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Abstract. We investigate the effect of beam coherence on Two-wave mixing (TWM) in PR crystals with partially
four-wave mixing via reflection gratings in photorefractive coherent waves has been studied by previous researchers [7—
media. For the case of phase conjugation, the results of odrl]. Cronin-Golomb et al. [7, 8] studied the effect of par-
theoretical analysis indicate that partial coherence alwaysal spatiotemporal (3-dimensional) coherence in photorefrac-
leads to a drop of signal gain and phase conjugate reflectitive two-wave mixing theoretically and experimentally. They
ity in non-depleted cases. In general, the mutual coherendeund that the spatial coherence could be improved for am-
of the signal beam and the pump beam can be enhanced dpkfied and deteriorated for deamplified waves. Bogodaev
to the process of wave mixing. The mutual coherence of thet al. studied two-wave mixing with partially spatiotempo-
phase conjugate beam and one of the pump beams depends$ (1-dimensional) coherent waves in transmission grating
on the beam intensity ratio as well as the optical path differcases [9]. Yi et al. studied two-wave mixing with partially
ence. This is distinctly different from the four-wave mixing spatiotemporal (1-dimensional) coherent waves with con-
case with a transmission grating. tradirectional beams [10, 11]. They also studied TWM with
partial coherent waves in high-speed media [12]. According
! to these studies, the coherence of the beams can be improved
PACS: 42.65.HwW due to the wave mixing.
There are four gratings recorded in the photorefractive
material in the four-wave mixing (FWM) scheme, viz. trans-

Wave mixing in photorefractive (PR) crystals is a fundamen-m"'ssgjnr} ggantglg’r;f[ai';]leﬁgotggéﬁt'i?I?Oa:gcg’n?f\ﬁgﬁi igsduc;m-
tal nonlinear optical process which is responsible for man;r Y, only J 9

applications, such as signal processing, optical commun|nant: This.islthfe so-called or(;e-gra}tinﬁ approximation. F(\/I;/é\:/l)
: : ] ' is responsible for many modes of phase conjugation ,
cations, optical networks, optical computing, etc. [1]. I:Or'ncluding stimulated photorefractive scattering (SPS), self-

reasons of mathematical simplicity, theoretical study in thig : .
area has been focused on wave mixing with monochromatigumpPed phase conjugation (SPPC), and mutually pumped
waves, or waves with full coherence. However, for some apphase conjugation (MPPC) [2-4]. The non-requirement for

plications, such as double phase conjugation [2—4], achroqoherence of the two pump beams in FWM means it has

matic volume holography [5], or optical phase conjugation.great potential in many applications, e.g. optical interconnect-

through turbulent media (i.e. sea water or the atmosphere) [6 g\}vgseerr ﬁ‘hzzfnleoilggg’ ﬂgﬂ;ﬁzeﬁttﬁ?fgben%mgf [e1r|3n:elr?]
the effect of beam coherence becomes important in the cou ' 9 ' P

ling process if the coherence of the beams is limited either b lly that the perflormr?nce of FW';]A IS Very senst|)t|ve o the
the intrinsic properties of the light source (e.g. beams fronii€dre€ of mutual coherence of the two pump beams [18].
two different lasers) or due to the propagation delay (e.g. th he effect of beam coherenqe o MPP.C was studied theor-
path difference between the beams is difficult orimpossible rgtically and experimentally without taking into account the

equalize). Thus, knowledge of the state of coherence duringPUP!ing and propagation of mutual coherence and it was
and after coupling is essential in these applications. und that the performance of the phase conjugator can be de-

creased or enhanced depending on the contribution of the re-
— flection gratings [19, 20]. FWM with partially spatiotemporal
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Corresponding author. (E-mail: jianhua@xanadu.ece.ucsh.edu) d 291 by taki int t th l d
***Permanent addresdhe State Key Lab of Crystal Materials, Shandong AlCOUE group [ ] y taking Into accoun € coupling an
University, and Department of Physics, Jinan University, Jinan, Shandongfopagation of the mutual coherence. It was found that the
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hanced or decreased depending on the coupling constant a
the signal-pump beam ratio [21, 22]. For the case of phas
conjugation, the PC beam and the pump beam remain in fu
coherence during the propagation [22]. A, [
In fact, when the two pump beams are partially coherent I
reflection (andor 2k) gratings must be taken into account. In |
the case of transmission grating interaction, the optical pat
difference between the interfering waves of the four wave: I
I
|
I

