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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 result§S1050-29417)09103-9

PACS numbd(s): 42.65.Hw

[. INTRODUCTION sis of the spatial fidelity of the self-pumped phase conjuga-
tion, as well as the reflectivity. In Sec. Il, the theoretical
Photorefractive crystal has become an importantmodel and the steady-state coupled-wave equations for the
nonlinear-optical medium. It has promising applications inamplitudes of the plane-wave components of the input for-
image amplificatior 1], externally pumped and self-pumped ward propagation beam and the scattered backward propaga-
phase conjugatioiSPPG [2], etc. Because a self-pumped tion beam are described. In Sec. Il A, we show properties of
phase conjugator needs no external mirror, and consists sirthe beam fanning. Sections il B and Il C focus on discus-
ply of a poled single photorefractive crystal, it has attractedsions of properties of the self-pumped phase conjugation,
considerable attention since the observation by Feinberg ignd its reflectivity and spatial fidelity vs various externally
1982[3]. From the experimental point of view, self-pumped controlled parameters, such as the incident angle, the posi-
phase conjugation in a single crystal can be generally classtion of the incident beam upon the crystal entrance face, and
fied into two geometrical configurations. One is that therethe wavelength of the beam, which show good agreement
exists internal reflections of the light at a corner of the crys-with the published[7] experimental results and our own.
tal, e.g., the experiments in Ref8] and[4], and the other is Section IV presents some additional experiments to verify
that there exists no internal reflections at any corner, e.g., theur numerical results. Finally, in Sec. V we give conclusions.
experiment in Refs[5] and [6]. Recently, experiments in

Cerium—doped BaTI@ demonstrated hlgh reflectivity and Il. THEORETICAL MODEL AND COUPLED-WAVE
high-spatial-fidelity self-pumped phase conjugation, which EQUATIONS FOR THE SELF-PUMPED PHASE
clearly belongs to the latter configuratiprnl. A plane-wave CONJUGATION

model for the former configuration is that the phase-
conjugate beam is generated in two interaction regions by Consider two coherent extraordinary polarized beams pro-
means of a four-wave-mixing process, with self-generate@ating in a photorefractive crystal. As shown in Fig. 1, we
pump beams reflecting at a corner of the cryg8al Zozulya, call the beam with its main propagation direction making an
Saffman, and Anderson presented a two-dimensional modécute angle with the- z direction the forward beargdenoted
which is based on the solution of nonlinear material equaby F), and the beam with its main propagation direction
tions and parabolic equations for optical fields with a bound-making an acute angle with thez direction the backward
ary condition taken as internal reflections at a corner of thdéeam(denoted byB). The main propagation direction of the
crystal [9]. A simple model for the latter configuration is incident forward beanfr forms an angle otx with the +z
stimulated backscattering two-wave mixifif]. In Ref.[11]
we present a two-dimensional model for the latter configu-
ration, which well explains the curved beam path inside the
crystal, and the high-reflectivity and high-spatial-fidelity
phase conjugation observed in BaTiGe. F
In this paper we give a detailed description of our theory <
for the self-pumped phase conjugation in photorefractive B[
crystals, and pay attention to the numerical studies of its
phase-conjugate reflectivity and spatial fidelity. Up to now, —jvg
on the experimental side, efforts have concentrated mostly - C
on the quantitative measurements of the reflectivity; on the
theoretical side, because of the use of plane-wave analysis, it FIG. 1. Geometric configuration of two coherent extraordinary
is limited to the studies of the phase-conjugate reflectivitybeams counterpropagating in a photorefractive crystal of thickness
Therefore, it is necessary to give a detailed theoretical analyk-.
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direction, and the angle between the axis and the crystal wherel o(z) == ,[|f=(6,2)|2+|fg(6,2)|?] and c.c. represents
¢ axis is 8. For simplicity, here we confine our analysis to the conjugation of the second and third termdg(6,6")
two dimensiongtransversex and longitudinakz). [noting &n(6,0’)=6n%(0',0)] is a complex factor for
The electric field of the two beams is transmission index gratings, which represents the coupling
, _ coefficient between the plane-wave compondp{®,z) and
E(x,z,t)=[Ap(x,2)e7 "'+ Ag(x,2)e'“"]+c.c., (1) f(0',2), or betweenfy(6,2) and fz(6’,2); Sng(6,6’)
[noting 6ng(6,0")=6ng(6',0)] is that for reflection index
where o is the optical frequency of the two beams. Thegratings, which represents the coupling coefficient between
complex field amplituded;(x, z) (j=F andB) can be de- the plane-wave components(6,z) and fg(6’,z), or be-
composed into its Fourier plane-wave components, i.e., tweenfg(6,z) andfg(0’',2).
Note that Eq.(4) is an approximate one which does not
) include the effect of the dark irradiance. It is valid except at
Ai(x,2)=2 (0c.2) exd Zi(gx+Bg2)], (2 the beam edge. For a beam with a Gaussian profile, the more
H rigorous refractive index changen and its comparison with
the result of Eq(4) are given in Ref[14].
The complex factorsSn{(6,0’') and sng(6,0') are de-
fined as

