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Spatial and temporal dynamics arising in a photorefractive crystal(BaTiO3z) during the process
of double phase conjugation was studied experimentally. We studied the dynamical effects caused by
the buildup of the diffraction grating and turn on of phase conjugated beams, as well as the spatial
effects caused by the finite transverse coupling of heams and the propagation direction of beams. We
observed conical emission in DPCM. We believe that various temporal and spatial instabilities are
due to movement of the nonlinear grating. For a real beam coupling and constructive interaction of
interference fringes in the crystal, we observed steady, periodic, irregular temporal behavior. And,
by the calculation of the correlation index, we found that the spatial correlation decreased as the

transverse interaction region was increased.

I. INTRODUCTION

Optical phase conjugation in photorefractive crys-
tals still attracts great attention because of its numer-
ous potential applications in optical signal processing,
wave front correction, optical communication and op-
tical neural networks application. There has recently
been great interest in determining the conditions under
which nonlinear optical systems may become unstable
since the instability can be a limiting factor of the per-
formance and applications of such devices. Intensive
studies of the properties of Phase Conjugation Mirrors
(PCM) have shown that temporal irregular fluctua-
tions in the phase conjugated output intensity depends
on the input intensity and especially on the internal
interaction geometry. Also, a nonlinear system with a
region of instabilities and possible transition to chaos
presents an interesting subject in the field of nonlinear
optics. There are various geometric configurations for
PCM [1-3]. Among them, the Double Phase Conju-
gation Mirror (DPCM) [4-8] is a popular wave mixing
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geometry for phase conjugation of mutually incoherent
light beams in photorefractive media. In this geometry
two mutually incoherent light beams which are incident
upon opposite faces of a photorefractive crystal, can
produce two phase conjugated beams. The DPCM was
first suggested and demonstrated by Cronin-Golomb
et al. [4]. In this process, as the interaction region of
the two input beams increases, the PC beam becomes
unstable temporally and spatially. D. J. Gauthier [9]
suggested a model to explain the temporal and spatial
instability when the beams interact in a single crys-
tal. But the instability of PC in a single crystal is not
clearly understood yet. And in our experiment, we ob-
served conical emission in DPCM occasionally. The
conical emmision has the extraordinary polarization
and there are many spatial patterns in the conical emis-
sion. The spatial pattern in conical emission becomes
complex(spatial chaos) as the interaction region of the
two entrance beams is increased. Some people do not
regard the conical emission as a pure phase conjugation
beam [10]. But through our experiment, we think that
this state is in the transient process of spatio-temporal
chaos since the expanded beam shows the composite of
many complex patterns and the dynamics of it has the
route to chaos. So in this paper we investigated the
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temporal instability and spatial instability in a Double
Phase Conjugation Process as a function of interaction
region. We have varied the launching beam location,
and incident angle to change the interaction region and
varied Fresnel number to change the transverse inter-
action region. Also we studied the route to spatial
instability by spatial coherence index.

II. THEORY

Figure 1 shows a DPCM. Pump beams, A, and A4
enter the crystal in opposite directions and the phase
conjugated beams are generated. A; is the PC of the
As and As is the PC of the A4. To represent the
DPCM process we introduce a four wave mixing(4WM)
process in the paraxial approximation and the crystal
thickness d and the beam spot size. And we can write
the dimensionless equation(Eq. 1) {10].

8. A1 + BK - VAL +i¢VEA; = QAs,

8, A2 + BK - V1A —i¢gVE Ay = QAs, (1)
8, A3 — BK - VA3 —i¢pViA3 = —QAs,

0, As — BK -V Ag +igVE Ay = —QA,,

where A; and Q denote the amplitudes of beams and
that of the transmission grating, respectively, 3 is the
relative transverse displacement(caused by the nonco-
linear propagation of the four beams), K is the wave
vector(K14 = ky — kg or K3y = ks — k3) and ¢ is the
controlling parameter for the diffraction in the crystal.
In scaled coordinates 3 = 6/ V28, where 0 is the small
half angle between the incident beams, § = (wo/d) is
the beam’s angular spread and ¢(= 1/47F) is related
to the Fresnel number F = wl/Ad. K - Vr is the di-
rectional derivative in the transverse(z,y) plane along
the grating wave vector K.