?C-axis

/
\

remains approximately the same as the four waves propi

gate through the photorefractive medium, especially when th /
incident angles of the four waves are small. Only one free
variable is adequate to describe the second-order statistic
properties of the four beams, which include the intensitie:
and the normalized mutual coherence. But this is not the cas Z=0 Z=L

Whe.n th.e reflec.t|on grating .IS present. .In the case of I’efleCtIOEig' 1. Four-wavemixing in a photorefractive medium via reflection grat-
grating interaction, the optical path differences between thgg approximation. The gratings are formed by beam pair As) and/or
four interfering waves change significantly as the four wavesa,, A;). We designateA; as the signal beam and Az are the pump
propagate through the PR medium. We need at least two varieams, and\, is the phase conjugate beam

ables to describe the second-order statistical properties of the

four beams [23]. Another important issue in reflection grat-

ing approximation (RGA) is that the boundary conditions onintensity at positiorz. Q(z, t) is a measure of the index grat-
the second-order statistical properties, i.e. mutual coherenceg. In purely diffusive photorefractive media (e.g. BagiO
are not easily obtained. In this paper, we propose a theoretic&8BN or KNSBN without an applied field), the dynamic index
model to analyze the effect of beam coherence on nonlinearating is described by the following relaxation equation
optical FWM and the formation of index gratings in PR me- 0@

dia by taking into account the propagation and coupling of the Z * *

mutu)él cohgrence via RGA inpca%e% where there Fi)s n% oumd ot T Q@Y =Mz HA3(Z U+ Aoz, H A2 1)
depletion. We limit our consideration to reflection grating ap-

proximation only. Since here we investigate FWM with one- i o

dimensional spatiotemporal coherent beams, the contributioffherez, is the total relaxation time constant of the reflec-

of the Z gratings can be regarded as part of the reflectioion grating. If we assume that the temporal behavior of each
grating contribution. wave’s complex amplitude is a stationary random process

with a coherence timéw—! which is substantially less than
the relaxation time of the material (i.8wtp > 1) [24], then
1 Theory we can replace the dynamic grating amplitu@ie, t) with its
ensemble averag®(z,t) = (Q(z, 1)) = (A(z, ) Aj(z, D) +
Az, ) A4(z, 1) [11].
For convenience in our later discussion, we now briefly

A
A, 4

Referring to Fig. 1, we consider the process of optical four
wave mixing with RGA in a nonlinear medium. Assuming . . . -

that all the partially coherent waves have the same central fr&Ve Some notation and definitions for the statistical prop-
quencywo, all the waves are polarized perpendicular to the®!tes of the four optical wavesimn(z, 7) = (Am(Z, t1)
plane and the waves form two pairs of counter—propagatin%“n(z’ t2))] represents the self-coherence functioms=n)
beams wittks = —kz , ks = —kq; the coupled wave equations nd mutual coherence functiof® # n) of the four waves.

for the slowly varying amplitude#\ (z, t) in a purely diffu- © is a time delayz = t; —to. With these definitions, one can
sive photorefractive medium can be written as easily obtainQ(z, ) = I's(z, 0) + I24(z, 0). Being indepen-
dent of time,Q(z, t) in the above equations can be written as

ALz, )  19ALzZb) ¥ Q(z, H) As(z, t) Q(2). Note thatQ(z) is the sum of the two mutual coherence
+ - =—F— (1) functions of the four beams at positianUsing (1)—(4) and