where+ stands for the forward beaf and — for the back-
ward beanB andf;(qy, 2) is the spatial frequency distribu-
tion (or the plane-wave compongnbf the amplitude
A;(x, z), with the projections of its wave vector in theand 3

z directions beingq, and B,, respectively. In the above fN_ _o© / / _

analysis we have implicitly used the paraxial approximation5nT( 0.0')= 7 remr(6,6")Esar(6,6") cos 0= 07), (53
that the angles between the main propagation directions of

the two beams and the axis are small. The wave-vector ng

projectionq, can be considered as a function@fwhich is  dng(6,6')= ?reﬁR(ﬁ,H')EscR(ﬁ,B’) cog6—0"), (5b)
defined as an angle between the wave vector and thes,
so that the plane-wave componéntq, ,z) can be rewritten
as fj(6, z). The total electric-field amplitude of the two
beams is then written as

where n, is the ordinary refractive indexre(6,0")
(j=T,R) is the effective electrooptic coefficiefit].

Fefj(6,0")=[Nar13(C0S20; — cOSB;) +4n3nr 4, SIPB;

A(X,z)= fe(6,2)exdik singx+ik cosvz
(x.2) Eo {fe(0.2)exd ! +ngr 33(cos®; + cosB;)] cosB;/2nin,,

+fg(6,z)exd —ik sindx—ik cos9z]}+c.c., (6)

3 where n., is the extraordinary refractive indexr,
. (m,n=1,2,3) are the nonzero components of the electro-
wherek=wn/c is the wave number of the two beams, andoptic tensor®;= (6’ — )/2 is the half-angle between the
nis th.e refractive index of the _crysta_l. . . wave vectors of the plane-wave componefi$6,z) and

As in Refs.[12] and[13], the intensity-induced refractive f-(0',2), and @g=m/2— (6’ — 0)/2 is that between wave
index change\n inside the crystal is modeled as a superpo-vgcto’rs ’ of fR (0,2) and fg(6',2). By=ml2—
sition of the photorefractive gratings formed by the interfer- B—(0'+6)/2] isFthé angle betweBen tr’1e crystaTlaxis and
ence of each pair of the Fourier components of the forwar he grating wave vectdf; formed between the components
and the backward beams. It takes the form fe(6.2) and fF(G’,Tz), and  Bgr=S—(0+6')12
, , is that between the axis and the grating wave vect#
(fF(Q'Z)f;(e 2)+15(60,2)fg(6",2) formed between componenfs(6,z) and fg(6,2). In the

lo(2) absence of any applied or intrinsic electric field, the space-
charge fieldEg(6,6") (j=T,R) is given ag15]

An=2> >

b ¢ +¢

X exg ik(sind—sind’)x

_ . EqiEyj
+ik(cosf—cosh’)z] 5nT(0,0’)] Esg=—1 Eq+Eq;’ @)
fe(60,2)f5(0",2)+5(0,2)f=(0',2) whereEgy; andE,; are electric fields characteristic of diffu-
+EH 2 lo(2) sion and maximum space charge, respectively.
oo Eq4j=ksgTK;/q and Ejj=eN/e;eoK;, where kg is Boltz-
X exgik(sind+sind’)x+ik(cos#+cosh’)z] mann’s constanf] the temperatureg the charge of mobile
, . charge carrierd\ the density of mobile charge carriers, and
 One(0,6 )] 5 | fr(6,2)f5(0,2) exqf2ik singx o IS permittivity of free spacee, is the effective relative
2 ] 1o(2) dielectric constant in the direction of the grating wave vector
K;, which reads
) ong(6,6)
+2ik cosiz] 2 }+CC" “ gj=€a sir? Bj+ec cod B, (8)
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wheree, and ¢ are the respective relative dielectric con- Equations(10g and (10b) are the fundamental equations
stants perpendicular and parallel to the crystaixis. of our theory. This set of first-order differential equations,

