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Abstract. We consider the possibility of restoration and/or enhancement
of decaying holograms in photorefractive media by using a simple optical
readout in conjunction with a phase conjugator. The results indicate that
extremely weak holograms can be enhanced provided that the two-beam
coupling is sufficiently strong. Steady-state photorefractive holograms

can be maintained continuously without decay by using a properly de-
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signed readout scheme. The result also provides an explanation for the
formation of mutually pumped phase conjugation in terms of the ampli-
fication of initial noise gratings.
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1 Introduction

It is well known that volume index gratings and holograms
can be recorded by using optical interferometric techniques
in photorefractive media.! These index gratings and holo-
grams can also be erased by illumination. The dynamic nature
of these index gratings and holograms offers unique capa-
bility in many advanced applications, including real-time im-
age processing, optical phase conjugation, reconfigurable in-
terconnection, optical neural networks, etc. In many of the
applications, several holograms must be recorded sequen-
tially in a photorefractive medium. As a result of the optical
erasure, the amplitudes of the previously recorded holograms
may decay exponentially during the subsequent recording
stages.” There have been proposals for the equalization of
the amplitude of holograms by using a properly designed
exposure schedule and even the sustainment of decaying ho-
lograms by using rerecording schemes.*™” In this paper, we
propose and analyze a new optical method for the enhance-
ment and restoration of decaying holograms in photorefrac-
tive media.

Referring to Fig. 1, consider the readout of a photoinduced
volume index grating or hologram in a photorefractive me-
dium by using a laser beam. A diffracted beam bearing the
image information is produced provided the readout beam is
incident along the Bragg angle. As a result of the photore-
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fractive effect, the diffracted beam and the readout beam will
jointly induce a new index grating or hologram which bears
exactly the same information as the existing one. The pho-
torefractive medium is oriented so that the photoinduced in-
dex grating or hologram produced by the simultaneous pres-
ence of the readout beam and the diffracted beam is in phase
with the existing grating or hologram. In view of the two-
wave mixing,® such an orientation will lead to a gain for the
diffracted beam. In other words, the initially diffracted beam
will be amplified by the readout beam via two-wave mixing
for a short period of time. During the readout process, the
existing hologram is being erased exponentially. On the other
hand, the new hologram formed by the diffracted beam and
the readout beam jointly is growing exponentially. The newly
formed hologram is in phase with the existing one and is thus
reinforcing the amplitude of the grating for a short period of
time. This mechanism itself is responsible for the transient
enhancement of the hologram.® The transient increase in the
amplitude of the hologram manifests itself in an increase in
the diffraction efficiency for a short period of time. Continued
reading of the hologram by a single readout beam for a long
period of time leads eventually to a decay of the hologram.

In what follows, we first analyze the temporal growth and
the spatial variation of the hologram in the bulk of a pho-
torefractive medium. Then we consider an optical method
that utilizes the transient gain of two-wave mixing to restore
a decaying hologram and thus achieve a steady-state en-
hancement of the hologram. For simplicity, we first consider
the case of a single photoinduced volume index grating in a
photorefractive medium.
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Fig. 1 Schematic diagram of a single-beam readout of a photore-
fractive grating.

2 Transient Enhancement of Photorefractive
Gratings

Consider a volume index grating inside a photorefractive
medium with grating wave vector K. A plane wave with
amplitude A is incident on the photorefractive grating along
a direction that exactly satisfies the Bragg condition (see
Fig. 1). As a result of the Bragg scattering, a diffracted plane
wave with amplitude B is generated. The electric field of the
two waves is written as

E=A expli(wt—k,-r)]+ B expli(wf —k,1)] , (1)

where w is the angular frequency, and k, and k, are the wave
vectors, which satisfy the conservation of momentum (Bragg
condition)

K=k, K, . )

