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Competitive Dynamics and Self-Organization in Photorefractive

Systems

A Final Report

ONR Grant N00014-91-J-1212

I. Overview

Research for the period June 1992 to J,,e IQQ3 ha., encompas,-ed sz.cl.a topics in C01j3CtitiCM
dynamics and self organization in photorefractive systems:

1) Stability analysis of photorefractive circuits.

2) Spatio-temporal dynamics in a photorefractive ring oscillator.

3) Transverse instability of counterpropagating beams in photorefractive media.

A short synopsis of results in each of these areas is included in the rest of this section. while
additional details are given separately for each topic in the following sections.

It was demonstrated over the past several years that photorefractive ring resonators and circuits of
coupled photorefractive resonators are suitable for implementing a wide variety of competitive and
cooperative dynamics [ 1-7] including specifically, the bistable ring resonator with gain and loss
[1,2], "winner-takes-all" and "voting paradox dynamics" [3], a photorefractive flip-flop [4]. a
ring-resonator with history dependent feedback [51, and self-organizing feature extractors that
operate on frequency or time multiplexed spatial patterns [6,7]. These systems were demonstrated
experimentally before a full theoretical analysis was completed. We have now completed stability
analyses of the flip-flop [4], and the self-organizing feature extractor [6,7] that confirm the
experimental observations. A detailed analysis of the flip-flop [27] clarifies the role of the time
constants in the gain and loss media on the system stability. Analysis of a simplified model of the
feature extractor [8] shows that the desired stationary state corresponding to extraction of the input
patterns is stable, and all other stationary states are unstable. In the case of the feature extractor
numerical analysis has been used to study the time dependence of the transition to a self-organized
state, and the role of noise induced symmetry breaking in this system.

In order to study more complex self-organizing systems than the feature extractor we have moved
to an investigation of a single, transversely continuous ring re,,onator [9]. This resonator allows
for the self-organized formation of transversely continuous spatial patterns, whereas in the coupled
ring resonators the complexity of the self-organized pattern is limited by the number of coupled
rings. Wc choose to work with an imaging resonator that admits an arbitrarv transverse mode a', an
eigenmode. In this situation, where the passive optics play only a minor role in determining the



mode structure the impact of the nonlinear elements comes to the forefront. Our initial
experimental results demonstrated how photorefractive gain and loss, placed in Fourier conjugate
resonator planes. induce the continuum of transverse modes to collapse into a single localized
mode of near Gaussian form. Since the imaging ring has no optical axis the location of tile
localized mode is arbitrary, and is seen to form at any point in the transverse plane of the resonator.
In fact, due to imperfect alignment of the resonator, the localized mode, or spot, is not stationar%.
but rather drifts in the transverse plane [10]. This phenomena appears to be unique in the field of
nonlinear optics. Analytical and numerical studies of the resonator show that the rate of spot
motion is directly dependent on the amount of cavity misalignment.

Part of the motivation for studying nonlinear dynamics in photorefractive systems is the possibilit%
of implementing neuromorphic information processing systems. In this context the localized
excitation in the photorefractive ring resonator represents the response of the information
processing system to an input pattern (the resonator pump beam), We have investigated the
response of an ideaiized resonator with no cavity misalignment to time multiplexed input patterns.
We find from numerical simulations that input patterns with a large degree of similarity lead to
resonator excitations lying close together. while dissimilar input patterns lead to resonator
excitations spaced far apart. It appears therefore possible to use this resonator concept to implement
a class of neural network algorithms due to Kohonen, known as topology preserving mappings
[11].

While the motion of the localized excitation is interesting in it., own right as an example of novel
dynamical behavior, it is undesirable for implementing e.g. a topology preserving mapping that
should result in a stationary output when presented with a statistically stationary input. We have
therefore investigated various ways in which additional nonlinearities may be used to inhibit the
motion, while still allowing the mode to form at an arbitrary position. Most of this work has been
performed numerically using a 3-D simulation piogram that allows a wide variety of resonator
configurations to be investigated. In early June 1993 we succeeded in finding a configuration.
requiring one additional photorefractive crystal. that stabilizes the spot motion on the computer.
despite cavity misalignments. Work is now under way to demonstrate this experimentall y.