By using Eqgs.(3) and(4) in the wave equation together with the appropriate boundary conditions, makes up
, , our mathematical model for the self-pumped phase conjuga-
( d d

) tion in photorefractive crystals. The boundary conditions are
o2 T a2/At (ntAnTA=0, (9 considered as follows. In experiments, only the forward
beamF is externally input into the crystal at entrance face
we can derive the following coupled-wave equations in thez=0. Due to the unevenness of the crystal surfaces and in-
standard slowly varying field approximation, taking into con- homogeneities and/or defects within the crystal, the scattered

sideration only phase-matched terms, with the linear ab- light is generated in every directigboth forward and back-
sorption coefficient: ward) at both entrance face=0 and exit facez=L, and

within the crystal. In addition, the reflection of the forward

w2

dfe(6.2 0.0’ beamF at exit facez=L also generates the noise for back-
F( ’ ) yT( ’ ) * . . . .
co)———= ———[Te(0,2)T2 (0,2 ward beanB. In real experiments, this reflection at exit face
S~z = 2 | g L0 2) d beanB. In real his refl f
0'#6 0 z=L makes a major contribution to the seed for backward
Tfx £.(0" 2)1f(6' beam. Therefore we assume that at faed, in a_ddmon to
8(0.2)1e(6".2)]Te(6",2) the plane-wave components of the external input forward
vr(6,0") . beam, we add a no_ise ofoR(6)VI,(0) to every component
+ H—Z)[fp(ﬁ,z)fs(ﬁ 2) fe(0, 0), wheree q is the forward-scattering coefficient and
0 R(6) is a complex function with random magnitude and
. ) , phase:|R(#)|<1; at facez=L, we introduce a noice of
+f5(0,2)f=(0",2)]fs(0',2) g, R(6)|f(6,L)] to the componentg(6, L), wheres,, is
the backward-scattering coefficient. As theoretically shown
vr(6,6) . in Ref.[16], only the scattering at, or near, the surface of the
14(2) [fr(6,2)fE(6,2)]fs(0,2) crystal is relevant for seeding the fanning and the backward
beam, so we assume that the volume scattering may be ne-
aL glected. When we consider only two plane-wave components
—cos—f(6 (109
cosd—-fr(6,2), fe(6,2) andf-(6',z) of the forward beanF and two com-
ponentsfgz(6,2z) andfg(6',2z) of the backward bearB, and
* ’ substitute symbols f:(6,2), fr(6',2), fg(0,z2) and
dfg(6,2) v1(6,6")
cosﬁT= I(—Z)[fp(o,z)f’;(a’,z) fg(6',2) with A,, Aq, Az, andA, in Egs.(10), we recover
0'#6 0 the well-known coupled-wave equations of the four-wave
+15(6,2)fe(6',2)1F5(6',2) mixing [2].
0,0 lll. NUMERICAL RESULTS
YO0 b.21300 2 | _ .
0 ur task is to solve equations presented above with spli
lo(2) Our task is to sol t ted ab th split
boundary conditions on two opposite crystal faces. We shall
+15(0,2)F:(60',2)1F2(0',2) do this numerically, using the method we recently applied to
study the spatial fidelity of externally pumped phase conju-
ve(6,0) gation[17]. The spatial frequency distributidiz(6,0) is ob-
! [f5(0,2)Te(0,2)1FE(6,2) tained by the fast-Fourier transform. The coupled-wave
lo(2) equations(109 and (10b) are solved by the Runge-Kutta
o method. And the total electric-field amplitudgx, z), Eq.
+cosﬁ?"f§(0,z), (10b) (3), within the crystal is simulated using inverse fast-Fourier

transform. In the calculation df=(6,0), we use 2% Fourier

components. In order to save computation resources and

time, we use only 1024 components to integrate Et6),

i.e., we take one in every 64 components. To obtain the total
iw amplitudeA(x, z), we again use ¥ components by interpo-

¥j(6,0")= Za‘nj(a,e’). (11 lating the values between the calculated components. Some

results have been checked by use of 2048 components in

integration of Eqs(10). The parameters of the nominal un-

doped BaTiQ and the cerium-doped BaTiGare taken as in

Table 1[18,19.