The spatiotemporal equations describing the growth and de-
cay of a photoinduced index grating'®'" can be derived from
the wave equation and the Kukhtarev equations.''? In the
following discussion we assume that the photorefractive time
constant is much longer than the time of flight needed for a
light beam to propagate through the thickness of the crystal
(i.e., 7=>L/c, where 7 is the photorefractive time constant,
L is the thickness of the crystal, and ¢ is the speed of light
in vacuum) and that diffusion is the dominant mechanism
for the transportation of charge carriers in the photorefractive
medium. We also assume that the transverse dimension (xy
plane) of the beam is of infinite extent and the slowly-varying-
envelope approximation is valid. Under these assumptions,
the spatiotemporal equations of the two beams in the pho-
torefractive medium can be written approximately'"

0A r

—= ——=GB , 3)
az 2

0B TI'*

—=—G*A , 4
iz 2 )
il 1 AB*

ot T Iy

where I is the photorefractive coupling constant, G is a mea-
sure of the relative amplitude of the photorefractive index
grating, I,=|A|>+|B|?, and 7 is the time constant of the
photorefractive crystal.

The first two equations describe the coupling between the
reading beam and the diffracted beam. The third equation
[Eq. (5)] describes the growth and decay of the index grating.
The first term on the right-hand side of Eq. (5) is responsible
for the decay of the index grating, while the second term is
responsible for its transient growth. From Eq. (5) we note
that the growth rate (or decay rate) of the amplitude of the
photorefractive grating is determined by the time constant 7.
We also note that a steady-state solution for G according to
Eq. (5) is given by G =AB*/1,,. In other words, if both A and
B are provided externally, the photoinduced index grating
can be written'

1
n:n(,+-2-[n,G exp(—ib+iKr)+cc] , (6)

where n,, is the index of refraction of the medium, n, is a
constant proportional to the saturated depth of modulation
of the index grating, ¢ is the spatial phase shift between the
interference fringe and the photoinduced index grating, and
K =k, —k, is the grating wave vector. When the two writing
beams are of equal amplitude, a saturated index grating is
given by

n=n(,+£[nl exp(—ib+iKr)+cc] . )

In the case of reading out a photoinduced index grating by
using a single beam, both A and B are functions of space and
time. The relative amplitude of the index grating G is also a
function of both space and time. Equations (3)—(5) must be
solved in order to obtain the beams” amplitudes A, B and the
relative amplitude of the index grating G.

In the case of diffusion-dominated medium, b=m/2, I’
is real, and the phase of G does not vary inside the photo-
refractive crystal.’ We can assume that G is a real variable,
i.e., the phase of G is 0. By using the method of the grating
integral' and the boundary conditions

Atz=0)=A, , 8)
B(tz=0)=0 , ©)

the solution of Eqgs. (3)—(4) can be written as

A(t2)=A, cos(%u) , (10)

r
B(t,z)=A, sin<5u> , (1
where A is a constant and the grating integral u is written

usfa(z') dz . (12)

0

The grating integral U = u(t, z= L) is a measure of the relative
grating strength. The diffraction efficiency is related to U by

r
_w2f L
n—51n<2U) R (13)
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where maximum grating strength of a photoinduced grating
is given by U=L/2. We note that G is a function of both
space and time as described by Eq. (5).

To examine the temporal variation of the grating strength
(i.e., its growth rate), we substitute Eqs. (10) and (11) into
Eq. (5) and integrate the resulting equation over the thickness
of the crystal. We obtain

W_ My L Gaerw d 14
S 2J’Osm( u) dz | . (14)

When the derivative dU/ot is greater (less) than zero, the
grating strength is increasing (decreasing). From Eq. (12) and
Eq. (14), we also note that the growth rate (i.e., transient
enhancement) of the grating strength depends on the spatial
distribution of the index grating and the photorefractive cou-
pling constant I'.

We now consider the case of a uniform initial grating
(which may be recorded with two ordinarily polarized plane
waves), i.e.,

G(t=0, =G, , (15)

where G, is a constant. At =0, the temporal variation of
the grating strength is given by

U_ U Gor— = g LG (16)
a1 7T TG, "\ 2 )]

Therefore, the condition for the grating strength to increase
is given by

I'Lsin*(TLG,/2)
S s

4 (TLG,/2)? (7
From the above condition, we note that a necessary condition
for the increase of grating strengths is 'L>4.

