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Self-pumped phase conjugation in photorefractive crystals: Reflectivity and spatial fidelity
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A two-dimensional model for the self-pumped phase conjugation in photorefractive crystals is presented.
Numerical simulations of the beam path for beam fanning and the self-pumped phase conjugation within the
crystals show good agreement with the experimental observations. We numerically study the dependence of the
self-pumped phase conjugation reflectivity and spatial fidelity on the incident angle, the position of the incident
beam upon the input face, and the input wavelength, which are in good agreement with the published and our
experimental results.@S1050-2947~97!09103-8#

PACS number~s!: 42.65.Hw
an
in
d
d
si
te
g
d
s
r
ys

, t

d
ic

e
b
te

od
ua
nd
th
s

gu
th
ty

r
iv
i
w
s
th
is
ity
al

ga-
al
the
or-
aga-
of
s-
ion,
lly
osi-
and
ent
.
rify
ns.

ro-
e
an

on

e

ry
ess
I. INTRODUCTION

Photorefractive crystal has become an import
nonlinear-optical medium. It has promising applications
image amplification@1#, externally pumped and self-pumpe
phase conjugation~SPPC! @2#, etc. Because a self-pumpe
phase conjugator needs no external mirror, and consists
ply of a poled single photorefractive crystal, it has attrac
considerable attention since the observation by Feinber
1982@3#. From the experimental point of view, self-pumpe
phase conjugation in a single crystal can be generally cla
fied into two geometrical configurations. One is that the
exists internal reflections of the light at a corner of the cr
tal, e.g., the experiments in Refs.@3# and@4#, and the other is
that there exists no internal reflections at any corner, e.g.
experiment in Refs.@5# and @6#. Recently, experiments in
cerium-doped BaTiO3 demonstrated high reflectivity an
high-spatial-fidelity self-pumped phase conjugation, wh
clearly belongs to the latter configuration@7#. A plane-wave
model for the former configuration is that the phas
conjugate beam is generated in two interaction regions
means of a four-wave-mixing process, with self-genera
pump beams reflecting at a corner of the crystal@8#, Zozulya,
Saffman, and Anderson presented a two-dimensional m
which is based on the solution of nonlinear material eq
tions and parabolic equations for optical fields with a bou
ary condition taken as internal reflections at a corner of
crystal @9#. A simple model for the latter configuration i
stimulated backscattering two-wave mixing@10#. In Ref.@11#
we present a two-dimensional model for the latter confi
ration, which well explains the curved beam path inside
crystal, and the high-reflectivity and high-spatial-fideli
phase conjugation observed in BaTiO3:Ce.

In this paper we give a detailed description of our theo
for the self-pumped phase conjugation in photorefract
crystals, and pay attention to the numerical studies of
phase-conjugate reflectivity and spatial fidelity. Up to no
on the experimental side, efforts have concentrated mo
on the quantitative measurements of the reflectivity; on
theoretical side, because of the use of plane-wave analys
is limited to the studies of the phase-conjugate reflectiv
Therefore, it is necessary to give a detailed theoretical an
551050-2947/97/55~4!/3092~9!/$10.00
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sis of the spatial fidelity of the self-pumped phase conju
tion, as well as the reflectivity. In Sec. II, the theoretic
model and the steady-state coupled-wave equations for
amplitudes of the plane-wave components of the input f
ward propagation beam and the scattered backward prop
tion beam are described. In Sec. III A, we show properties
the beam fanning. Sections III B and III C focus on discu
sions of properties of the self-pumped phase conjugat
and its reflectivity and spatial fidelity vs various externa
controlled parameters, such as the incident angle, the p
tion of the incident beam upon the crystal entrance face,
the wavelength of the beam, which show good agreem
with the published@7# experimental results and our own
Section IV presents some additional experiments to ve
our numerical results. Finally, in Sec. V we give conclusio

II. THEORETICAL MODEL AND COUPLED-WAVE
EQUATIONS FOR THE SELF-PUMPED PHASE

CONJUGATION

Consider two coherent extraordinary polarized beams p
gating in a photorefractive crystal. As shown in Fig. 1, w
call the beam with its main propagation direction making
acute angle with the1z direction the forward beam~denoted
by F), and the beam with its main propagation directi
making an acute angle with the2z direction the backward
beam~denoted byB). The main propagation direction of th
incident forward beamF forms an angle ofa with the1z

FIG. 1. Geometric configuration of two coherent extraordina
beams counterpropagating in a photorefractive crystal of thickn
L.
3092 © 1997 The American Physical Society
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55 3093SELF-PUMPED PHASE CONJUGATION IN . . .
direction, and the angle between the1z axis and the crysta
c axis isb. For simplicity, here we confine our analysis
two dimensions~transversex and longitudinalz).