In addition to the work on photorefractive ring resonators we have studied a more traditional topic
in nonlinear optics: the transverse modulational instability of counterpropagating waves. The
modulational instability is well known in nonlinear optics, dating back to some Soviet work from
the late 1970's [12]. The nonlinear stage of the instability results in the formation of transverse
patterns, including rings, squares and hexagons, and has been observed experimentally in atomic
vapors [13-15]. liquid crystals [16,17]. and quite recently in photorefractive media [18]. The
intrinsically slow dynamics of photorefractive media which simplifies time resolved measurements,.
and their low thresholds, which make the strongly nonlinear stage of the instability accessible. ..
render them well suited to further experimental investigation of these phenomena. The likelihood
that photorcfractive media will come to contribute to better understanding of the nonlinear aspects
of pattern formation in this system motivates the theoretical analysis of the instability threshold that
we have undertaken as a first step towards analyzing the nonlinear stage of the instability.

The analysis is complicated in photorefractive media by the fact that the coupling constant is in -/
gcntidl aUinplX, whereas it is purely real in the instantaneous Kerr media that have been the ".7 Code
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subject of previous theoretical work. A paper describing the instability threshold condition due to
the formation of transmission gratings in photorefractive media has been accepted for publication
[191. A second theoretical contribution in this area that considers the reflection grating case which
was experimentally realized [181, is nearing completion [20].

II. Stability analysis of photorefractive circuits

The analytical tools necessary for detailed analysis of the stability of photorefractive circuits based
on two-beam coupling can be found as an extension of the methods that were previously developed
for treating a number of four-wave mixing configurations in photorefractive media [281. The
conceptual basis of the method is quite straightforward: perform a linear stability analysis about all
possible stationary solutions of the circuit under consideration, in order to isolate the stable
solutions. The mechanics of carrying this program out becomes involved as the complexity of the
circuits increases. The analysis is lengthy because the steady state solutions almost always involve
nonlinear variations of the optical fields and photorefractive index gratings. Thus the linear
perturbation analysis must be performed about a nonlinear steady state.

The simplest configuration we wish to analyze is the dynamics of two beam coupling, which is,
described by the equations

ds dp *

dX dx
(r•+1jJg= s" (11

21T

where s and p are the amplitudes of the signal and pumping beams respectively, R is the amplitude
of the grating, F is the coupling constant, T - I -' is the characteristic time constant of the medium
and IT = ISI2 + ]p12 is the sum of intensities of the interacting beams. The well known steady state
solutions of Eqs.(1I. 1) for real coupling may be written in the form

.1,= .S!2 M. Ip12,,, = Ipol M exp(-F),
_ l+r (lI.2)

r + exp(-F)'

where r =isOIp,/ 1 is the input beam intensity ratio. Equations (11.2) allow for any sign of F
Below we will use the notation F = FT, M - G for F > 0 (when the signal beam experiences
gain) and F -FL, M L for F <. 0 twhen it expeliences loss).
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Arbitrary complex perturbations about the steady state solution can be separated into purelx real
and purely imaginary contributions and their evolution can be described independently. BeloA % c
restrict ourselves to consideration of purely real perturbations. since they turn out to be more
important oto the analysis of the circuits considered here. The time dependent amplitude, arc
therefore written in the form

S(x.- s= .%0•() + Re(s.c•) e xp(ft')).

p(x.t)= p&(x)+ Re(Sp(.v)exp(ft)).

where f is a complex frequency.