To obtain the grating amplitude G(t,z), we need to solve
Egs. (5) and (10)—(12) numerically. Figure 2 plots the grating
strength u(t, z=L) as functions of the readout time ¢ (nor-
malized to the photorefractive time constant T), where the
dependences of the initial grating amplitude G, and the pho-
torefractive coupling strength I'L are shown in Fig. 2(a) and
2(b), respectively. According to the results in Fig. 2, we find
that the photorefractive index grating may be enhanced by
the readout process for a short period of time provided the
amplitude of the initial grating is weak and the coupling
strength is large enough. The grating strength decays even-
tually if the readout beam remains on indefinitely. We also
find that as a result of the nonreciprocal energy coupling in
two-wave mixing' there is no enhancement of the grating
strength if the direction of the ¢ axis is reversed (see Fig. 1).

To further understand the growth of the index grating, let
us examine Eq. (5) for the relative grating amplitude G. Near
the entrance face (z=0) of the medium, B grows spatially
from zero. Thus the right-hand side of Eq. (5) is always
negative for small z, indicating a decay of the grating am-
plitude. At the exit face (z = L) of the medium, the diffracted
beam B has grown to reach its maximum depleting energy
from the readout beam. Depending on the amount of the
depletion, the right-hand side of Eq. (5) may be positive,
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Fig. 2 (a) Temporal variation of the grating strength u(f, z=L) for
various initial grating amplitudes G,=0.01, 0.1, 0.5, and the photo-
refractive coupling strength of I'L=10. (b) Grating strength as a
function of readout time for various coupling strength I'L=0, 4, 6,
and 8 for a given initial uniform grating amplitude G,=0.1.

which indicates a temporal growth of the index grating near
the exit face. Thus the grating amplitude distribution is mod-
ified as a result of the readout. This is illustrated in Fig. 3 for
the case of an initial grating amplitude of G,=0.1 and the
photorefractive coupling strength I'L=10. The results in
Fig. 3 show that after a readout time t=rT, the grating is
slightly erased near the entrance face of the medium and
strengthened near the exit face. At readout time r=2.3 1, the
grating strength (the area under the curve of the grating am-
plitude) reaches its maximum value [also see Fig. 2(a), solid
line]. After a long readout time, e.g., at =107, the grating
near the entrance face of the medium is almost completely
erased and the resultant grating tends to concentrate near the
exit face. We note that indeed the index grating is always
pushed toward the exit face of the medium during a single
beam readout process. In other words, the front portion of
the volume index grating is partially erased, while the rear
portion is enhanced. The change of grating amplitude profile
has also been analyzed by other researchers."”

The redistribution and the temporal variation of the index
grating also affects the amplitude and the spatial variation of
the diffracted beam. Eventually, this leads to a decay of the
grating amplitude in the whole medium for all 0 <z <L. Thus
for the purpose of enhancing the amplitude of the index grat-
ing, the initial grating should be concentrated near the front
of the medium. This ensures the generation of a diffracted
beam in the bulk of the medium and the subsequent writing
of a photoinduced grating in the rear portion of the medium.
We note that the enhancement of the grating amplitude is
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Fig. 3 Spatial distribution of the grating amplitude G(t,2) at various
readout times t=0, 1, 2.31, and 10r.

accompanied by a spatial redistribution of the grating am-
plitude. To further increase the amplitude of the index grating,
we must read the resultant index grating from the rear (i.e.,
z=L). This can be facilitated by the double-side alternating
readout scheme as shown in Fig. 4. In the following section,
we analyze and discuss this optical method.

3 Double-Side Alternating Readout

Referring to Fig. 4, we now consider the case of a single
grating in a photorefractive medium for double-side alter-
nating readout. The photorefractive grating is first read out
by the incident laser pulse (beam 1 with the propagation wave
vector k;) for a short time ¢, from the front (z=0) of the
crystal. The exposure time ¢, is chosen so that the strength
of the grating is enhanced at the end of the first readout. The
grating is then read out by the alternating laser pulse (beam 2
with the propagation wave vector —k,) for another short
period 5. The second exposure time t is also chosen so that
the grating is further enhanced at the end of the second read-
out. Thus there is a net gain in the amplitude of the hologram
during the first cycle. If the process repeats, further increase
in the amplitude of grating is possible.