9z vooat 2 lo the above definitions, we obtain a set of differential equations
describing the coupling and propagation of the self-coherence
Azt 10ANZY) v Qz A4z 1) and the mutual coherence functions during the four-wave
S =27 (2)  mixing process,
4 v ot 2 lg
0ln1(z, v 14
= L [ Q" @3z, 1)+ Q@) [z, —T 5
o) 10AzD  y QDAY . 0z o1 [Q @132, 0+ Q@ ITyz. 0] (5)
9z v oot 2 lo
0l2(z, 7) 14
e = L [Q" @ oa(z, 1)+ Q@) 2z, T 6
3A4(Z, t) B } 3A4(Z, t) _ _Z Q*(Z, t)AZ(Z, t) (4) 0z 2|0[Q ( ) 24( ) Q( ) 24( )] ( )
dz v oot 2 lo
3F33(Z, 1') _

where y is the intensity coupling constant, is the group

14
——[Q*(2)I13(z, 7) + I'is(z, — 7
velocity, andlo(2) = 11(2) + 12(2) + 13(2) + 14(2) is the total 0z 2|0[Q @z 0+ Q@52 —1 - (1)
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0l 44(Z, T) N .
ULl Q' @Iuz 0+ Qrsz 0l (8) 2 ' ' ‘
0z 2lp
]
0I13(z, 1) 20Ins(z,1) vy =
= " L Q@[Iz I3(z @
5z P 2IOQ( )1I11(z, ©) + I33(Z, 7)] g
9 k=
£
o
0I54(2, T 2001%4(2, T [
Moz, D) _ 200420 _ ¥ o) Iyo(z, 0) + Faaz, 0]
0z v ot 2lg F
(10) 0‘--.!-,.I.x.r-‘~.
Here we only keep the six equations that have contri 0 0.2 0'4; (cm()"s 0.8 !

butlons to the FWM with reflectlon gratlngs approxm_1a- Fig.2. Beam intensities in the photorefractive mediu8olid lines fully
tion. From the above set of differential (5)_(10)’ we find coherentwaves; dashed linespartially coherentwaves.h =1, =13 =1,
that I'1(z, ) — I'33(z, ©) = const. and»2(zZ, ©) — T44(Z, 7) = l4=0,n=23L=1cmy=-5cnm’ Av=18x10°Hz

const. That means that the set of coupled equations is con-

sistent with the conservation of energy. Note that solving

(‘T’)?(lg) is g two—poidn_t;'boundary—vqlluilprottr):em. :]f th":rgco'ﬁn'reflection index grating and an arbitrary mutual coherence.
piete boundary conditions are avaliable, th€ Sell-=CONErence,q, \ye calculate the distribution of the gratings, the intensi-

and mutual coherence in the set of (5)~(10) can be solveioq ot the four beams and the mutual coherence of the beams
Unfortunately, we can only obtain the self—cqherence of thebsing the set of coupled equations (5)—(10). We then com-

;our Waves ar:d tt?]e mu(tjgal czherentlfimcktlonsl l(:)jefore} ttr:] are the calculated results with the initial assumptions and the
Ou{ W?VGSh enter efThe |fum. comp ? ?h ntow eb ge (Oj N%oundary conditions. If the error is unacceptable, we can con-

mutual conerence of the four waves at theé two boundanegy, e the calculations until we get satisfactory results. In our

is often not available. In non-depleted pump approximation,,|.,jations, we set an error of 10 We find the results are

mth A4(L,g) =0, if we afSl]ffmet tgebst?rtlistical prope'rtiesﬂg)falways convergent in the non-depleted pump cases. The cal-
€ pump beams are not afiected by the wave mixing, e, 5104 results are shown in Figs. 2—7. Figure 2 shows the

complete information about the boundary conditions can b iation of the beam intensity in the PR medium. In the cal-
obtained. Assuming that all four beams are derived from the

same source (i.e. the same laser) and the spectral distribution
of the source wave is Gaussian, the normalized modulus c* Ly=Lg, Ad=0
the self- coherence function can be written,