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

where (0, ¢') (j=T,R) is the coupling coefficient,
which is defined as

Note that y1(6,0')=—v5(6',6) and ygr(6,0')=
vr(6',0). For the case of no applied or intrinsic field, as
discussed in this papey;(6,6') is real.

In fact, as analyzed in detail in Rdf16], the non-phase-
matched terms vary rapidly with(of the order of the optical
wavelength, contributing very little to the integration over 5
z. They are small and can be neglected for propagation paths 26: |fe(6,0)]
greater than a few hundred micrometers. Thus in our analysis R= —M—
the neglecting of the non-phase-matched terms in Ed3. E 1f(6,0)|
is reasonable. 0

(12)
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TABLE I. Parameters of nominal undoped Bagiénd cerium-

doped BaTiQ.
Parameters Undoped BaTjO BaTiO;:Ce
Refractive indices n,=2.488 n,=2.404
ne=2.424 ne=2.316
Chargeq 1.6x10°1°C 1.6x1071°C
Electro-optic ri13=33 pm/\V ri3=9.35 pm/V
coefficients raz=124 pm/V rs3=385 pm/V
r 4= 1640 pm/V r4,=1770 pm/V
Dielectric constants £,=3600 £,=4600
€.=135 £.=130
Number density of
mobile charge X102 m3 8Xx102m3

carriersN

—
n

and the spatial fidelity agl7,20

EH f=(0,0)f5(0,0)+c.c.
F= 72+ (13
2 EH |fF<o,0>|226 |f5(6,0)|2

o
(=<}
T
1

=]
'S
T
I

where the range of summations oweis determined by the
spatial frequency content of the input forward be&mat
entrance face=0. Note that if the output bea® at face
z=0 is exactly conjugate to the input beaf, i.e., . ' .
fg(6, 0)=R’ff (6, 0), whereR’ is a factor that is indepen- —40 -20 0 20 40
dent of the angl®, thenF=1. In terms of spatial amplitude, 6 (degree)
Egs.(12) and(13) can be rewritten as

o
o

Fanning intensity (arb. units)

FIG. 2. (a8 Numerical simulation of the beam path inside a
f |Ag(x,0)|?dx nominal undoped BaTiQcrystal.(b) Output intensity profile at far
R=. (149 field. Beam waist wo=0.2nm, «a=0°, B=35°, g2,=1
x1078, L=5 mm, ande = 0. Without loss of generality, we take

2
f [Ar(x,0)[dx the magnitudéR(6)|=1 both here and later.

and the undoped BaTiQ crystal for a very small waist
Wo=0.002 mm. From Fig. 3 we also note that as the beam
f Ag(X,00Ar(x,0)dx+c.c. propagates in the crystal it shifts to theaxis and diffracts
(15) quickly, with the fanning gradually occurring. All these re-
vz sults are in good agreement with previous experimental ob-
servations.
We now examine the influence of the seed lewg] on

where integrations are taken over the transverse dimensiqRe fanning effect. The numerical results show that the in-
X.

F=
2

f |AF(X1O)|2dXJ' |AB(X10)|2dX

A. Properties of the fanning effect

In this subsection, we consider the fanning effect. This
means that we consider only the propagation of the forward
beamF omitting the backward beam (or taking e, =0).
Figure 2 shows the spatial intensity distribution inside an
undoped BaTiQ crystal and its output intensity profile at far
field for input Gaussian beamg(x, 0)=Agy exp (—x2/w3), 32
with the beam waistvo=0.2 mm. It is seen that the fanning 0 5
effect is strong, and that the beam follows a curved path.
When the input beam waisi,, is reduced, the fanning effect FIG. 3. Numerical simulation of the beam path inside a nominal
is also reduced. This can be seen by comparison of Figs. @ndoped BaTi@ crystal for input beam waistvy,=0.002 mm,
and 3, where we show the intensity distribution in a=0°, 8=35° &2,=1x10 %, L=5mm, anda =0.
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FIG. 4. Numerical simulation of the beam path inside a
BaTiO;: Ce crystal for self-pumped phase conjugatlon.
Wo=0.2 mm, a=5.4° B8=35° 2 =1Xx107°% &3 =3%x10"°,
L=5mm, anda =0.