Normally 6, 6, and ¢ are small, so that the mixed
derivative correction to the transverse Laplacian can
be neglected. However, the convective term 0, A; can-
not be neglected because the quantity 6/6(= 3) need
not be small. From Eq. 1, we can see that the PC
beams depend on the amplitude, the ratio of the en-
trance beams, the beam spot size and the angle of the
entrance beam. The PC beam can be generated if the
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FIG. 1. Double Phase Conjugation Mirror.

condition K14 = K3, is satisfied from Eq. 1. If the
entrance beam is plane wave, the possible PC beams
satisfying the condition K4 = K3, can be infinite.
That is, the solutions form the cylindrically symmetric
vector having the center at the axis in the direction
of kg — ko. Therefore when the gain of conic scatter-
ing is similar to that of the conjugated beam for the
plane wave, a circular beam is observed in the process
of MPPC(mutually pumped phase conjugation). But
if the A; have the spatial distribution, not plane wave,
there is the relation between A; and wave vector k,
ie.,

V2A-2i(k-V)A=0. (2)

If the entrance beam is not plane wave, the PC beam
satisfying Eq. 2 and K4 = K32 is unique. Therefore
the spatial distribution of the entrance beam is impor-
tant to the fidelity of the PC beam [12] and the tem-
poral evaluation of ) is approximated by a relaxation

equation of the form,

aQ ED+Eq +7,E0 _ ¥ - _
T8 T By By i, C = At Ads), ()
E,+Ep Ep+iE

Ep EM+ED+’L'EQ’

Y=

(4)

where 7 is the response time of the grating for-
mation, Iy is the total intensity, v is the coupling
strength[(coupling constant) x (crystal thickness)],
Ep, E,, Ep are the characteristic electric fields of the
photorefractive crystal and Ejy is the external electric
field. In the case that Ejy is zero, the phase difference
between the interference pattern(A4; A4 + 42 43) and Q
is m/2. If Eq is not zero, the coupling constant be-
comes complex and the phase difference is no longer
7 /2 and the interference pattern in the crystal moves.
This process generates the spatio-temporal instability
of the PC beam.

III. EXPERIMENTAL SETUP

The experimental setup is shown in Fig. 2. The di-
mension of the BaTiO3 crystal was 5.0 mm x 4.6 mm
x 4.15 mm and it had been electrically poled into a sin-
gle ferroelectric domain. The input beam source was a
5 W Art laser operated at 514.5 nm.

The photodiodes were used for the temporal behav-
ior and the spatial correlation of the PC beams. Also
a CCD camera was used for the spatial pattern con-
figuration of the PC beam. The entrance beam spot
size incident on the crystal was fixed to be 0.8 mm.
Fig. 3 shows the configuration of entrance beam and
crystal. The laser beam entered from opposite sides
and the angle between the entrance beams and c-axis
of the crystal are a and 3.
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FIG. 2. Scheme of experimental setup.
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FIG. 3. DPCM geometry of entrance beams and crystal.

IV. EXPERIMENTAL RESULT AND
DISCUSSION

First, we measured the temporal behavior of the PC
beam as a function of interaction region of two beams.
We fixed the one entrance beam angle a to 20° and we
changed the angle 3 of the other beam. In this case
we fixed the diameter of the entrance beam. Fig. 4
shows the temporal behavior of the PC beam as § is
changed. When § is larger than 47°, the PC output
intensity is stable. But when [ is smaller than 47°
the output beam intensity becomes temporally unsta-
ble. The temporal behavior of the PC beam intensity
goes from periodic through quasi-periodic and chaotic
states as 0 is decreased. Fig. 5 is the power spectrum
of Fig. 4. In Fig. 5, when the entrance angle is 42°,
there is single frequency. When the entrance angle
is decreased, many frequency components are created
and the spectrum is broadened. This result confirmed
that the temporal signal becomes more complex as the
entrance angle is decreased(that is, the interaction re-
gion is increased). Fig. 6 shows the spatial pattern of
the PC beam when the entrance angle condition is the
same as Fig. 4. Fig. 6(a) shows the pure phase conju-
gated beam. The spatial pattern becomes complex and
spreads out like a bird wing as the entrance angle is de-
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FIG. 4. Temporal Behavior of PC when one entrance an-
gle is fixed(a = 20°) and the other entrance beam angle(g3)
is varied. Iy = I = 1.4 W/cm?.
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FIG. 6. Spatial pattern of PC when one entrance angle
is fixed(a = 20°) and the other entrance beam angle (3) is
varied.

creased. The spatial pattern moves and the temporal
signal is the result of movement of the spatial pattern.
The pattern in Fig. 6(b) moves one way uniformly, and
the temporal signal is periodic. In Fig. 6(¢c), the mo-
tion of the pattern is more complex as the entrance an-
gle is decreased. The movement of the spatial pattern
is due to the DPCM domain drift [12]. In reference
(12], theDPCM domain movement is verified by the
electro-optic method. In our experiment, the excited
nonlinear grating moves uniformly when the interac-
tion region is small. But the motion of the nonlinear
grating becomes irregular as the interaction region is
increased.