The electric field of the two beams is

E~x,z,t !5@AF~x,z!e2 ivt1AB~x,z!e2 ivt#1c. c., ~1!

where v is the optical frequency of the two beams. T
complex field amplitudeAj (x, z) ( j5F andB) can be de-
composed into its Fourier plane-wave components, i.e.,

Aj~x,z!5(
qx

f j~qx ,z! exp@6 i ~qxx1bqz!#, ~2!

where1 stands for the forward beamF and2 for the back-
ward beamB and f j (qx , z) is the spatial frequency distribu
tion ~or the plane-wave component! of the amplitude
Aj (x, z), with the projections of its wave vector in thex and
z directions beingqx and bq , respectively. In the above
analysis we have implicitly used the paraxial approximat
that the angles between the main propagation direction
the two beams and thez axis are small. The wave-vecto
projectionqx can be considered as a function ofu, which is
defined as an angle between the wave vector and thez axis,
so that the plane-wave componentf j (qx ,z) can be rewritten
as f j (u, z). The total electric-field amplitude of the tw
beams is then written as

A~x,z!5(
u

$ f F~u,z!exp@ ik sinux1 ik cosuz#

1 f B~u,z!exp@2 ik sinux2 ik cosuz#%1c.c.,

~3!

wherek5vn/c is the wave number of the two beams, a
n is the refractive index of the crystal.

As in Refs.@12# and@13#, the intensity-induced refractive
index changeDn inside the crystal is modeled as a superp
sition of the photorefractive gratings formed by the interf
ence of each pair of the Fourier components of the forw
and the backward beams. It takes the form

Dn5(
u

(
u8Þu

H f F~u,z! f F* ~u8,z!1 f B* ~u,z! f B~u8,z!

I 0~z!

3exp@ ik~sinu2sinu8!x

1 ik~cosu2cosu8!z#dnT~u,u8!J
1(

u
(

u8Þu
H f F~u,z! f B* ~u8,z!1 f B* ~u,z! f F~u8,z!

I 0~z!

3exp@ ik~sinu1sinu8!x1 ik~cosu1cosu8!z#

3
dnR~u,u8!

2 J 1(
u

H f F~u,z! f B* ~u,z!

I 0~z!
exp@2ik sinux

12ik cosuz#
dnR~u,u!

2 J 1c.c., ~4!
n
of

-
-
d

whereI 0(z)5(u@ u f F(u,z)u21u f B(u,z)u2# and c.c. represent
the conjugation of the second and third terms.dnT(u,u8)
@noting dnT(u,u8)5dnT* (u8,u)] is a complex factor for
transmission index gratings, which represents the coup
coefficient between the plane-wave componentsf F(u,z) and
f F(u8,z), or between f B(u,z) and f B(u8,z); dnR(u,u8)
@noting dnR(u,u8)5dnR(u8,u)] is that for reflection index
gratings, which represents the coupling coefficient betw
the plane-wave componentsf F(u,z) and f B(u8,z), or be-
tween f B(u,z) and f F(u8,z).

Note that Eq.~4! is an approximate one which does n
include the effect of the dark irradiance. It is valid except
the beam edge. For a beam with a Gaussian profile, the m
rigorous refractive index changeDn and its comparison with
the result of Eq.~4! are given in Ref.@14#.

The complex factorsdnT(u,u8) and dnR(u,u8) are de-
fined as

dnT~u,u8!5
no
3

2
r effT~u,u8!EscT~u,u8! cos~u2u8!, ~5a!

dnR~u,u8!5
no
3

2
r effR~u,u8!EscR~u,u8! cos~u2u8!, ~5b!

where no is the ordinary refractive index.r effj (u,u8)
( j5T,R) is the effective electrooptic coefficient@1#.

r effj~u,u8!5@no
4r 13~cos2Q j2cos2Bj !14ne

2no
2r 42 sin

2Bj

1ne
4r 33~cos2Q j1cos2Bj !# cosBj /2no

3ne ,

~6!