Phase (rad)

crease of the seed levely enhances the fanning effect. In -2 L= . ' . .
other words, the beam begins to bend toward dhaxis at -0.8-0.4 0.0 0.4 0.8
smaller longitudinal distance for larger seed leved ;o than 0 (rad)

for smallere o, and the output fanning intensity distribution

versus the angle is nearer to thexis for largere 1o than for FIG. 5. (a) Output phase-conjugate intensity distributiolid
smallere ;. However, the influence of the seed level on thecurve and input intensity distributiondashed curvein real space.
beam fanning is not very strong. As an example, for input(b) Output phase of the phase-conjugate beaolid curve and
Gaussian beam waist,=0.3 mm (@=0° and 3=18°), input phase of the image-bearing bed&dashed curvein spatial
the beam inside an undoped BaTi@ystal begins to bend at frequency _§Pa°ed 10um, a=54°, B=35° s7,=1x10"",
z~2 mm for seed levels2,=10"° and z~2.6 mm for =3x107% L=5mm, anda, =0.

£3,=10"%, and the angles at which the output fanning inten- ) ) .

sity (L=5 mm) maximizes aré~11.5 ° andg~8.7°, re- 5(a) and 3b) show, respectively, the output intensity and

spectively. When there exists no seéick., e,o=0) the fan-  Output phase of the phase-conjugate beam, with the given
ning effect can be negligible. input ones shown by the dashed curves. The reflectivity is

59.2%, and the spatial fidelity is 0.998. It is noted that the
output phase is nearly exactly conjugate to the input phase.
Another point to note is that the reflectivity of the phase
Having discussed the fanning effect, we then consider theonjugation for an input image-bearing beam which has a
self-pumped phase conjugation. For this purpose, we add @ider range of spatial frequency content is smaller than for
noise atz=L. In Fig. 4 we demonstrate the total intensity an input Gaussian beam, which has a narrower range of spa-
distribution within the crystal for the input Gaussian beam,tial frequency content. This is consistent with experimental
with the beam waistwy,=0.2 mm. The output phase- results(see Sec. IV.
conjugate reflectivity is 70.1%. The picture in Fig. 4 shows From the above results we infer that both the transmission
good agreement with the beam path observed by the expefgratings, which are formed between different plane-wave
ment (see the photograph in Fig. 14in order to see the components of the forward beafand/or those of the back-
merit of the phase conjugation, we use the input imageward bean and the reflection gratings, which are formed
bearing beam with a rectangular distribution amplitude, i.e.petween plane-wave components of the forward beam and
those of the backward beam, are necessary to generate the
(16) phase conjugation. In more detail, it can be_described as
follows. When an extraordinary beam is input into a photo-
refractive crystal, its different Fourier plane waves, superim-
instead of a Gaussian distribution. This is because the recposed by random noise, form a multitude of transmission
angular distribution has a wider range of spatial frequencygratings. This results in the energy transferriog diffract-
content than a Gaussian distribution. In addition, we intro-ing) from a wave which has a wave vector at larger angle
duce a phase change in the spatial frequency space of thth respect to the axis to the wave at smaller angle. Cor-
input beam, as an example, adding a Gaussian distributiorespondingly, in real space, the beam path bends toward the
phase to every frequency componeiy(6, 0): f(6, 0) c axis(see Fig. 2 With the inclusion of the backward noise,
X A cos (—ia2/eg), where A and 6, are constants. Figures reflection gratings are formed between the forward plane

B. Properties of the self-pumped phase conjugation

const —d/f2sx=d/2

Ar0=16 x>,
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0.8 l .
0.6
0.4
=
0.2
FIG. 6. Schematic diagram to illustrate the generation of the
phase conjugation described in the text. 0.0
1.000 — ,
waves and the backward plane waves. The backward waves
are then amplified at the expense of the forward waves. In
addition, the intensity diffracts from the backward plane 0.999 1
wave, which has a wave vector at larger angle with respect to N
the c axis than that at smaller angle by the above-mentioned
transmission gratings, which are now intensified by the back- 0.998
ward plane waves. In real space, the backward beam retraces
the beam path of the forward beam. Thus the generation of (b)
the phase-conjugate beam may be phenomenologically de- 0-9970 : 5 : ‘1‘0‘ : 155106
scribed through the following process. At any longitudinal X
positionz, there exists a multi-four-wave-mixing configura- e or 6:1,
10

tion which can be regarded as an extension of the four-wave
mixing. As the backward plane waves propagate, this multi- o o
four-wave mixing occurs continuously. Figure 6 gives a_ FIG, 7. (2) SPPC reflectivity andb) spatial fidelity vs the seed
sketch to illustrate this process. At positibrthe phase con- €Vél 1o for fixed 3 =610 = (dashed curvgsand the seed level
jugate wave 3 or wave 4 is produced with waves 1 and 2 a2 for fixed e1,=1x10"" (solid curves a=0°, S=35°,
pump waves, whereas at positibnwave 3(i.e., wave 2) -~ 46 mm, andy, =0.