Figure 5 shows the temporal variation of the spatial dis-
tribution of the grating amplitude G(z,z) after several cycles
of readout, where the initial uniform grating amplitude
G(t=0, z)=0.01 and the photorefractive coupling strength
is 'L =10. The results in Fig. 5(a) indicate that at the end of
the first readout (¢, = 7), the grating is pushed away from the
front face of the medium [solid line in Fig. 5(a), n=1]. At
the end of the second readout (¢ = 7), which is from the rear
of the medium, the grating is pushed back toward the front
of the medium [dashed line in Fig. 5(a), n = 1]. After several
cycles of pushing back and forth, the resultant photorefractive
grating is concentrated near the center region of the crystal.
In addition, the resultant index grating after several cycles
of readout tends to form a steady-state grating amplitude. We
note that the twin peaks in the figure [see Fig. 5(a), n=4] is
symmetric with respect to the center of the crystal and the
diffraction efficiencies (determined by the area under the
curve of grating amplitude) are the same from both sides.

Figure 5(b) shows the case of unequal exposure time
(t, =7 and 1, =57). As a result of the long exposure from the
rear, the grating is overexposed during readout and the center
of gravity of the index grating is pushed toward the front face
of the medium, and this may lead to decrease of the total
grating strength [see Fig. 5(b), n=4].

Photorefractive
Crystal

)

1 2
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z=0 z=|
> t |-
Beam 1
»| tg |-
Beam 2*
| 1cycle |= Exposure sequence

Fig. 4 Schematic diagram of the double-side alternating readout
scheme. The graph below shows the exposure sequence.

To further investigate the dependence of the steady-state
value on the shape and level of the initial photorefractive
grating, we have simulated various shapes of the initial grat-
ing amplitude (uniform, triangle, sinusoidal, etc.) with dif-
ferent values of grating amplitude. Our analysis indicates that
the steady-state grating is dependent only on the photore-
fractive coupling strength and the exposure time, and inde-
pendent of the shape and level of the initial photorefractive
grating.

Figure 6 plots the diffraction efficiency m as a function of
the number of exposure cycles, n, using the double-side al-
ternating exposure scheme. The results in Fig. 6 indicate that
after several cycles (n=20 for G,=0.01, I'L=10, and
t; = tg = 0.17) the diffraction efficiency reaches a steady-state
value (about 98% in Fig. 6) and the diffraction efficiencies
read out from the front and rear of the medium are equal.
We also find that the steady-state diffraction efficiencies from
the two sides of the medium are unequal under the condition
of exposure times #; 71, and this is consistent with the results
in Fig. 5.

We now consider the dependence of the steady-state dif-
fraction efficiency m, on the coupling strength I'L and the
exposure duration ¢ (where t=t, =tg). Figure 7 shows the
steady-state diffraction efficiency n, as a function of the cou-
pling strength I'L. The results show that there exists a thresh-
old value I'L for a nonzero steady-state grating. In the case
of an exposure duration #=0.17, the threshold value is about
I'L=4, which is the limiting value for extremely short ex-
posure duration (¢— 0). In other words, the curve for r=0.17
approaches the asymptotic curve for extremely short expo-
sure duration (+— 0). Therefore, an exposure duration of 10%
of the photorefractive time constant can be considered short
exposure. The threshold coupling strength I'L increases when
the exposure duration becomes large, as shown in Fig. 7 for
t=7and r=5T.
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Fig. 5 Temporal and spatial variation of the grating amplitude G(t,2)
after n cycles of double-side alternating readout: (a) t, =tg=1 and
(b) t, =T, tz="51, where G,=0.01 and I'L=10. Solid curves (dashed
curves) represent the amplitude distribution of the grating at the end
of readout from the front (rear) face of the crystal.