where ne is the extraordinary refractive index,rmn
(m,n51,2,3) are the nonzero components of the elec
optic tensorQT5(u82u)/2 is the half-angle between th
wave vectors of the plane-wave componentsf F(u,z) and
f F(u8,z), and QR5p/22(u82u)/2 is that between wave
vectors of f F(u,z) and f B(u8,z). BT5p/22
@b2(u81u)/2# is the angle between the crystalc axis and
the grating wave vectorKT formed between the componen
f F(u,z) and f F(u8,z), and BR5b2(u1u8)/2
is that between thec axis and the grating wave vectorKR
formed between componentsf F(u,z) and f B(u,z). In the
absence of any applied or intrinsic electric field, the spa
charge fieldEscj(u,u8) ( j5T,R) is given as@15#

Escj52 i
Eq jEd j

Eq j1Edj
, ~7!

whereEdj andEqj are electric fields characteristic of diffu
sion and maximum space charge, respective
Edj5kBTKj /q and Eqj5eN/« j«0Kj , where kB is Boltz-
mann’s constant,T the temperature,q the charge of mobile
charge carriers,N the density of mobile charge carriers, an
«0 is permittivity of free space.« j is the effective relative
dielectric constant in the direction of the grating wave vec
K j , which reads

« j5«a sin
2 Bj1«c cos

2 Bj , ~8!
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3094 55XIE, DAI, WANG, AND ZHANG
where«a and «c are the respective relative dielectric co
stants perpendicular and parallel to the crystalc axis.

By using Eqs.~3! and ~4! in the wave equation

S d2dx2
1

d2

dz2DA1
v2

c2
~n1Dn!2A50, ~9!

we can derive the following coupled-wave equations in
standard slowly varying field approximation, taking into co
sideration only phase-matched terms, withaL the linear ab-
sorption coefficient:

cosu
d fF~u,z!

dz
5 (

u8Þu
H gT~u,u8!

I 0~z!
@ f F~u,z! f F* ~u8,z!

1 f B* ~u,z! f B~u8,z!# f F~u8,z!

1
gR~u,u8!

I 0~z!
@ f F~u,z! f B* ~u8,z!

1 f B* ~u,z! f F~u8,z!# f B~u8,z!J
1

gR~u,u!

I 0~z!
@ f F~u,z! f B* ~u,z!# f B~u,z!

2cosu
aL

2
f F~u,z!, ~10a!

cosu
d fB* ~u,z!

dz
5 (

u8Þu
H gT~u,u8!

I 0~z!
@ f F~u,z! f F* ~u8,z!

1 f B* ~u,z! f B~u8,z!# f B* ~u8,z!

1
gR~u,u8!

I 0~z!
@ f F~u,z! f B* ~u8,z!

1 f B* ~u,z! f F~u8,z!# f F* ~u8,z!J
1

gR~u,u!

I 0~z!
@ f B* ~u,z! f F~u,z!# f F* ~u,z!

1cosu
aL

2
f B* ~u,z!, ~10b!

where g j (u, u8) ( j5T,R) is the coupling coefficient,
which is defined as

g j~u,u8!5
iv

2c
dnj~u,u8!. ~11!

Note that gT(u,u8)52gT* (u8,u) and gR(u,u8)5
gR(u8,u). For the case of no applied or intrinsic field,
discussed in this paper,g j (u,u8) is real.

In fact, as analyzed in detail in Ref.@16#, the non-phase-
matched terms vary rapidly withz ~of the order of the optica
wavelength!, contributing very little to the integration ove
z. They are small and can be neglected for propagation p
greater than a few hundred micrometers. Thus in our anal
the neglecting of the non-phase-matched terms in Eqs.~10!
is reasonable.
e
-