then serves as a pump wave for phase conjugate wave 3

Through this continuous process the phase-conjugate beam C. SPPC reflectivity and spatial fidelity
of the input beam is finally generated at the entrance surface versus externally controlled parameters
z=0. In this subsection we will present our numerical results of

Since in our model the noider seedlis an indispensable the SPPC reflectivity and spatial fidelity as a function of the
condition for the generation of the self-pumped phase conjuincident angle, and their dependence on the position of the
gation, it is necessary to discuss their dependence on the seg@ident beam upon the crystal entrance fémethe position
level. Now both the seeghoande,_are relevant. In order to  of incidence, following the experimental results of Réf].
see the influence of each seed on the SPPC reflectivity anle will also present the results of the reflectivity and fidelity
spatial fidelity, we keep,o constant while changing, ,  as a function of the input wavelength, in order to explain the
and keepe,_ constant while changingi,. The results are experimental results that the SPPC reflectivity is higher at a
shown in Fig. 7, where we take the input field amplitude as avavelength ofA =632.8 nm than ak =514.5 nm(see Sec.
rectangular distribution, Eq16), with width d=10 um. (In V).
all the later discussions we will take the input field amplitude
as this distribution. As anticipated, the SPPC reflectivity
increases greatly with the increase of the seed leyel The
seede g also has an influence on the reflectivity, and the 6| -
reflectivity decreases with an increase of the seed level
£19. But its effect is much smaller than the seeg . For
example, an increase of the seed lewgl from 1x10°° to
1x 10 ° leads to an increase of the reflectivity from 0.201 to
0.635, whereas an increase ef, from 1x10°° to
1x 10 ° leads to a decrease of the reflectivity from 0.54 to
0.44. From Fig. {) we note that the SPPC spatial fidelity is 2 r 7
insensitive to both the seed leveds, and €, . Speaking
more exactly, the spatial fidelity increases with the increase
of the seede, and the decrease of the seeg,, or the 0 ! I -
fidelity increases with the decrease of the reflectivity. From 400 500 600 700 800
the above discussions we can thus conclude that, of the two A (nm)
seedss g ande, , the seed:,, is the more sensitive factor
to influence the self-pumped phase conjugation, and that it is FIG. 8. Absorption spectra of BaTiJor a cerium-doping con-
more sensitive to the SPPC reflectivity. centration of 15 ppm.

Ay (1/cm)
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o 30 T T . T
< (8)  aem
C —~ 20 M " 1
%K z 4 )
! F = /'/
N\Z A ol om 1
FIG. 9. Definition of the position of incidenc¥ and the inci- 0 ' : ' '
dent anglea’ in a 0°-cut BaTiQ:Ce crystal. 100.0 : : : :
‘e am.
To make a quantitative comparison with experimental re- (b) e
sults, we should take into consideration the linear absorption = 99.5 | 1
of the crystal. The experimental measurement of the absorp- -
tion coefficient of a 15-ppm cerium-doped BaTi@t very LN 900l o ]
low intensity is given in Fig. 8. It is known that the absorp-
tion coefficient is increased at high intensjigl,22. There-

fore in our simulation of the experimental results of Ré&, 98.5 0 t'} 1'6 2'4 : 3'2 20
we take an absorption coefficient larger than that given in o' (degree)
Fig. 8, as an example, we takg =0.4 mm ! at a wave- &
length of A =514.5 nm.