100

. " . ST R ARAS
32 rL=10 ]
§~ 80+ s
o o
o 60 ®
~— o
® 0 .
L o |
5 :
8 20} . 4
£ o
T ssasanl® L L ,
0 4 8 12 16 20

number of readout

Fig. 6 Diffraction efficiency m as a function of the number of readout
cycles, n, for a given initial uniform grating G,=0.01, where the ex-
posure duration per readout is t=0.17 and the photorefractive cou-
pling strength I'L=10. Circles and squares represent the diffraction
efficiencies of readout from front and rear faces of the crystal, re-
spectively.

Figure 8 plots the steady-state diffraction efficiency m, as
a function of the exposure duration ¢ in each readout. The
results in Fig. 8 indicate that the steady-state diffraction ef-
ficiency decreases when the exposure duration increases, due
to the erasure during readout. When the exposure time
t<0.17, the diffraction efficiency asymptotically becomes a
constant. We also note that there is a cutoff exposure time
beyond which the grating will eventually be erased by the
reading beams, leading to a steady-state diffraction efficiency
of 0. This is illustrated in Fig. 8.

By examining Fig. 7, we further note that the diffraction
efficiency as a function of I'L bears a strong resemblance to
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Fig. 7 Steady-state diffraction efficiency n, as a function of the cou-
pling strength I'L, for values of the exposure duration t=0.17,
T, and 5t.
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Fig. 8 Steady-state diffraction efficiency m, versus the exposure
time per readout, for values of the photorefractive coupling strength
I'L=5 and 10.

that of a mutually pumped phase conjugator (MPPC).!:!4-19
In fact, for an extremely small exposure time (+<<rT), the
diffraction efficiency becomes identical to that of an
MPPC!"'°2% with a threshold of 'L =4 for equal pump in-
tensities. In addition, the steady-state index grating as shown
in Fig. 5(a) is also similar to that of an MPPC.' The process
of alternating readout of an index grating from both sides of
the crystal is equivalent to an MPPC with pulsed pump beams.
It is known that steady-state MPPC exists even with pulsed
pump beams.'?° This is often achieved by first initiating the
process of MPPC with cw laser beams. Upon reaching the
steady state, the pump beams can then be modulated tem-
porally so that only one of the pump beams is on at any given
time. This is exactly identical to our alternating readout
scheme for the enhancement of the gratings. The only dif-
ference is that we start the process from the very beginning
with an extremely weak grating. Thus our results can be
employed to explain the initiation and the growth of the
MPPC process from an extremely weak grating (or holo-
gram), which may be a small portion of a noisy fanning
grating.

We also consider the double-side alternating readout
schedule for restoring an extremely weak photoinduced grat-
ing in a photorefractive medium to reach a maximum value
of the grating strength. Referring to Fig. 9, in each exposure,
the self-enhancement of the grating strength lasts for a short
time after the reading beam is turned on. Overexposure during
the readout will decrease the grating strength due to optical
erasure [also see Fig. 1(a), solid line]. To avoid overexposure
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during the readout process, the exposure time ¢, of each
readout (N=1, 2, 3, ...) can be chosen so that the grating
strength reaches its maximum value at the end of each ex-
posure. Since the temporal enhancement and decay of the
grating strength depend on the spatial distribution of the grat-
ing amplitude, which varies with the exposures, the exposure
time of each readout must be adjusted accordingly.

Table 1 shows the results of the grating optimization in
the case of an initial uniform grating amplitude G,=10"2
and the photorefractive coupling strength I'L = 10. Figure 10
shows the increase of the diffraction efficiency during the
grating enhancement. The results indicate that this optimized
exposure schedule leads to the maximum value of the grating
strength with the minimum number of exposures (in this
example the diffraction efficiency reaches 98.77% with only
six exposures). Our analysis further indicates that the ex-
posure time ¢,, of the optimized readout schedule satisfies

lim £y =0
N—>x

and

T= 2 ty=finite value .
N=

These results are due to the fact that the grating strength
cannot be increased indefinitely.

ty taty--tN

U

Umax

grating strength

tn

exposure time

Fig. 9 Schematic diagram of the temporal variation of the diffraction
efficiency during a single-beam readout. To optimize the double-side
alternating readout, the exposure time of each readout is chosen to
maximize the diffraction efficiency.