hs
is

Equations~10a! and ~10b! are the fundamental equation
of our theory. This set of first-order differential equation
together with the appropriate boundary conditions, makes
our mathematical model for the self-pumped phase conju
tion in photorefractive crystals. The boundary conditions
considered as follows. In experiments, only the forwa
beamF is externally input into the crystal at entrance fa
z50. Due to the unevenness of the crystal surfaces and
homogeneities and/or defects within the crystal, the scatte
light is generated in every direction~both forward and back-
ward! at both entrance facez50 and exit facez5L, and
within the crystal. In addition, the reflection of the forwa
beamF at exit facez5L also generates the noise for bac
ward beamB. In real experiments, this reflection at exit fac
z5L makes a major contribution to the seed for backwa
beam. Therefore we assume that at facez50, in addition to
the plane-wave components of the external input forw
beam, we add a noise of«10R(u)AI 0(0) to every componen
f F(u, 0), where«10 is the forward-scattering coefficient an
R(u) is a complex function with random magnitude an
phase:uR(u)u<1; at facez5L, we introduce a noice of
«2LR(u)u f F(u,L)u to the componentf B(u, L), where«2L is
the backward-scattering coefficient. As theoretically sho
in Ref. @16#, only the scattering at, or near, the surface of t
crystal is relevant for seeding the fanning and the backw
beam, so we assume that the volume scattering may be
glected. When we consider only two plane-wave compone
f F(u,z) and f F(u8,z) of the forward beamF and two com-
ponentsf B(u,z) and f B(u8,z) of the backward beamB, and
substitute symbols f F(u,z), f F(u8,z), f B(u,z) and
f B(u8,z) with A4, A1, A3, andA2 in Eqs. ~10!, we recover
the well-known coupled-wave equations of the four-wa
mixing @2#.

III. NUMERICAL RESULTS

Our task is to solve equations presented above with s
boundary conditions on two opposite crystal faces. We s
do this numerically, using the method we recently applied
study the spatial fidelity of externally pumped phase con
gation@17#. The spatial frequency distributionf F(u,0) is ob-
tained by the fast-Fourier transform. The coupled-wa
equations~10a! and ~10b! are solved by the Runge-Kutt
method. And the total electric-field amplitudeA(x, z), Eq.
~3!, within the crystal is simulated using inverse fast-Four
transform. In the calculation off F(u,0), we use 216 Fourier
components. In order to save computation resources
time, we use only 1024 components to integrate Eqs.~10!,
i.e., we take one in every 64 components. To obtain the t
amplitudeA(x, z), we again use 216 components by interpo
lating the values between the calculated components. S
results have been checked by use of 2048 component
integration of Eqs.~10!. The parameters of the nominal un
doped BaTiO3 and the cerium-doped BaTiO3 are taken as in
Table I @18,19#.

In order to evaluate the merit of the SPPC, we define
phase-conjugate reflectivity as

R5

(
u

u f B~u,0!u2

(
u

u f F~u,0!u2
~12!
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55 3095SELF-PUMPED PHASE CONJUGATION IN . . .
and the spatial fidelity as@17,20#

F5

(
u

f F~u,0! f B~u,0!1c.c.

2F(
u

u f F~u,0!u2(
u

u f B~u,0!u2G1/2, ~13!

where the range of summations overu is determined by the
spatial frequency content of the input forward beamF at
entrance facez50. Note that if the output beamB at face
z50 is exactly conjugate to the input beamF, i.e.,
f B(u, 0)5R8 f F* (u, 0), whereR8 is a factor that is indepen
dent of the angleu, thenF51. In terms of spatial amplitude
Eqs.~12! and ~13! can be rewritten as

R5

E uAB~x,0!u2dx

E uAF~x,0!u2dx
, ~14!

and

F5

E AB~x,0!AF~x,0!dx1c.c.

2F E uAF~x,0!u2dxE uAB~x,0!u2dxG1/2, ~15!

where integrations are taken over the transverse dimen
x.

A. Properties of the fanning effect

In this subsection, we consider the fanning effect. T
means that we consider only the propagation of the forw
beamF omitting the backward beamB ~or taking«2L50).
Figure 2 shows the spatial intensity distribution inside
undoped BaTiO3 crystal and its output intensity profile at fa
field for input Gaussian beamAF(x, 0)5AF0 exp (2x2/w0

2),
with the beam waistw050.2 mm. It is seen that the fannin
effect is strong, and that the beam follows a curved pa
When the input beam waistw0 is reduced, the fanning effec
is also reduced. This can be seen by comparison of Fig
and 3, where we show the intensity distribution

TABLE I. Parameters of nominal undoped BaTiO3 and cerium-
doped BaTiO3.

Parameters Undoped BaTiO3 BaTiO3:Ce

Refractive indices no52.488 no52.404
ne52.424 ne52.316

Chargeq 1.6310219 C 1.6310219 C
Electro-optic r 13533 pm/V r 1359.35 pm/V
coefficients r 335124 pm/V r 33585 pm/V

r 4251640 pm/V r 4251770 pm/V
Dielectric constants «a53600 «a54600

«c5135 «c5130
Number density of
mobile charge 231022 m23 831022 m23

carriersN
on

s
rd

n

.