First, we consider the dependence of SPPC reflectivit¥io
and spatial fidelity on the position of incidence. Similar to
the experiments in Ref7], we use a 0°-cut BaTi{Ce crys-

tal, with its two dimensions in the paper plane asihe |inear absorption is large, which results in the backward
8%6.85 mn‘?, and thec axis along the 8-nm dimension. The gees,, |f-(4, L)| being reduced. Thus the SPPC reflectiv-
distanceX is defined as in Fig. 9. The coordinatez axis is ity decreases due to the large absorption and the small back-
taken in the direction which makes an angle of 30 * with theyarg seed level. The spatial fidelity is very higarger than

c axis. We take the angle=15° inside the crystal. The (999 and it changes very little with a change of the dis-
results of the reflectivity and spatial fidelity as a function of 3ncex. In general, it increases with an increaseXofor

X are shown in Fig. 10. We see that the reflectivity has gyecrease of the interaction length.

dependence oK similar to that of the experimental results,  \ye next consider the SPPC reflectivity and spatial fidelity
as shown in Fig. 3 of Re{7]. The reflectivities are high at 45 4 function of the incident angte’, which is defined as in
middle range ofX, whereas at small and largethe reflec-  Fig. 9 (similar to the definition in Ref[7], where it is the
tivities are low. This can be un_derstood as follows. Thejycident angle outside the crystaThe coordinatet z axis is
largerX is, the smaller the interaction length and therefore  35sumed to be in a direction which makes an angle of
the smaller the phase-conjugate reflectivity, whereas ag_g5° The lengthL=4 mm. Our numerical results are
smallerX the propagation distande is long, and therefore ghown in Fig. 11. From Fig 1&) we see that the curve

shows good agreement with the experimental one, as shown

FIG. 11. (a) SPPC reflectivity andb) spatial fidelity as a func-
n of incident anglea’. £5,=1X10%, &3 =4x107% and
a =04 mm L,

60 . . . in Fig. 2 of Ref.[7]. The reflectivity increases with the in-
(a) crease of angler’, and maximizes atr' ~28°. Then it de-
10 | v | clines with a further increase of the anglé. From Fig.
9 v Ny 11(b) we see that the spatial fidelity increases with an in-
~ \ crease of the incident angle’ (or a decrease of the angle
P 20F A 7 between the axis and the propagation direction of the inci-
\v dent bearn Furthermore, the smaller the angté becomes,
0 L , . the faster the spatial fidelity decreases.
100.00 . ; . Finally we consider the SPPC reflectivity and spatial fi-

delity as functions of the input wavelength The depen-
(b) dence of the refractive indicag, andn, on A are obtained

g by the Sellmeier equation
y, 99.95 v}',/v'”""*' 1
nZ,=no+ )\Z_B+C)\2, (17)
99.90 o 2' ; é 8 TABLE Il. Sellmeier parameters at room temperature.
X(mm) Neo Ng A B Cc

FIG. 10. Dependence of th@ SPPC reflectivity andb) the n, 5.18816 1.3669210" 7.0359%10° —4.624 4% 107 1°

spatial fidelity on theX. e,=1x107° £ =1x10% and n, 539785 1.5256510° 8.18033<10° —9.8523<10 1°
@, =04 mm?
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ND Li
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N - 1\ L2

Eﬂ/ SLJ' <«€—1—> BaTiO3:Ce

40 | . T
"y
20 ! 1 1 1 1
100.0 — . . T T FIG. 13. Experimental setuf., Faraday isolator; ND, variable
(b) neutral-density filterL1 andL2, lens; BS, beam splitteR), detec-

— tor; SL, slit.

- K‘\‘\'

&, 99.8 1 Ne i lens 1), and a beam splitte(BS), and is then incident
upon the BaTiQ:Ce crystal at an angle of 75° with respect
to the normal to the crystal surface. The power of the phase

09.6 L_ . . : , conjugate beam, after reflection from the beam splitter BS, is
5500 6000 6500 7000 7500 measured by a detectoD].

A (A) For the wavelength of 632.8 nm, the power of the incident
beam is ~0.65 mW, and the beam width is-0.5 mm
(Gaussian beajras it enters the crystal. After about 45 min
wavelengthh. The lines with hollow dots are fo; =0 and the O.f .the beam |nC|d_ent upon the _crystal, a stable SPPC reflec-
: g : g o . apo tivity of ~32.5% is obtained. Figure 14 is the photograph of
lines with filled dots are for, given in Fig. 8.a=0°, B=35°, .. .
2 _ -6 2 _ -5 _ the beam path inside the crystal at the steady state, which
£7p=1X10°, €5, =1.6X10 °, andL=4 mm. o N
shows clearly that it is a curved one. This is in good agree-

ment with our numerical simulatiofsee Fig. 4. It is also
seen that there is no total internal reflection at a corner of the
Crystal as is in the case of the “cat” mirror, which support
our model.