Linearizing Eqs.(I1. 1) with respect to 5s and Sp around the stationary solution (I.2) and solving
the resulting equations results in a transmission matrix, that describes propagation of perturbations
through a medium by coupling their input and output amplitudes

5 ,(11.a4,

where the 2 x 2 transmission matrix elements are given by the relations:

2J A, l+rfJII5

A(ý epl/2)v 1 -/2)~~

xp r' expfr'/2) + +~ 'J' (11.5)

2) _ exp(F/2) F ( 1
"Tp2 [ML1rexp F/2+- I (InM-F/2)I+

A = 1 + rexp(F).
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tigure II. 1 The photorefractive flip-flop

There is also a matrix !"' describing the propagation of perturbations when a pump beam interacts,
with two spatially uncorrelated signal fields.

With the help of these matrices the stability of very general photorefractive circuits may be
analyzed. The details turn out to be lengthy and only a summary of the physical implications is
given below.

The photorefractive flip-flop is shown in Fig. 11.1 [4]. Conditions for existence of spatial
bistability based on steady state considerations were given in [4], This analysis also shows the
effect of varying the crystal time constants. The flip-flop has six steady states: both rings off. one
ring on and the other ring off, both rings on equally and both rings on with unequal intensities. It
turns out that all the stationary states, including the flip-flop state, are unstable when r, >> r,
So it is necessary to have a fast loss crystal, for the flip-flop to be stable. The same type of
constraint applies in e.g., the bistable ring resonator [ 1,21 where the off state is unstable when the
loss mechanism is too slow.

A slightly different configuration where the two rings share a common gain volume has also been
analyzed. The shared volume leads to additional competition between the rings and the flip-flop
state is now stable, while all other states are unstable, when r, >> r(. The experimental realization
of the flip-flop [4] resulted in partial sharing of the gain volume between the rings, and had
"TI > rG;.

A simplified model of the self-organizing feature extractor based on two coupled single-mode
photorefractive ring oscillators is shown in Fig. 11.2. The device that was experimentally
demonstrated was based on two coupled multi-mode resonators. each containing an additional
photorefractive crystal that ensured that the multi-mode ring behaved as though it were a sing!e
mode ring. In order to make the problem analytically tractable each multi-mode ring with its extra
photorefractive crystal il; :-,odeled as an empty single mode ring. The set of equations

IX. ¾" d-' l
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+ (I1.6)

211.4
I +

captures the essential dynamics of this system. In (11.6) s,, is the field amplitude of

Energyp
Trransfer

SPhotore:fractii v
I n p u t C r , ..i , ,l

Signals

Output Output
Signal Signal

Figure 11.2 Simplified model of a photorefractive feature extractor consisting of two single-mode
resonators with shared gain volume.

signal k in ring i, Pjk is the field amplitude of the input pump beam in spatial mode j and temporal
mode k, g,, is the refractive index grating coupling ring i to pump !patial mode k. r is the
photorefractive time constant and I. is the total optical intensity.

These equations are supplemented by the boundary conditions

Sl(Z=Ot) = Po, P22(z= 0,1)= Po22 P12(z= Ot) = P2 (z =Ot) = 0

s 1(0,st)= e-1s(l,t), s,2(O,t)=eC 12s(1,t), g,(Z,0) = 0. (11.7)

Here e- 1 2 is the reflectivity of ring i and the photorefractive medium has length 1.

We wish to examine the stability of the stationary states of this system when it is driven by two
spatio-temporally distinct signals with similar input intensities. There are four cases to consider: I )
there is no oscillation, 2) one of the input signals oscillates in one ring, 3) one input signal
oscillates in both rings, and 4) one input signal oscillates in one ring and the other input signal
oscillates in the other ring. The possibility of two input signals oscillating in a single ring need not
be considered since analysis of a single ring resonator pumped by two input signals shows that the
only stationary state corresponds to the stronger input signal oscillating, with the weaker input
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signal completely suppressed. (In the degenerate case where the two inputs have the same inten.Itv
a linear combination of both signals may oscillate.)