2

the undoped BaTiO3 crystal for a very small waist
w050.002 mm. From Fig. 3 we also note that as the be
propagates in the crystal it shifts to thec axis and diffracts
quickly, with the fanning gradually occurring. All these re
sults are in good agreement with previous experimental
servations.

We now examine the influence of the seed level«10 on
the fanning effect. The numerical results show that the

FIG. 2. ~a! Numerical simulation of the beam path inside
nominal undoped BaTiO3 crystal.~b! Output intensity profile at far
field. Beam waist w050.2 nm, a50°, b535°, «10

2 51
31026, L55 mm, andaL50. Without loss of generality, we take
the magnitudeuR(u)u51 both here and later.

FIG. 3. Numerical simulation of the beam path inside a nomi
undoped BaTiO3 crystal for input beam waistw050.002 mm,
a50°, b535°, «10

2 5131026, L55 mm, andaL50.
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3096 55XIE, DAI, WANG, AND ZHANG
crease of the seed level«10 enhances the fanning effect. I
other words, the beam begins to bend toward thec axis at
smaller longitudinal distancez for larger seed level«10 than
for smaller«10, and the output fanning intensity distributio
versus the angle is nearer to thec axis for larger«10 than for
smaller«10. However, the influence of the seed level on t
beam fanning is not very strong. As an example, for in
Gaussian beam waistw050.3 mm (a50 ° andb518 °),
the beam inside an undoped BaTiO3 crystal begins to bend a
z;2 mm for seed level«10

2 51025 and z;2.6 mm for
«10
2 51026, and the angles at which the output fanning inte
sity (L55 mm) maximizes areu;11.5 ° andu;8.7°, re-
spectively. When there exists no seed.~i.e., «1050) the fan-
ning effect can be negligible.

B. Properties of the self-pumped phase conjugation

Having discussed the fanning effect, we then consider
self-pumped phase conjugation. For this purpose, we ad
noise atz5L. In Fig. 4 we demonstrate the total intensi
distribution within the crystal for the input Gaussian bea
with the beam waistw050.2 mm. The output phase
conjugate reflectivity is 70.1%. The picture in Fig. 4 sho
good agreement with the beam path observed by the ex
ment ~see the photograph in Fig. 14!. In order to see the
merit of the phase conjugation, we use the input ima
bearing beam with a rectangular distribution amplitude, i

AF~x,0!5H const 2d/2<x<d/2

0, uxu.d/2,
~16!

instead of a Gaussian distribution. This is because the r
angular distribution has a wider range of spatial freque
content than a Gaussian distribution. In addition, we int
duce a phase change in the spatial frequency space o
input beam, as an example, adding a Gaussian distribu
phase to every frequency componentf F(u, 0): f F(u, 0)
3A cos (2iu 2/u0

2), whereA and u0 are constants. Figure

FIG. 4. Numerical simulation of the beam path inside
BaTiO3: Ce crystal for self-pumped phase conjugatio
w050.2 mm, a55.4°, b535°, «10

2 5131026, «2L
2 5331026,

L55 mm, andaL50.
t

-

e
a

,

ri-

-
.,

ct-
y
-
the
on

5~a! and 5~b! show, respectively, the output intensity an
output phase of the phase-conjugate beam, with the g
input ones shown by the dashed curves. The reflectivity
59.2%, and the spatial fidelity is 0.998. It is noted that t
output phase is nearly exactly conjugate to the input pha
Another point to note is that the reflectivity of the pha
conjugation for an input image-bearing beam which ha
wider range of spatial frequency content is smaller than
an input Gaussian beam, which has a narrower range of
tial frequency content. This is consistent with experimen
results~see Sec. IV!.

From the above results we infer that both the transmiss
gratings, which are formed between different plane-wa
components of the forward beam~and/or those of the back
ward beam!, and the reflection gratings, which are forme
between plane-wave components of the forward beam
those of the backward beam, are necessary to generat
phase conjugation. In more detail, it can be described
follows. When an extraordinary beam is input into a pho
refractive crystal, its different Fourier plane waves, super
posed by random noise, form a multitude of transmiss
gratings. This results in the energy transferring~or diffract-
ing! from a wave which has a wave vector at larger an
with respect to thec axis to the wave at smaller angle. Co
respondingly, in real space, the beam path bends toward
c axis ~see Fig. 2!. With the inclusion of the backward noise
reflection gratings are formed between the forward pla

.