Table 1 Optimized grating enhancement schedule for an initial uni-
form grating with G,=10"° and the photorefractive coupling
strength 'L=10.

exposure time grating strength diffraction efficiency

(unit: 7) w) (%)
1y=3.475 4.2x103 44x106
1,=3.963 4.3x104 4.6x104
3=3.963 4.35x103 4.7x102
4=3.938 4.36x102 4.68
t5=2.825 0.2356 85.35
6=1.225 0.2919 98.77

4 Optical Restoration of Photorefractive
Holograms

We now consider that an image is recorded by the interfer-
ometric technique in a photorefractive medium and this forms
a hologram that consists of many grating components. For
the case of optical restoration of a photorefractive hologram,
a phase-conjugate mirror (PCM) is essential to ensure the
readout from the rear of the medium. Referring to Fig. 11,
we consider a readout of a photoinduced hologram in a pho-
torefractive medium by using a pulsed laser (beam 1). The
diffracted beam (beam 2), which bears the image information,
is retroreflected by the PCM. The pulse length (or exposure
time) and the repetition rate are selected so that there is no
physical overlap between the incident pulse and the phase-
conjugated pulse inside the photorefractive medium. The ho-
logram is first read out by the incident laser pulse for a short
duration of time ¢, producing an image-bearing beam that is
enhanced by the simultaneous presence of the two beams in
the photorefractive medium. When the diffracted beam is
retroreflected by the phase conjugator, the hologram is then
read out by the retroreflected beam for another short period
of time ¢, producing a phase conjugate version of the original
laser pulse that is further enhanced by the simultaneous pres-
ence of the two beams in the photorefractive medium. The
exposure time ¢ is chosen so that there is a net gain in the
diffraction efficiency of the hologram during the first cycle.
Due to the self-enhancement of the hologram, which is similar
to that for a single grating, if the double-side alternating
readout process continues, further increase in the strength of
the hologram is possible until a steady-state value of the
hologram diffraction efficiency is reached.

To further understand the process of hologram restoration,
we consider that an image with N resolution pixels is recorded
in a photorefractive crystal. Suppose that the hologram is
formed by the interference of a reference beam and the Four-
ier transform of the image. The image pixels and the ori-
entation of the photorefractive crystal are appropriately cho-
sen so that there is no energy coupling between the image
pixels. Thus a photorefractive hologram with N grating com-
ponents exists inside the photorefractive medium. For the
readout of multiple gratings, the spatial-temporal equations

100 T T

80 |-

60 |-

40

n(%)

20 |

Time (1)

Fig. 10 Increase of the diffraction efficiency during the optimized
grating enhancement, where time=>"" t.
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Fig. 11 Schematic diagram of the proposed readout of a photo-
induced hologram in a photorefractive medium by using a pulsed
laser in conjunction with a phase-conjugate mirror.

of the interacting beams in the photorefractive medium can
be written approximately as

9A r(&
e _5</§=:.6fo) : (18)

9z

3B, T+

= 5GA for j=1,2.3, N, (19)

9G;_ e AB; for j=1,2,3, .., N, (20)
a9 or j=1,2,3,.,N

where the total beam intensity

N
10=|A[2+EIB,'[2 > 21
=

A is the amplitude of the reference beam, B, is the amplitude
of the jth diffracted plane wave corresponding to the jth
image pixel, and G; is the amplitude of the jth grating com-
ponent.