The details of the linear stability analysis are rather lengthy [8]. It is found that the only stable
solution is the desired state where one signal oscillates in one ring, and the other signal oscillates in
the other ring. This is a stable state, provided the overall gain puts the circuit above threshold, as
long as the larger input signal picks the ring with lower losses. Otherwise the signals simply
switch rings. The degenerate case where the input signals have equal intensity [29]. and the two
rings have equal losses is somewhat arbitrary since there is a family of stable solutions described
by si -/s, = -s,_ ,s.' = const. Numerical studies of the full time dependent set of equations verify
that when random noise is added to the input signals the resulting values of c are uniformly
distributed.

III. Spatio-temporal dynamics in photorefractive ring oscillators

The self-imaging ring resonator is a highly degenerate device. Since any transverse electric field
profile. neglecting diffraction, is imaged onto itself after one round trip the eigenmodes of the
empty cavity form a continuous set. in this situation, where the passive optics play only a minor
role in determining the mode structure, the impact of the nonlinear elements comes to the forefront.
The self-imaging ring is therefore an interesting test bed, both for studying the effects of
nonlinearity, and for learning how to use nonlinearity to control the spatio-temporal behavior in the
resonator.

The single transverse mode ring resonator with photorefractive gain and loss has been shown to
exhibit bistability and self-pulsing [ 1,2]. The interesting dynamical behavior in
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Fig. 111. 1 Imaging ring resonator with photorefractive gain and loss. All lenses are f= 100 mm with
a spacing of 2f. The gain and loss pumps are from a cw Argon laser, X,=514 nm.

this system is due to the competitive interaction of the gain and the loss. On the other hand, in the
imaging resonator with a continuum of transverse modes, (see Fig. III. 1) the interaction of the gain
and the loss assumes a cooperative character in the following sense. Consider first what happens
when only the gain pump is turned on. If the gain pump has a Gaussian profile then the oscillating
mode will also assume a Gaussian profile, in the gain crystal, in order to maximize its overlap with
the gain pump. However, the phase of the oscillating mode is unconstrained since it has no effect
on the energy transfer efficiency in the gain medium. The Fourier transform of a field with
Gaussian intensity profile but random phase is a rather random looking pattern. Now turn on the
loss pump that interacts with this random pattern. When the random pattern contracts to a localized
mode it maximizes its peak intensity and saturates the loss mechanism. There is a limit to how far
the mode will contract, since if it becomes too small its Fourier transform will become too big and
no longer be optimally matched to the gain pump in the conjugate plane. Thus, if the gain pump is
a Gaussian with spot size w<, where wr = ./,V,4fr is the confocal mode size of the passive cavity.
and the loss pump is somewhat larger and transversely uniform then the gain and the loss
interactions will



Fig. 111.2. Collapse of ttw transvers~e mode structure. The first framle show\s the nmi dc prlo it
ilimmediate ly befo(re the loss pumpI Is turned onl. The following frames are scparatcd !)%19
With thle igain plane onl the left and the loss plane onl thle right.

coope1rate spatial ly to front an oscillating mode witth Gaussian spot ,ti/ W bu . arbitrar\1- 10c at i
in thei plane of Ithc loss I nteraction -An expert imentalI recordin II12Of thI S effect II. hOnII In I F111.2I --

Hovwe\er, once thle mode profile has collapsed it begins to wanlder about "". thle irail%\ er- pl~aie
1 10]. An example of this motion is shown in Fiug. 111.3. [)epending, on thle detail, of the cavt%

alignmniit, and the ganadloss pump intensities, thle spot either drifts to thle eduec of the avai lLIbc
aper~ture and disappears beforc reappearing aigain in its original position, or else It C\CcLIte', J
Cyclic mlotion whn ihl the aperture. In thle latter ease the spot does riot move in a c used
circle but i ather appears. move,, a short dilstan~c, and then 'isappears. before repeating it- m~otion
It takes a tew seconds tforI thle Spot to execute a single traverse across thle aperture. Thle spot v'Ill
txpicallv choose a new. drift path after abou~t 10 cycles along any givecn path- The \x ander-iiw
motion, alternating, betweeni paths that are each repeated a few times, con"tHinues indefntly1c.\. The
spot mol(tion appears to be determined by, the cavity algignment since small ad just (venstomco

the resonator mirrors change thle spot traJectory noticeably.