FIG. 5. ~a! Output phase-conjugate intensity distribution~solid
curve! and input intensity distribution~dashed curve! in real space.
~b! Output phase of the phase-conjugate beam~solid curve! and
input phase of the image-bearing beam~dashed curve! in spatial
frequency spaced510mm, a554°, b535°, «10

2 5131026,
«2L
2 5331026, L55 mm, andaL50.
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55 3097SELF-PUMPED PHASE CONJUGATION IN . . .
waves and the backward plane waves. The backward w
are then amplified at the expense of the forward waves
addition, the intensity diffracts from the backward pla
wave, which has a wave vector at larger angle with respec
thec axis than that at smaller angle by the above-mentio
transmission gratings, which are now intensified by the ba
ward plane waves. In real space, the backward beam retr
the beam path of the forward beam. Thus the generatio
the phase-conjugate beam may be phenomenologically
scribed through the following process. At any longitudin
positionz, there exists a multi-four-wave-mixing configura
tion which can be regarded as an extension of the four-w
mixing. As the backward plane waves propagate, this mu
four-wave mixing occurs continuously. Figure 6 gives
sketch to illustrate this process. At positionI , the phase con-
jugate wave 3 or wave 4 is produced with waves 1 and 2
pump waves, whereas at positionII wave 3~i.e., wave 28)
then serves as a pump wave for phase conjugate wave8.
Through this continuous process the phase-conjugate b
of the input beam is finally generated at the entrance sur
z50.

Since in our model the noise~or seed! is an indispensable
condition for the generation of the self-pumped phase co
gation, it is necessary to discuss their dependence on the
level. Now both the seed«10 and«2L are relevant. In order to
see the influence of each seed on the SPPC reflectivity
spatial fidelity, we keep«10 constant while changing«2L ,
and keep«2L constant while changing«10. The results are
shown in Fig. 7, where we take the input field amplitude a
rectangular distribution, Eq.~16!, with width d510mm. ~In
all the later discussions we will take the input field amplitu
as this distribution.! As anticipated, the SPPC reflectivit
increases greatly with the increase of the seed level«2L . The
seed«10 also has an influence on the reflectivity, and t
reflectivity decreases with an increase of the seed le
«10. But its effect is much smaller than the seed«2L . For
example, an increase of the seed level«2L

2 from 131026 to
131025 leads to an increase of the reflectivity from 0.201
0.635, whereas an increase of«2L

2 from 131026 to
131025 leads to a decrease of the reflectivity from 0.54
0.44. From Fig. 7~b! we note that the SPPC spatial fidelity
insensitive to both the seed levels«10 and «2L . Speaking
more exactly, the spatial fidelity increases with the incre
of the seed«2L and the decrease of the seed«10, or the
fidelity increases with the decrease of the reflectivity. Fr
the above discussions we can thus conclude that, of the
seeds«10 and«2L , the seed«2L is the more sensitive facto
to influence the self-pumped phase conjugation, and that
more sensitive to the SPPC reflectivity.

FIG. 6. Schematic diagram to illustrate the generation of
phase conjugation described in the text.
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C. SPPC reflectivity and spatial fidelity
versus externally controlled parameters

In this subsection we will present our numerical results
the SPPC reflectivity and spatial fidelity as a function of t
incident angle, and their dependence on the position of
incident beam upon the crystal entrance face~or the position
of incidence!, following the experimental results of Ref.@7#.
We will also present the results of the reflectivity and fidel
as a function of the input wavelength, in order to explain t
experimental results that the SPPC reflectivity is higher a
wavelength ofl5632.8 nm than atl5514.5 nm~see Sec.
IV !.

e

FIG. 7. ~a! SPPC reflectivity and~b! spatial fidelity vs the seed
level«10

2 for fixed«2L
2 5631026 ~dashed curves! and the seed leve

«2L
2 for fixed «10

2 5131026 ~solid curves!. a50°, b535°,
L54.6 mm, andaL50.