FIG. 12. (a) SPPC reflectivity andb) spatial fidelity vs the input

where values ofig, A, B, andC are given in Table II\ isin
units of A. Since the spectral dependence of the electro-opti
coefficientr ,,,, the dielectric constants, ande., and the
number density of mobile charge carridis have not yet, For a wavelength of 514.5 nm, the power of the incident
been measured, we assume that they have a negligible dg- . : .

. ; X eam is~2 mW, and the Gaussian beam widt0.5 nm as
pendence om in our calculation. Because our purpose is to.

explain the dependence of the SPPC reflectivity and spatizliﬁ enters the crystal. After about 20 min of the beam incident

fidelity on the wavelength qualitatively, we simply adopt the ~Po" the crystal, the phase-conjugate beam attains its steady
absor):)tion coefficientug atq different V\Ya’lvelengtr?sy as gpiven state, with a reflectivity of-25.6%. The steady beam path is

L , S ) L
in Fig. 8. The results for the reflectivity and fidelity versus similar to the photograph of Fig. 14. The smaller reflectivity

A . atA=514.5 nm than that at=632.8 nm is consistent with
the wavelength\ are shown in Fig. 12, where the curve with h ical | Sec. Il
hollow dots is for the case of negligible linear absorption,t elnumednca} rﬁsu tGesee .ec.b B ith . beari
i.e., @, =0, and the curve with filled dots is for the case of , nocad of the Gaussian beam with an image-bearing

: . . . beam, we insert a slitSL) into the beam patlisee Fig. 1
the linear absqrptlon coefﬁment; taken from Fig. 8. We S€€rhe slit with widthd=12)0 pum can be ef?ectively rggarﬁed
that the reflectivity decreas_es with the d(_acrease of the Wavess infinitely long in the direction perpendicular to the plane
length\. Due to the larger linear absorption at shorter wave- ;. . ) .

L : of incidence. The lensl(l) images the slit on the crystal,
length, the reflectivity decreases faster with a decrease of the ' -\ .o up to a thirtieth-order spatial frequency compo-
\. This is consistent with our experimental results that the

reflectivity is larger at a wavelength ok —632.8 nm nent of the slit. The intensity of the beam as it enters the
(R=32.599 than atA =514.5 nm R=25.6%). Contrary to
the reflectivity, the spatial fidelity decreases with an increase
of the wavelength. Furthermore, the longer the wavelength
becomes, the faster the fidelity decreases.

IV. EXPERIMENTS

In order to check our numerical results, in this section we
present some experimental results performed on a BaTiO
crystal of cerium-doping concentration 50 ppm, which was
grown at the Institute of Physics, Chinese Academy of Sci-
ences. The dimensions of the crystal are %8230
X 3.15 mnd, with the ¢ axis along its longest dimension.

We use two wavelengths of 514.5 and 632.8 nm in the
experiments. The experimental arrangement is shown in Fig. FiG. 14. Photograph of the beam path inside the BgTo®

13. An extraordinary beam from a He-Ne laser or &h  crystal after the buildup of the steady state at a wavelength of 632.8
laser passes through a variable neutral-dendiy) filter, a ~ mm.
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crystal are identical with those of Gaussian beamthe SPPC reflectivity is sensitive only to the backward seed
(~0.65 mW). After about 45 min we obtain a stable SPPCat the exit face of the crystal, whereas the spatial fidelity is
reflectivity of ~22.3%. It is smaller than the one obtained insensitive to the seeds at both the input and the exit faces.
with the Gaussian beam. This is in agreement with our nuThe SPPC reflectivity and the spatial fidelity versus the inci-

merical resultgsee Sec. Il B. dent angle, the position of the incident beam upon the crystal
input face, and the wavelength of the input beam were nu-
V. CONCLUSIONS merically studied, which show good agreement with the pre-

_ vious and our experimental results.
In summary, we presented a model for the beam fanning

and the self-pumped phase conjugation in photorefractive

crystals. The numerical simulation of the curved beam path ACKNOWLEDGMENTS

inside BaTiQ:Ce crystals and the high-fidelity self-pumped

phase-conjugate beam show good agreement with the experi- This research was supported by the National Natural Sci-
ments. The seed effect on the beam fanning and the selénce Foundation of China and by the Nonlinear Project of
pumped phase conjugation were discussed, which shows th@hina.
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