111c. I3, Ixperi me ntal observationl of' spot motion. The framres wecre rec.orded at 'I . rld
MI 01on '. f lapSed time. starting, at the upper left and ending at the lo'.ý er right.

Thle Pot mot ion haN, hecn NI mu! ated by numerCIical Calcu lat o101o' thle re~onatOr dvna JMk- ic I 1
11w Optical fiel I and thle Pilotore fracti\'e zrating-s are dliscreti/ed Onl a Square LutCe . ea TInef

CrO-N1inU of thle pum1lp anld '.ignal beams, inl the gain or- loss mr\stall. but retain the am al dojc pndence',
of' the 1'ie d and grat in- esin cacti cry'stal. Thus there Is no nonllOCal coup~lt1i n withtin the cr\ si dl'
The trans,\ er~c coupimL M i.\\hch lead,, to mode col lapse an se,, I mm placing thle cr\ stal, in, spatilil I.
conlU -aI ate planes. It' theC caVitV i, assumed to be perfect ly at ined thle spot I orniw In t loc:at1
dererni i ned h\ thle max imUml 01* the init ial seeding. and 1, stat iotar\ MNh al i cnment of' the ca\ ot

mlodeledi h\ c tttOIi ng a phase, wedgeL ill the cayimt +6( M.v) x i \ Pv. hre . arc
thle transx\ erse1 cnOWdjinatcs, and (3. .6b charactcmeriie th 1sopcof'thexwcdec. Plac inc the xv cdcc next
to thle Lcai1 ii c R sal resultEN ill a contin1uous motion of thle spot parallel to tlie L'e ~ I'adlen!

V (1 61 An) Otanal al stud\ of' the ,ptnot ion 121II for the caie of- one tran \ er'~c
di1Mension1 preCdictN that for Ninfa! cavity misalignment thle dri ft rate is
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Figure 111.4 Rate of spot motion vs. cavity misalignment as calculated by direct numerical
simulation. For small 3 t. e rate depends linearly on 5. The actual rate agrees with Eq.(IIl. 1) to
within about 30%, depending, -in the values of the resonator parameters.

dx = f

dt- k

where x is the position of the spot in the loss plane, r is the time constant of the gain medium. I
is the maximum pump beam intensity and I,, is the maximum oscillating intensity at the entrance
to the gain medium. In deriving Eq. (III. 1) the time constant of the loss crystal has been put to
zero. In the actual experiment the time constant of the loss crystal was approximately 20 times
shorter than that of the gain crystal, so this is a reasonable approximation. Comparison of Eq.
(111 1) with the drift rate found from direct numerical simulations is shown in Fig. 111.4. The drift
rate is indeed linearly proportional to 3 for small 6. it is surprising how small 8 must be before a
linear dependence of drift rate on cavity misalignment is obtained. This indicates that a higher
order theory, which allows for a nonlinear dependence on 3 may be necessary to get good
agreement between the analytical and numerical descriptions.

It appears clear from the analytical and numerical studies that the motion of the localized mode is a
direct consequence of cavity misalignment. Even if the misalignment is made very small the spot
will continue to move, albeit slowly. In order to use this type of resonator for implementation of a
neuromorphic optical processor we wish to eliminate the spot motion. We have very recently found
a configuration involving a resonator with three photorefractive crystals that eliminates the spot
motion in our computer simulations. On going work will concentrate on experimental vtri',cation
and analytical study o "this new configuration.
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IV. Transverse instability of counterpropagating beanms

Transverse modulational instability of two counterpropagating beam, in nonlinear optical nicdfi,
has been observed in atomic vapors [13-151. liquid crystals 116.171. and quite rccentl\ in
photorefractive crystals 1181. The instability manilests itself in the far field by the appearalce 0t
conical rings. pairs of spits or a hexagonal array of spots about the counterpropagating hcani,.
The corresponding intensity modulation in the near field has the characteristic spatial .,_aic