FIG. 8. Absorption spectra of BaTiO3 for a cerium-doping con-
centration of 15 ppm.
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To make a quantitative comparison with experimental
sults, we should take into consideration the linear absorp
of the crystal. The experimental measurement of the abs
tion coefficient of a 15-ppm cerium-doped BaTiO3 at very
low intensity is given in Fig. 8. It is known that the absor
tion coefficient is increased at high intensity@21,22#. There-
fore in our simulation of the experimental results of Ref.@7#,
we take an absorption coefficient larger than that given
Fig. 8, as an example, we takeaL50.4 mm21 at a wave-
length ofl5514.5 nm.

First, we consider the dependence of SPPC reflecti
and spatial fidelity on the position of incidence. Similar
the experiments in Ref.@7#, we use a 0°-cut BaTiO3:Ce crys-
tal, with its two dimensions in the paper plane
836.85 mm2, and thec axis along the 8-nm dimension. Th
distanceX is defined as in Fig. 9. The coordinate1z axis is
taken in the direction which makes an angle of 30 ° with
c axis. We take the anglea515° inside the crystal. The
results of the reflectivity and spatial fidelity as a function
X are shown in Fig. 10. We see that the reflectivity ha
dependence onX similar to that of the experimental result
as shown in Fig. 3 of Ref.@7#. The reflectivities are high a
middle range ofX, whereas at small and largeX the reflec-
tivities are low. This can be understood as follows. T
largerX is, the smaller the interaction lengthL, and therefore
the smaller the phase-conjugate reflectivity, whereas
smallerX the propagation distanceL is long, and therefore

FIG. 9. Definition of the position of incidenceX and the inci-
dent anglea8 in a 0°-cut BaTiO3:Ce crystal.

FIG. 10. Dependence of the~a! SPPC reflectivity and~b! the
spatial fidelity on theX. «10

2 5131026, «2L
2 5131024, and

aL50.4 mm21.
-
n
p-
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ty

e
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the linear absorption is large, which results in the backw
seed«2Lu f F(u, L)u being reduced. Thus the SPPC reflect
ity decreases due to the large absorption and the small b
ward seed level. The spatial fidelity is very high~larger than
0.999!, and it changes very little with a change of the d
tanceX. In general, it increases with an increase ofX ~or
decrease of the interaction lengthL).

We next consider the SPPC reflectivity and spatial fide
as a function of the incident anglea8, which is defined as in
Fig. 9 ~similar to the definition in Ref.@7#, where it is the
incident angle outside the crystal!. The coordinate1z axis is
assumed to be in a direction which makes an angle
b545°. The lengthL54 mm. Our numerical results ar
shown in Fig. 11. From Fig 11~a! we see that the curve
shows good agreement with the experimental one, as sh
in Fig. 2 of Ref.@7#. The reflectivity increases with the in
crease of anglea8, and maximizes ata8;28°. Then it de-
clines with a further increase of the anglea8. From Fig.
11~b! we see that the spatial fidelity increases with an
crease of the incident anglea8 ~or a decrease of the angl
between thec axis and the propagation direction of the inc
dent beam!. Furthermore, the smaller the anglea8 becomes,
the faster the spatial fidelity decreases.

Finally we consider the SPPC reflectivity and spatial
delity as functions of the input wavelengthl. The depen-
dence of the refractive indicesno andne on l are obtained
by the Sellmeier equation

ne,o
2 5n01

A

l22B
1Cl2, ~17!

TABLE II. Sellmeier parameters at room temperature.

ne,o n0 A B C

ne 5.188 16 1.366 923107 7.035 933106 24.624 42310210

no 5.397 85 1.525 653107 8.180 333106 29.8523310210

FIG. 11. ~a! SPPC reflectivity and~b! spatial fidelity as a func-
tion of incident anglea8. «10

2 5131026, «2L
2 5431026, and

aL504 mm21.
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where values ofn0, A, B, andC are given in Table II.l is in
units of Å. Since the spectral dependence of the electro-o
coefficientr mn , the dielectric constants«a and«c , and the
number density of mobile charge carriersN have not yet,
been measured, we assume that they have a negligible
pendence onl in our calculation. Because our purpose is
explain the dependence of the SPPC reflectivity and sp
fidelity on the wavelength qualitatively, we simply adopt t
absorption coefficientaL at different wavelengths, as give
in Fig. 8. The results for the reflectivity and fidelity vers
the wavelengthl are shown in Fig. 12, where the curve wi
hollow dots is for the case of negligible linear absorptio
i.e., aL50, and the curve with filled dots is for the case
the linear absorption coefficients taken from Fig. 8. We
that the reflectivity decreases with the decrease of the w
lengthl. Due to the larger linear absorption at shorter wa
length, the reflectivity decreases faster with a decrease o
l. This is consistent with our experimental results that
reflectivity is larger at a wavelength ofl5632.8 nm
(R532.5%! than atl5514.5 nm (R525.6%). Contrary to
the reflectivity, the spatial fidelity decreases with an incre
of the wavelength. Furthermore, the longer the wavelen
becomes, the faster the fidelity decreases.