2 L L.
Is(r) = exp[— ( TAvT ) } (11) 1 >l 3

24/In2

whereAv is the bandwidth, and is the time delay. Assum-
ing the two pump beams have the same intensities and tt, PR material Ad=L4-L3=0 at z=0
intensity ratio of the pump beam to the signal beargi,ithe
boundary conditions &= 0 and aiz = L for the four waves

are 1Z=0 Z=L
|
I11(0, 1) = I'5(7),
I22(0, 7) = I's3(L, 7) = Bls(7), b PR material Ad=Lq-L3<0 at z=0
3(0, 1) = /BIs(t + Ab),
I'aa(L, 7) =0, Z=0 Z=L
Ioa(L, 1) =0,

I

|

|

where At is the time delay between the signal wakg and |
the pump waveAs atz= 0. At the inputz =0, I'13(0, 7) de- | PR material | Ad=Lq-L3>0 at z=0

termines the initial mutual coherence function of the signa [

beam and pump beam. In the above, we asslytie t) = 0. [

[

|

Z=0 Z=L

2 Numerical resultsand discussions
Fig. 3. lllustration of the optical path difference between the signal beam

After we obtain the complete boundary conditions, we carﬁﬂg ;ﬁ;;‘fggmﬁ%@g g{“zj =L?b ae a;iethoept;acciiti%?lthostlci E:ei ss'é’t”a'

use the relaxation method to solve the set of differential equar— o, Ad < o(ad > 0) at z= 0 means the position df; = L3 is atz > 0
tions (5)—(10) numerically [25]. We first assume an arbitrary(z < 0)



320

S5 p——— T ] at the signal wave entrance boundéry= 0) at various beam
i 3 ] ratios 8. In this plot, the parameters ate=1cm, n = 2.3,
3 [ ] Av=18x10°Hz, y = —5cn L. Note that increasing the
7 ] beam ratio(8) can lead to an increase of the signal gain and
S o5l the phase conjugate reflectivity. We also note that the max-
= T imum signal gain and phase conjugate reflectivity occur when
- the optical path difference is negative (i.e. the zero optical
- 2r ] path difference occurs in the PR medium, case Fig. 3b.
1 The normalized mutual coherence of the signal beam and
1.5 1 pump beam at = L is shown in Fig. 5a as a function of the
] optical path difference (as defined in Fig. 3). By comparing
1 - with the case ofy =0, we find that wave coupling can en-
-10 -5 0 5 10 hance the normalized mutual coherence of the signal beam
a Optical path difference (cm) and the pump beam. We also note that the normalized mu-
tual coherence increases with the beam intensity ratio until
it reaches saturation. Note that the curves fee 100 and
08 T ] B = 10* overlap. This is similar to the results obtained previ-
0.7 | - — Bl ] ously in TWM with partial coherent beams [10, 11].
F AN _ ] The normalized mutual coherence of the PC beam and
0.6 | p=10 4 . .
- S UL U W — B=100 | the pump beam at =0 as a function of the optical path
e 05 B10° E difference under various conditions is shown in Fig. 5b. We
S 04 f ]
3 [
=~ 0.3 F ] o
3 1 i 1
0.2 F g g
0.1 | = ~ 0.8 B
0 £ - ! ) . 3 i
c
-10 -5 0 5 10 g i
b Optical path difference (cm) s 06
[=]
Fig.4. Dependence of the signal gain and the phase conjugate reﬂectivi‘_“ [
on the optical path differenca Signal gainb Phase conjugate reflectivity, 8 .4
B is the pump-signal ratio. The other parameters are the same as in Fig.§ -
E
? 0.2
N
culation, we use. =1cm,n=23, Av=18x10°Hzand §
y = —5cnr L. The intensities of the four beams dfe= |, = é 0