Next, we tested the spatial correlation of the PC
beam to check the stability of the spatial pattern
when the transverse interaction region of two beams
is changed. We fixed the entrance angle(a = 20°, 8 =
37°) and the launching location of the two beams and
changed the entrance beam diameter to change the
transverse interaction region. The transverse interac-
tion region is related to the Fresnel number [10]. The
Fresnel number is defined with beam diameter as fol-
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0.2 (g)F=12.1

500 1000 1500
time(s)
FIG. 7. Temporal Behavior of two different points in the
PC beam as a function of Fresnel number. The entrance
angles of two beams are fixed to a = 20° and 3 = 37°.

lows,
F = wjwy/Ad, (5)

where w; and ws are the beam diameters of each en-
trance beam, A is the wavelength and d is the thickness
of the crystal. We checked the spatial correlation of
two different points using temporal signals as a func-
tion of Fresnel number. The experimental result is
shown in Fig. 9.

In Fig. 7 the dotted and solid line signal indicate the
temporal signals of different points in the PC beam.
From Fig. 7 the temporal behavior becomes more com-
plex as the Fresnel number is increased(that is, the
transverse interaction region increased). In the experi-
ment the local intensity fluctuations were measured at
the two points, separated by approximately one half
the diameter of Aperture A,. Fig. 8 is the power spec-
trum of Fig. 7. In this figure, we can see the frequency
of each point is almost the same when the Fresnel num-
ber is small. But as the Fresnel number is increased,
the frequency of each point becomes different. That
is, the temporal signal of each point behaves indepen-
dently. This indicates the spatial correlation is de-
creased as the Fresnel number is increased. We calcu-
late the spatial correlation index [13]. The correlation
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function is defined as follows,

TN [(r1,n) = L)) (r2,n +T) - I(ry)]

C(ry,re, ) = S(r1)S(r2)

where r, and ry are the two locations in the wave front
at which the local intensity fluctuations are measured
in PC beam, n is the running time and I is the time
delay, N is the total time and I and I are the intensity
and the averaged intensity of PC beam.

The spatial correlation index is defined as follows,

K(|r1 = 12|) = Maz C(r1,7r2,7), VI. (N

The experimental result of spatial correlation index
is shown in Fig. 9. The larger K means the higher
temporal and spatial correlation. From Fig. 9, the K
becomes negligible as the Fresnel number is increased
over F.(~ 22.8). This shows that the spatial pattern
of the PC beam becomes unstable as the transverse in-
teraction region is increased over F,. If the interaction
region is more increased, the output beam of the crys-
tal loses its pure PC property and becomes distorted.
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FIG. 8. Power spectrum of temporal signals at different
points in the PC beam as a function of Fresnel number.
The entrance angles of two beams are fixed to a = 20° and
B = 37°.

N
, and S(r;) = 4| >_[I(r;,n) - I(r;)]2, (6)
n=1

( These results are in accordance with Fig. 7 .

These phenomena are observed in conical emission.
Fig. 10 shows the conical beam image. The left beam is
the phase conjugate one and the right is the one pass-
ing through the crystal directly. We think that this
phenomena is the intermediate process for transition
to spatio-temporal chaos. But the spatiotemporal be-
havior in the conical emission beam is not understood

Spatial correlation index K -r,)
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FIG. 9. Spatial correlation index as a function of Fresnel
number.

FIG. 10. The PC wave(left) and conical emission. The
light on the right is the beam passing through the crystal
directly.
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well and such spatio-temporal instabilities are under
currently investigation.

V. CONCLUSION

We have studied experimentally transverse and dy-
namical effects of DPCM with various interaction re-
gions. The temporal behavior and spatial pattern of
the PC beam becomes unstable as the interaction re-
gion is increased. The unstable behavior of the tempo-
ral signal is due to the increment of the unstable grat-
ing as the interaction region is increased. The chaotic
temporal signal is due to the movement of the spa-
tial pattern which is due to the drift of the DPCM
domain. The drift becomes more complex as the inter-
action region is increased. Also we verified the spatial
instability with spatial correlation index as the trans-
verse interaction region is increased. Spatial pattern
instability is also due to the increment of the unstable
grating with increasing transverse interaction region.
But this phenomena in conical emission is not under-
stood well and such spatio-temporal instabilities are
under current investigation.
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