IV. EXPERIMENTS

In order to check our numerical results, in this section
present some experimental results performed on a BaT3
crystal of cerium-doping concentration 50 ppm, which w
grown at the Institute of Physics, Chinese Academy of S
ences. The dimensions of the crystal are 5.9233.30
33.15 mm3, with thec axis along its longest dimension.

We use two wavelengths of 514.5 and 632.8 nm in
experiments. The experimental arrangement is shown in
13. An extraordinary beam from a He-Ne laser or anAr

1

laser passes through a variable neutral-density~ND! filter, a

FIG. 12. ~a! SPPC reflectivity and~b! spatial fidelity vs the input
wavelengthl. The lines with hollow dots are foraL50 and the
lines with filled dots are foraL given in Fig. 8.a50°, b535°,
«10
2 5131026, «2L

2 51.631025, andL54 mm.
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lens (L1), and a beam splitter~BS!, and is then incident
upon the BaTiO3:Ce crystal at an angle of 75° with respe
to the normal to the crystal surface. The power of the ph
conjugate beam, after reflection from the beam splitter BS
measured by a detector (D).

For the wavelength of 632.8 nm, the power of the incide
beam is ;0.65 mW, and the beam width is;0.5 mm
~Gaussian beam! as it enters the crystal. After about 45 m
of the beam incident upon the crystal, a stable SPPC refl
tivity of ;32.5% is obtained. Figure 14 is the photograph
the beam path inside the crystal at the steady state, w
shows clearly that it is a curved one. This is in good agr
ment with our numerical simulation~see Fig. 4!. It is also
seen that there is no total internal reflection at a corner of
crystal as is in the case of the ‘‘cat’’ mirror, which suppo
our model.

For a wavelength of 514.5 nm, the power of the incide
beam is;2 mW, and the Gaussian beam width;0.5 nm as
it enters the crystal. After about 20 min of the beam incide
upon the crystal, the phase-conjugate beam attains its st
state, with a reflectivity of;25.6%. The steady beam path
similar to the photograph of Fig. 14. The smaller reflectiv
at l5514.5 nm than that atl5632.8 nm is consistent with
the numerical results~see Sec. II B!.

Instead of the Gaussian beam with an image-bea
beam, we insert a slit~SL! into the beam path~see Fig. 13!.
The slit with widthd5120mm can be effectively regarde
as infinitely long in the direction perpendicular to the pla
of incidence. The lens (L1) images the slit on the crysta
and collects up to a thirtieth-order spatial frequency com
nent of the slit. The intensity of the beam as it enters

FIG. 13. Experimental setup.F, Faraday isolator; ND, variable
neutral-density filter;L1 andL2, lens; BS, beam splitter;D, detec-
tor; SL, slit.

FIG. 14. Photograph of the beam path inside the BaTiO3:Ce
crystal after the buildup of the steady state at a wavelength of 63
mm.
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3100 55XIE, DAI, WANG, AND ZHANG
crystal are identical with those of Gaussian be
(;0.65 mW). After about 45 min we obtain a stable SP
reflectivity of ;22.3%. It is smaller than the one obtaine
with the Gaussian beam. This is in agreement with our
merical results~see Sec. III B!.

V. CONCLUSIONS

In summary, we presented a model for the beam fann
and the self-pumped phase conjugation in photorefrac
crystals. The numerical simulation of the curved beam p
inside BaTiO3:Ce crystals and the high-fidelity self-pumpe
phase-conjugate beam show good agreement with the ex
ments. The seed effect on the beam fanning and the
pumped phase conjugation were discussed, which shows
p

ite

.
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hat

the SPPC reflectivity is sensitive only to the backward se
at the exit face of the crystal, whereas the spatial fidelity
insensitive to the seeds at both the input and the exit fa
The SPPC reflectivity and the spatial fidelity versus the in
dent angle, the position of the incident beam upon the cry
input face, and the wavelength of the input beam were
merically studied, which show good agreement with the p
vious and our experimental results.
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