I3=1, 14 =0. The optical path difference between the pump -10 -5 0 5 10
beam(A3) and the signal bearA;) at z=0 is chosen to

be zero (see Fig. 3a). The solid lines are for monochromati
waves, dashed lines are for partially coherent waves. We no__
that with a non-depleted pump approximation, partial coher$ 1 et e P —
ence can lead to a drop of signal gain and phase conjugaX
reflectivity. For convenience, we define the optical path differ-
ence of the signal beam and the pump beamés- L; — L3,
wherel 3 is the optical path of the pump bedm andL; is
the optical path of the signal bealn shown in Fig. 3. Both
L, andL 3 are measured from the output end of the laser. Fig
ure 3a shows\d =0 atz=0, meaningL; =Lz atz=0; b
showsAd <0 atz=0, meaningL,; =Lzatz>0;cshows 3 085}  ~ _  ____._ B=10
Ad> 0 atz=0, meaningL; = L3 atz < 0. In the follow-

ing, when we mention the optical path difference betweers w=m=== p=100
the signal beam and the pump beam, we mean the optic & 0.8 L _B=104
path difference at = 0. For convenience in our later discus- r

sion, when we mention the mutual coherence of the signées ¢ 75 b 1 o 1 0 1 0 0 |
beam and the pump beam, we mean the mutual coheren® .8 -4 0 4 8
of beamsA; and Az; when we mention the mutual coher-
ence of the PC beam and the pump beam, we meaand _ _ _
A because n HOA Gl e b ke Co0e 0 g e e e o ane i g
Wav.e mixing. Flg.u.re 4a,b ShQWS the Slgnal.gam and Phas gnal entrance plane = 0). b Dependence of the normalized mutual co-
conjugate reflectivity as functions of the optical path differ-perence of the phase conjugate beam and the pump beam on the optical path
ence between the signal be@#y) and the pump beartAs) difference with respect ta=0

Optical path difference (cm)

24n

=~ 0.95

0.9

™

0.85 — T bl

mutual coherence

T T T T T

rmal

=2

Optical path difference (cm)
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the phase conjugate beam is the sum of the diffracted beams
from various parts of the grating in the medium. Thus, in this
case, the PC beams mainly gain from the rear gratings, viz.
the amount of the diffracted intensity from the rear gratings
is predominant. We can consider that the PC beam gains its
energy from the pump beaifA,) via a grating recorded at
positionL /2 < z = z,, as illustrated in Fig. 6b. The equiva-
lent optical path difference between the PC be@y) and
the pump beaniA,) atz=0 is larger thamL, wherelL is
the thickness of the PR material, ands the refractive in-
dex of the material. Now, on the other hand, if the optical
path difference between the signal beam and the pump beam
is positive (e.gAd = 4 cm, the case Fig. 3c), the amplitude
of the grating recorded in the front is comparable to (or larger
than) that recorded in the rear. Thus, the amount of the inten-
I sity of the PC beam diffracted from the front portion of the
grating is comparable to (or larger than) that diffracted from
/f" the rear portion of the grating. Thus, we can consider that the
PC beam gains its energy from the pump beam via a grat-
ing recorded az = zy,, as illustrated in Fig. 6¢. Note that in
this case the equivalent optical path difference at0 is ap-
\ proximately 21z, which is reduced compared with the former
case. Therefore, a positive optical path difference between the
2 signal beam and the pump beam leads to an increase in the
b Z=0 Z=Z, Z=L normalized mutual coherence of the PC beam and the pump
beam. When the grating amplitude is stronger near0,
the normalized mutual coherenfesn(z = 0) can be substan-
tially enhanced [see Fig. 5b, wheye= 5, the front part of
PR material I3 the grating is stronger than the rear part, but note that the en-
1

ergy is coupled from the signal beam to the pump béAg)].
/ ence between the signal beam and the pump beam also leads

However from Fig. 4b we note that a larger optical path differ-
to a decrease in the phase conjugate reflectivity. It is very
clear that the normalized mutual coherence of the PC beam
and the pump beam is no longer unity in Fig. 5b. Itis very dif-
ferent to the case of TGA where the PC beam and the pump

|
l 2 ’ |
i 7-0 7_7 7-L beam remain fully coherent during the propagation [22]. This
E B R - difference is also due to the contradirectional propagation of

Fig.6. a Index gratings recorded in the photorefractive medium under varithe pump bear#, and the phase conjugate be@m
ous conditions. Note that whefd < O (i.e. Ad < 0= —4) the amplitude

of the grating in the rear part is much higher than that in the front part.

