugate output. This time
constant 1 depends on the intensity of the incident beam.
When the mirror is moved, the reflected light is Doppler

shifted by 6w, causing the interference pattern in the
Céw

crystal to move with a velocity v = 2wsin(e/2) ' where ¢ is

the angle between the incident and fanning beams, so that the
A

grating period is Ag = 2sin(e/2)" The dependence of the

effective coupling constant yl on the parameters of interest
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here is given by (see Eq. [3.7])

yl = (Y1)oF(I,t,v) [7.14]
where I is the total intensity of the incident plus any back-
ground erase beam, t is the time constant of the crystal, and
v is the velocity of the light interference pattern inside
the crystal. Specifically, this dependence is given by

ang Mf— b

¥l o Angrating = ( 1 + aI} 1+i z%él

(it
= \1l+al 1+i(16w)

where a is some constant.

Figure 7.12 shows the reflectivity of the semilinear
mirror versus incident power of the unexpanded Gaussian beam
from an argon-ion laser. The piezo-electric micrometer was
driven by the ramp generator over a distance of 4 microns at
velocities ranging from 180 to 392 A&/sec. With no mirror
motion, the threshold was at I = 2 mW. This nonzero value is
probably due to some dark conductivity term in the coupling
constant. As the mirror velocity was increased, the
threshold level I,, shifted to higher levels. Defining the
threshold intensity somewhat arbitrarily as Ith such that

R(I = 1/2 Rmax’ Ith as a function of mirror velocity v 1is

th’
shown plotted in Fig. 7.13.

This device has potential applications in optical
associative memories where it 1is necessary to selectively

phase conjugate only the stronger modes among many in an

optical resonator. It also has potential applications in
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Figure 7.12. Reflectivity versus incident intensity of the thresholding
gemilinear mirror for various mirror velocities. Values of v are,

from the left, 0, 18.0, 23.2, 31.5, and 39.2 nm/sec.
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Figure 7.13. Thresholding intensity as a function of mirror velocity.
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optical signal processing and switching.

In summary, a method was demonstrated for obtaining
optical thresholding in a passive semilinear phase conjugate
mirror. This method relies on grating motion in the
photorefractive medium introduced by motion of the external
mirror and the incident beam intensity dependence of the
photorefractive coupling constant. The threshold intensity
I, can be selected by varying the mirror translation

velocity.

7.4 Mathematical Operations on Images

Photorefractive crystals have been wused to perform
various real-time image processing operations. For example,

real-time convolution and correlation(17), edge enhance-

(19,20)’ (21)’

t(ls), image subtraction differentiation

(22)

men
division and inversion(23) have been demonstrated. In
this section several devices are described that perform
mathematical operations on images. An interferometer using a
self-pumped phase conjugate mirror 1is presented in section
7.4.1 which produces the real-time "exclusive or" operation
and image subtraction(24'25)- In sections 7.4.2 and 7.4.3.
intensity inversion and image differentiation are described.
Extensions of these devices to perform higher order

differentiation and the Laplacian operation are also

discussed.
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7.4.1 Real-time "exclusive or" operation and image

subtraction

Fig. 7.14 illustrates the system for "exclusive or"

operation. A plane wave with amplitude E;, is split by beam
splitter BS; whose reflection and transmission coefficients
are equal to r and t, respectively. Without making any
assumptions, let r' and t' be the amplitude reflection and
transmission coefficients for wave incident from the opposite
sides of the beamsplitter. Each of the two resultant waves

then passes through a transparency with amplitude trans-

mittance T; for beam 1 and T2 for beam 2. The two beams are
then reflected by a self-pumped phase conjugate mirror with
phase conjugate amplitude reflectivities R; and R; for beam 1
and beam 2 respectively (R; and R, are in general not the
same) . The phase conjugated beams recombine interfero-
metrically at beam splitter BS; to form an output field

intensity Io ¢ at detector D; given by

u
2

Tout = | £ E*R1|TIl T tr*R2‘T2’ 2, Tin' [7.16]
where Iin= IEin'2 .
From Stokes' principle of the time reversibility of
light
r't* + r*t = 0, [7.17]
so that

Tout = lRllTll2 - R2!T2!2, ’ ‘r*tlz Iip. [7518]

If the two phase conjugate reflectivities are identical, i.e.

R1 = R2 = R, then
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Figure 7.14. Experimental arrangement to demonstrate the "exclusive

or" operation.
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2|r*tR|2 I,

2 2
Tout = ,'Tl, - ITZJ n
2
a |Ty| e |Tof” [7.19]

where @ represents the Boolean "exclusive or" operation.
This is the main result. Similarly, the field intensity I'
measured by detector D, is
I' al,Tllz + |rlz(!T2{2-[T1j2)’2 ‘Rlz I [7.20]
The 7 phase shift between the complex fields of the two
images, which is the key element of the "exclusive or"
operation, is introduced naturally by the time reversibility
of light. This is the essential difference between this

(19,20)

method and other methods in which the 1 phase shift

was artificially provided by a piezo-electric mirror or an
electrooptical modulator. This device is only sensitive to
intensity differences of the two transparencies and 1is
independent of the phase information of the transparencies or
the optical path lengths of the two arms.