/ ,_r/ k/,,, . where 6 is the small angle between the generated satellite beams and the primar\

beams. The angle 0 at which the threshold of the absolute instabilit\ is a minimum ma\ be toLund

for all of the above materials bv a linearized analysis of the equations of motion 112.19.20.22-201.
On the other hand. the nature of the nonlinear stage of the instability, the details of the resulting
patterns, and their spatial and temporal stability appear to vary widelv among different material,. In
atomic vapors, cones. pairs of spots and hexagons may all be observed depending on the
frequency and intensity of the primary beams. In liquid crystals the instability leads to a ,stable
hexagonal pattern. whereas the recent observations in photorefractive media indicate a somne\ h1,1
different behavior. Here the hexagonal pattern is well defined, but temporally and ,patiall\
unstable. such that it appears as a cone in a time averaged recording. The cones observed in atomic
vapors may also be due to unstable hexagons although no time resolved data is presenti. availahle.
There is some reason to expect this since, as was shown in [151. the cone may be collapsed into a
hexagon b\ injection of a weak beam at 0.6

Although the general nature of the instability in photorefractive media is similar to the \kcll knov. n
Kerr nonlinearity case. the details of the instability threshold conditions diffcr. This is due to
several differences between the photoreft :tive and Kerr-type nonlinearities. In Kerr-type media
the nonlinear part of the refractive index i is not <or is only weakly) dependent on the an.le &

between the interacting waves (see Fir. IV. I ) or, equivalently, on the w\avevector k = of.. tlhe

grating written by the pumping waves with their sidebands ( F, with F., and B,, wNith B., ý and so
the characteristic angle 6 is the result of interplay between the Kerr nonlinearity and diffraction.

The nonlinear coupling coefficient (analog of n, ) in photorefractive media is strongly dependent on

the value of k and so material properties of the crystal must come into play. imposing their owkkn
characteristic spatial scales. Furthermore. the Kerr nonlinearity corresponds to a

12
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Figure IV. I. Transverse instability of counterpropagating beams. a) Geometry of the optical
interaction: (F..Bo) are the incident pump beams while (F.1,B.j) are spontaneously generated
satellites b) transmission gratings couple the beam pairs {(F(.F.}.(B,.B, )}. and
{(F, Fj,.( B,,B.j )and ) reflection gratings couple the bearn pairs ( F,..BI,). (EB).F.B.,)}.
and {(F.BB,).(F,.B,)}.

nonlinear change of phase (n, is purely real) whereas the photorefractive nonlinearity is in general
complex corresponding to both amplitude and phase changes. The magnitude of the real part of the
coupling coefficient can be enhanced by applying an external electric field to the photorefractivc
crystal, but in general it is impossible to completely eliminate the imaginary part. Also the
dependence of the real and imaginary parts on the value of k is different. In addition
photorefractive media are characterized by strong amplified incoherent scattering (fanning i \hich
leads to a dependence of the amplitudes of the primary beams on the axial coordinate, even in the
linear stage of the instability.

The details of the analysis in photorefractive media depend on whether the instability is due to the
formation of transmission or reflection gratings. The interacting waves are written in the form

F(r.L,.t) = F,(Z)[l + F.+ exp(ik. F, - iMt)+ F exp(-ik_ + +iA't)exp(ik,:, - .(001 (IV.i)
B(T ,,z,t) = B,,(z)[! + B, exp(ik- r- - iMot + B• exp(-ik-I.;, + iKY"tJexp(-ik,-, - iw,,t)

which leads to the equations of motion

13



(d/oi+ik )F=i-- [F.,+F',+q(B-+B',"- l+q ... 
. .