When Ad > 0 (i.eAd = 4) the amplitude of the grating in the rear part is

Grating amplitude

PR material

comparable to that in the front pati. Ad = —4, the equivalent grating is N
located atz=z, > L/2; note that the optical path difference betwelen ~g 1.2
andls atz=0 is larger thamL. c Ad =4, the amplitude of the front grat- [~ '
ing is comparable to that in the rear part, the equivalent grating is locate 4,
at z=zy ~ L/2; Note that the optical path difference betwdeandl, at g 1
z=0 is about (or less thamL o
2 o8
8
find that whenAd > —4 cm, increasing the beam rafi = - 06

I3(L)/11(0)] will lead to a decrease in the normalized mutual§
coherence. We note that the normalized mutual coheren(g
I4(0) is an increasing function of the optical path differ-
ence of the signal beam and the pump beam. In other word &
a higher normalized mutual coherence can be obtained whe=
Ad > 0, which corresponds to the case when a zero optice £
path difference occurs in front of the signal entrance plant2
(z=0) (see Fig. 3c). This can be explained from the distri-
bution of the grating strength in the medium under different
conditions (see Fig. 6a). If the optical path difference beFig. 7. Distribution and propagation of the normalized mutual coherence of

- . - e signal beam and the pump beam under various conditions. The pump-—
tween the S|gnal beam and the pump beam is negative (e' gnal ratio is 1Ad is the optical path difference between the signal and the

Ad = —4cm, the case in Fig. 3b), th.e grating.ampli'tude ISpump beam az — 0. Note that the normalized mutual coherence atL
stronger at the regz = L) of the medium. The intensity of is enhanced

o
i

o
N

o

0.4 0.6 0.8 1
z (cm)

o
©
n
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and phase conjugate reflectivity using non-depleted pump ap-
proximation. Wave mixing can enhance the coherence of the
signal beam and the pump beam. Higher coherence of the PC
beam(A4) and the pump beaitA,) can be obtained when the
optical path difference between the signal beay) and the
pump beant(Az) at the signal entrance boundary is positive.
This always leads to a drop in the phase conjugate reflectiv-
ity. The normalized mutual coherence of the PC beam and
the pump beam is no longer unity, which is different to the
TGA case. Increasing the pump-signal ratio can enhance the
PC reflectivity, but decrease the normalized mutual coherence

B I ]
0.98 | .
0.96 | ]
N i
~£0.94 N .
= i
0.92 t/ 4 ]
A B=10?
0.9 ¥ h .
0.88 : P S S SR SR T L
0 0.2 0.4 0.6 0.8 1
z (cm)

Fig. 8. Distribution and propagation of the normalized mutual coherence
the PC beam and the pump bean under various conditions. The optical
difference (\d) atz=0 is zero

p

of the PC beam and the pump beam. Four-wave mixing with
partially coherent waves is a very complicated phenomenon.
Undoubtedly, FWM with partially coherent waves through
TGA and RGA can shed some light on how mutual coher-
ence evolves and propagates in the four-wave mixing process
and how it affects the wave mixing. The effect of partial co-
ﬁﬁrence on four-wave mixing taking into account the propa-
gation and coupling of the mutual coherence when all the

gratings are present is the subject of a future publication.

Figure 7 shows the normalized mutual coherence functioacknowledgementdhe authors are grateful for the helpful discussion with
Tan(2) of the signal beam and the pump beam as a funcken Y. Hsu (National Chiao Tung University). This research is supported by
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