In the experiment, a single TEM; mode argon laser beam
(5145A, 50mW) was expanded and split into two beams by 50%
beam splitter BS;. Each beam was then passed through
separate transparencies T; and T,. A lens L (£f=30cm) was
used to focus the two expanded beams which were adjusted to
overlap completely inside the poled BaTiO3 crystal. The
crystal was then aligned to form a self-pumped phase
conjugate mirror by setting the angles between the beams and
the crystal c-axis to 6,; = 50° and 8, = 40°. The two image
bearing beams were phase conjugated simultaneously with no

Cross talk(ll). The magnitude of the phase conjugate
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reflectivities of beam 1 and beam 2 were approximately the
same and equal to 25%. The phases of the complex phase
conjugate reflection coefficients of the two beams were also
the same, since the PPCM regarded the combination of the two
input beams as a single complex input wave, and since the
beams overlapped in the crystal, they were both reflected

(26). The phase conjugate

from the same set of gratings
reflected image bearing beams were then combined
interferometrically at the beam splitter BS,, The two
transparencies and the detectors were placed in close to the
beam splitters to reduce diffraction aberration.

The transparencies T; and T, used in the experiment were
pictures of a semicolon and a colon, respectively. The phase
conjugate images of these two transparencies are shown in
Figs. 7.15(a) and 7.15(b), respectively. Fig. 7.15(c) is the
image detected by D;« which represents the "exclusive or"
operation (or, in this case, image subtraction) between the
two images,|T1l2¢lT2|2. Fig. 7.15(d) is the image recorded
by D,, which representsl[Tll2+lr|2(lT2|2— Fllz)lz, and it is

2
, when

2 2
proportional to the sum of intensities, iITll +ITA

2
|r| =.5. Slight edge enhancement effects(ls)

were also
observed in these figures, which are probably due to large
object beam intensities as compared to the weaker pump
intensities. These results are independent of the optical
path lengths of either beam between the BS, and the crystal.

The response time of the self-pumped phase conjugate

mirror obeyed approximately the relation { =~ 10/I s, where I
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Figure 7.15.
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(a) Image of the semicolon after phase conjugation.

(b) Image of the colon after phase conjugation.



146

Figure 7.15. (Continued)

(¢) Image subtraction of the semicolon and the colon.

(d) Image detected by detector D

9
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. . . . . . 2
is the total intensity of the interaction beams in mW/mm .

7.4.2 Real-time intensity inversion

Optical intensity was also observed by simply removing
transparency T, so that the intensity detected by D; is
proportional to ll—ITlle 2, whose result follows from EQ.
7.19 with |T2‘2=l. Figs.7.16(a) and 7.16(b) are the phase
conjugate images of a uniform illumination and a resolution
chart, respectively. Fig. 7.16(c) is the intensity inverted
image detected Dby D;. Fig. 7.16(d) is the image addition
observed by detector D,, which is proportional to ‘1+|T1'2|2.

Intensity inversion by a different method which uses
four wave mixing was reported recently by Ochoa et al(23)-
In their method the object beam intensity is required to be
much higher than that of the reference beam in order to
ensure that the diffraction efficiency of the index grating

is inversely proportional to the object beam intensity.

7.4.3 Real-time image differentiation

The differential of a function I(x,y) can be
approximated to any degree of accuracy by using finite

differences. Using such a method, the first and second-order

differentials are given by

BI(x,y) _ I(x+ax,y)-I(x,v)

ax AX

2
9 I(x,v) _ I(x+AxLy)—21£x,y)+I(x-Ax,y)

ax2 (Ax)

Therefore, the differential of any order can be obtained
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Figure 7.16.

(a) Image of the uniform illumination after phase conjugation.
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(b) Image of the resolution chart after phase conjugation.
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Figure 7.16. (Continued)

(¢) Intensity inversion of the resolution chart.

(d) Intensity addition of the resolution chart and the uniform il-

Jumination.
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by adding and subtracting various shifted images of a pattern
function.

The experimental arrangement used to perform first-order
differentiation, which is very similar to Fig. 7.14, is shown
in Fig. 7.17. Since the transparency is not placed at the
intersection of the two beams, each beam reads a slightly
shifted image of the other. The two images are then focused
down into the BaTiO; crystal which through total internal
reflection forms a self pumped phase conjugate mirror. The
phase conjugate images are thus phase 1locked and can
recombine at BS,, giving an output amplitude which is
proportional to the first order differential. Results are
given in Fig. 7.18. Also given in Fig. 7.18(d) is (3/3x +
3/ay) obtained by shifting the images by ax + aAy.

Fig. 7.19 gives the set up used to perform second-order
image differentiation. The two outside beams read T(x+ax,y)
and T(x-aAX,vy), while the center beam reads T(x,Y). The
reflectivity of beam splitter BS, is 50%, giving an output
amplitude at BS; proportional to the second order
differential.