(d/d-..- ik,,)F', =-il-Y [F., + F,+q(B , +B',)]

Il .2)
(d/d-- k,j)B+, -1 •--- L[ F, + F', + ,<B, + B'1, 11

l+q

(d/ c+ ik)B,=i ' +--[F, +rF+q(B_+B 1 ,)]
- +q

for transmission gratings and

dF, q F,
aB°=-iy +-L-B, qI.
dB0  B1
07- l+q

(dl/,+ + ,)F+,,=i qj[r-). r.+' ]
l+q

l+q

(did: + =k•: i • [ + q -

for reflection gratings. In Eqs. (IV.2) q(z) =BO(.z)iF((z)[2. k,= k 12k(,, and yIs .• is the
materijal and frequency shift dependent complex coupling coefficient. In (IV,3) y = y(2
and y/1 + .

The dispersion relationship governing the instability threshold is found by solving Eqs. lV.2.
IV.3) with the boundary conditions Fi,(z = 0) = F, (0) = 0. B,,(z = I) = B ,(1) = 0. In the case of
transmission gratings Eqs.(IV.2) may be solved in closed form for arbitrary axial variation of
q(z) We find that the dispersion relation is given by
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(I - Aj)(I - A,) - AA4 :0,

(.l isId __q(z) sin(kd-7)

A, = (2k,/s)fdzI+ q(z~) s sinh[s((: - 1)].

A, = (22 ?&d/s)d-. sinjka -I)] sinh(sz).,0 1+ q(z sin(k,,1)

A, = (2A-,Is)!dz q(z) sin[k,,(-/)] sinh[(c. - i].fo I + q(z) sin(kl) )IV

S1 sin(k,tz)
A4 = (2 1 /j dz + n(k1z sinh( sz).I +qz sin(k,,)

s=kd (2y-kkJ]"

For q = const. Eqs. (IV.4) reduces to

(q + q-) + [(s/k,)' - (s/k )]2.in(kj,)sinh(sl) + 2 cos(kl)cosh(s/) =0. (IV.5)

if we impose the restriction of purely real y" and Q = 0 this equation corresponds to the known
results for Kerr media [12.22-261.

Several of the lowest branches found from numerical solution of Eq. (IV.5) are shown in Fig.
IV.2. Taking q = const. is usually not a good approximation in photorefractive media due to the
influence of passive absorption. and beam fanning. The amount of beam fanning may be reduced
by working with narrow beams, although in the transmission grating geometry the beam diameter
cannot be made too small due to the requirement of having at least a few modulation fringes acro,,,,
the main beams. Numerical solution of Eqs. (IV.4) with q(z) = q(O)e2(r,. where a,, = 9cm
accounts for passive absorption and fanning as measured with mm sized beams in a piece of
BaTiO 3 , shows that the
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Fig. IV.2. Dispersion curves for q(z)=const.: a) focusing branch with Re(y)>0 and bi
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necessary coupling constant for observation of instabilities is increased by about a factor of 5.

The recent experimental observation of the modulational instability in photorefractive media[ 18]
used a reflection grating geometry. This is advantageous since it is then possible to use very
narrow beams, which reduces fanning losses. Eqs. (IV.3) describing the reflection grating case are
more complex than those describing transmission gratings and general solutions for q= q(-) arc
not available. However, by choosing the boundary conditions such that IF,,(1) = -B,)(1) results in
q = throughout the photorefractive medium since Eqs. (IV.3) have the first integral
IF,( -IB,(1) 2 -=const. for any value of y. Putting q= 1 in Eqs. (IV.3) results in the
dispersion relationship

cosh( -YI + co+S)cos(a)+
2 + lyf(IV.6)

k, + L' (l - + i+sinVs/)sin(sl) = 0. (V6

where st)2=(k, + y1/2) -jIy,/4 and s2 =. + -- Il/ This equation is different
from those derived previously for Kerr media since it includes the redistribution of energy between

the counterpropagating pump beams due to the formation of reflection gratings, Numerical
evaluation of the threshold condition predicted by this equation is in progress [20].
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