For heuristic purposes, we now consider the case of a
hologram that consists of only two grating components with
their initial grating amplitudes G,, and G,,, respectively,
which are constants. Equations (18)—(20) can be written as

0A r

EZ-= -E(G'Bl +G,B,) , (22)
9B, T*

—=—G*A , 23
0z 2 ! : (23)
332 F*

—=—G,*A , 24
2 22 (24)
G, 1 G AB* 25)
o0 T\ ' I, )" (
9G,_ 1f . ABy .
o T\ 2 I, )’ (26)

where the total intensity I,=|A|*>+ |B,|*>+ |B,|?. For the
given initial grating distributions and the boundary condi-
tions, Egs. (22)-(26) must be solved in order to obtain the
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Fig. 12 Spatial dependence of (a) steady-state beam intensities
|Al2, |B,|3 | B,|2 and (b) the grating amplitudes, where G,,=0.1,
G,,=0.01, 'L=10, and t=r.

beam amplitudes A, B,, B, and the relative grating amplitudes
G, and G,.

To evaluate the performance of the optical restoration
method, we define a parameter, the contrast of the two re-
constructed image pixels, as a measure of the image quality:

1B 1B

=*° 27
EARTAR <
As an example, suppose a photorefractive hologram with
initial grating components G,,=0.1 and G,,=0.01 is given.
By Egs. (22)—(26), we obtain the output beam intensities
|B,|%(t=0, z=L)=0.2307 and |B,|*(t=0, z=L)=0.0023
(with relative amplitude) as the readout starts, and according
to Eq. (27) the contrast is C=0.9802. During the cycles of
double-side alternating readout, we assume that the gain of
the PCM is adjusted so that the intensities of the two reading
beams (beam 1 and beam 2* in Fig. 11) are equal. Note that
the phase-conjugated beam (beam 2*) consists of two plane
waves, B| and B, whose relative amplitude information is
preserved during the phase conjugation. In hologram resto-
ration, we observe that the spatial redistribution of the grating
profiles and the enhancement of hologram strength are similar
to those observed in the case of a single grating. After several
cycles of readout, the amplitudes of the photorefractive grat-
ings tend to reach their steady-state distributions
Figure 12 plots the spatial dependence of the steady-state
beam intensities |A|?, | B, |?, | B,|? and the grating amplitudes
G, and G,, where the photorefractive coupling strength is
'L = 10. By examining the results in Fig. 12(a), we note that
at the exit face (z= L) of the crystal the output intensities are
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|B,|2=0.9606 and |B,|*>=0.0096 and the value of contrast
remains 0.9802. In fact, the contrast remains a constant during
the entire process of hologram restoration. In other words,
the contrast of the reconstructed image pixels is sustained in
the optical restoration of the photorefractive hologram. The
sustainment of contrast ensures the quality of the recon-
structed image.

The method of hologram restoration has been demon-
strated experimentally.?! In the experiment, the photorefrac-
tive crystal used is 45-deg-cut BaTiO; with I'L~5. Results
with various exposure times are presented. In addition, the
spatial profile of the relative grating amplitude of a single
grating has been measured. The hologram restoration of a
stored image pattern has also been successfully demonstrated.
The experimental results are in good agreement with our
theoretical predictions. The image resolution observed ex-
perimentally reached 200 lines/mm. It was also observed
experimentally that the image quality was preserved during
the hologram enhancement process until the saturation of the
diffraction efficiency was reached. Continued toggling after
saturation eventually led to a degradation of image quality
as noise levels due to internal scattering and reflections grew
to match those of the signal. This eventual result was virtually
identical to that achieved when the hologram was generated
in a double PCM arrangement, in agreement with theory.
Thus, to preserve the original hologram’s image quality while
allowing for a significant enhancement it is preferable to stop
the enhancing process when the diffraction efficiency reaches
its saturation value.

5 Conclusions

In conclusion, we have proposed and analyzed a new optical
method for the enhancement and restoration of decaying
holograms in photorefractive media. The results indicate that
extremely weak holograms can be enhanced provided that
the two-beam coupling is sufficiently strong. Steady-state
photorefractive holograms can be maintained continuously
without decay by using a sequential readout schedule in con-
junction with a phase conjugator. Our analysis shows that
the optical restoration method provides a possibility of sus-
taining the contrast of the reconstructed image in the process
of hologram enhancement. The result also explains the for-
mation of mutually pumped phase conjugation (MPPC) in
terms of the enhancement of initial noise gratings.
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