2 2 242
I [T(x+ax,0)|  +|T(x-0x,y)]| —2]T(x,y>!) [7.23]

a
out

Results are given in Fig. 7.20.

Extensions to higher order image differentiation can be
obtained by adding up approximately shifted images into two
groups which are then subtracted at the final beam splitter.
While the final beam splitter reflectivity can be arbitrary

the remaining ones must have their reflectivities chosen to
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Figure 7.17. Experimental arrangement used to demonstrate first order

image differentiation.
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Figure 7.18.

(a) Image of a rectangle after phase conjugation.

(b) Image of Fig. 7.18(a) after first order differentiation.
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Figure 7.18. (Continued)

(c) Image of a square after phase conjugation.

(d) Image of Fig. 7.18(c) after d/dx + d/dy operation.
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Figure 7.19. Experimental arrangement used to demonstrate second

order image differentiatiom.

Figure 7.20. Image of Fig. 7.18(a) after second order differentiation.
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perform the image additions in the correct proportions. The
many shifted images required for higher order derivatives may
cause difficulties in focusing all the images into a single
crystal. In that case two or more crystals phase locked
through spontaneous oscillations(26) .ou1d be used to handle
the many images. Efforts are also under way to couple the
multiple images into the crystal using a single optical
fiber.

Using methods similar to those used for image dif-
ferentiation a device can be constructed whose output
amplitude is proportional to VZI(X,Y), where I='T(x,y)|2. A
beam is expanded and split into two beams. One of the beams
will read T(x,y). The other beam will be split into four
beams of equal intensity using 50% beam splitters. These
beams will then read images of T(x,y) shifted by #*Ax or #Ay.
These beams will then recombine at the first beam splitter

g . 2
giving an output proportional to v I(x,y).



7.5

156

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

M.

M.

J.

G.

B.

Cronin-Golomb, B. Fisher, J. O. White, and A. Yariv,
Appl. Phys. Lett. 41, 689 (1982).

Cronin-Golomb, B. Fischer, J. O. White, and A. Yariv,
Appl. Phys. Lett. 42, 919 (1983).

Feinberg, Opt. Lett. 7, 486 (1982).

A. Rakuljic, K. Sayano, A. Yariv, and R. R.
Neurgaonkar, App. Phys. Lett. 50, 10 (1987).

Fischer, M. Cronin-Golumb, J. O. White, and A. Yariv,
Appl. Phys. Lett. 41, 141 (1982).:

Optical Phase Conjugation, (Ed. R. A. Fisher, Academic

Js

M.

Press, New York, 1983).

Cronin-Golumb, B. Fischer, J. O. White,and A. yariv,
IEEE Journ. Quant. Electron. QE-20, 12 (1984).

M. Pepper and A. Yariv, Opt. Lett. 5, 59 (1980).

O. White, M. Cronin-Golumb, B. Fischer, and A. Yariv,
Appl. Phys. Lett. 40, 450 (1982).

R. MacDonald and J. Feinberg, J. Opt. Soc. Am. 73, 548
(1983).

Feinberg, Opt. Lett. 8, 480 (1983).

Cronin-Golumb and A. Yariv, Technical Digest, Optical
Society of America Annual Meeting, Seattle, WA, 1986,
paper MM1.

B. Klein, G. J. Dunning, G. C. Valley, R. C. Lind, and
T. R. O'Meara, Technical Digest, Conference on Lasers
and Electro-optics, Washington D.C., 1985, paper PDS5.

K. Kwong, M. Cronin-Golomb, and A. Yariv, Appl. Phys.
Lett. 45, 1016 (1984).

K. Kwong and A. Yariv, Opt. Lett. 11, 377 (1986).

Cronin-Golumb, B. Fischer, J. Nilsen, J. O. White, and
A. Yariv, Appl. Phys. Lett. 37, 5 (1980).

0. White and A. Yariv, Appl. Phys. Lett. 37, 5 (1980).

Feinberg, Opt. Lett. 5, 330 (1980).



19.

20.
21.
22.

23.

24.

25.

26.

In

157

P. Huignard, J. P. Herriau, and F. Micheron, Appl.
Phys. Lett. 26, 256 (1975).

H. Ja, Opt. Commun. 42, 377 (1982).
H. Ja, Appl. Phys. B, 36, 21 (1985).
H. Ja, Opt. Commun. 44, 24 (1982).

Ochoa, L. Hesselink, and J. W. Goodman, Appl. Opt. 24,
1826 (1985).

K. Kwong, G. A. Rakuljic, and A. Yariv, Appl. Phys.
Lett. 48, 201 (1986).

K. Kwong, G. A. Rakuljic, V. Leyva, and A. Yariv,
Proc. SPIE 613, 36 (1986). 7

M. D. Ewbank, .P. Yeh, M. Khoshnevisan, and J.
Feinberg, Opt. Lett. 10, 282 (1985), another method
for obtaining phase locking between the two phase
conjugate beams is described in which a self-induced
oscillation locks the relative phase between the two
phase conjugate beams.



