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A gquasi-collinear and partially degenerate four-wave mixing model is proposed to explain the
optical phase-conjugation property of various types of stimulated backscattering.

According to this model, after passing through a phase-disturbed medium or an aberration plate,
the input pump beam can be resolved into two portions: a stronger undisturbed regular

portion and a weaker phase-disturbed irregular portion. These two portions interfere with each
other and create a volume holographic grating in the pumped region of the scattering

medium. Only the stronger undisturbed portion of the pump field can excite an initial backward
stimulated scattering beam with a regular wavefront. When the I@tea reading beam

passes through the induced holographic grating, a diffracted wave will be created and then
amplified together with the reading beam. A rigorous mathematical analysis shows that

under certain conditions the combination of these two portithhesreading wave and the diffracted
wave of the backward stimulated scattering can be an approximate phase-conjugate field of

the input pump field. The major theoretical conclusions are basically supported by the experimental
results based on a specially designed two-beam interference setup99®American

Institute of Physicg.S1063-776(99)00502-§

1. INTRODUCTION expressed as an infinite serié€:*=3!n those cases, it was
extremely difficult to obtain a rigorous analytical solution of
Optical phase-conjugation is one of the most interestinghe wave equation.
research subjects in nonlinear opttésSo far, there are two In this paper we intend to propose an alternative physical
major technical approaches to generate optical phasenodel as well as a novel mathematical approach to explain
conjugate waves: one is based on degenerate or partially déhe phase-conjugation property of BSS. The suggested model
generate four-wave mixing, the other is based on back- is based on a quasi-collinear and partially-degenerate four-
ward stimulated Brillouin, Raman, or Rayleigh-wing wave mixing process, or equivalently, a quasi-collinear ho-
scattering™'* In addition, for certain arrangements, speciallographic wavefront-reconstruction process. The proposed
three-wave mixing>'® the photon echo techniqdé!®and  mathematical approach is based on the assumption that both
the self-pumped photorefractive effect can also be used tthe pump field and the BSS field can be viewed as composed
produce phase-conjugate waves?! of two portions: a portion of the regular-wave and a portion
Now backward stimulated scatterifBSS is one of the of the aberration-wave. The advantage of the suggested ap-
most sophisticated techniques to generate optical phas@l‘oach is that an explicit analytic solution of the wave equa-
conjugate waves. A considerable number of theoretical pations can be obtained.
pers on this specific issue have been published since the late
1970s?2~3!Most of those theoretical studies have been based
on a particular assumption that there is gain discriminatio
between the phase-conjugate portion and non-phase-
conjugate portions of the backward stimulated scattering; Before starting our theoretical discussions, it is helpful
only the former can obtain the maximum gain and be effecto describe briefly the typical experimental setup for demon-
tively amplified. However, for a long time, a clear theoretical strating the phase-conjugation property of the BSS from a
model or physical explanation to support this assumptiorgiven medium. Figure la shows the typical experimental
was lacking. Therefore, a better physical understanding o$etup without using an aberration plate. In this case, a quasi-
this effect is still necessary, as indicated by Ref. 32. Anotheplane pump beam is focused into the center of a scattering
feature of most theoretical papers cited here is that both thmedium. Most experimental observations show that the BSS
pump field and the BSS field were represented by a functioexhibits nearly the same beam size and beam divergence as

. QUASI-COLLINEAR HOLOGRAPHIC INTERACTION
ODEL
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does the pump beam. These facts can be explained by theccording to this principle, after passing through a phase

following two considerations. First, only those portions of object the total optical field can be expressed as a superpo-

the initial BSS which are propagating within the solid aper-sition of two portions®>

ture angle(measured from the sample center to the focusing

lens of the pump beam can get the maximum gain _Iength. U=UD+U®=AD expip,)+A® expli @)

Second, the divergence angle of the collimated BSS is deter- ,

mined by its spot size in the pumped region of the gain =exp(i g){AV + A exd i (os— ¢i) 1} 1)

medium, which is limited by the spot size of the pump beam.

We can assume that near the focal point region the focusedereU( is the undisturbed part of the transmitted fidld®

pump beam exhibits a Gaussian transverse intensity distribuhe secondary wave arising from the presence of the object;

tion. Considering the threshold requirement of the burst oA") andA® are their amplitude functions; arg and ¢, are

stimulated scattering, the minimum spot sipeam waistof  the corresponding phase functions, respectively.

the stimulated scattering should be slightly smaller or quite  The Gabor principle described above is applicable to

closer to that of the pump beam. Therefore, after passinghost phase-conjugation experiments based on BSS. In this

back through the focusing lens the BSS output manifests aase, as shown schematically in FigEZw) is a quasiplane

slightly smaller or nearly the same beam divergence angle gsump wave; after passing through an aberration plate, the

the pump beam. pump field appears as a superposition of two portions: a
Figure 1b shows the same experimental setup except thatronger undisturbed wave;(w) and a weaker distorted

a transparent aberration plate is placed between the beawave E,(w). After passing through a focusing lens, these

splitter and the focusing lens. In this case, after passing badkvo portions interfere with each other in the focal region

through the aberration plate the BSS may show a signifiinside a gain medium and create an induced volume holo-

cantly reduced aberration influence. That is the typical exgraphic grating that is due to the intensity-dependent refrac-

perimental evidence of the phase-conjugation property of théve index change of the gain medium. Only thg( w) wave

BSS1o-14 is strong enough to fulfill the threshold requirement and to
To describe how can we employ the quasi-collinear ho-generate an initial BSS waue;(w'), the latter exhibits the

lographic interaction model to explain the basic experimentabame regular wavefront as does the former. When the

results mentioned above, it is worth returning to the originalE;(w') wave passes backward through the induced holo-

idea of Gabor’s holography principle. In that case, a coherergraphic grating region, a diffracted watg(w') is created.

light wave passing through a transparent objgdtase ob- Here we see a typical holographic wavefront-reconstruction

ject), the object is assumed to be such that a considerablgrocess: the induced grating is formed by the reghlgiw)

part of the wave penetrates undisturbed through it, and aave(reference beajrand the irregulaE,() wave (signal

hologram is formed by the interference between the secondseam; the initial backward stimulated scatterirfgz(w’)

ary wave arising from the presence of the object and thevave is a reading beam with a regular wavefront like the

strong background wave, as clearly described in Ref. 33E;(w); therefore, the diffracted wavE,(w’), as a recon-
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structive beam, will be the phase-conjugate replica of theand small-signal approximation the growth of an initial
E,(w) wave. stimulated scattering signal can be described as

Egrthgrmore, thE4(Q’) wave WE|| experience a further 11w’ )=1(0,0")e G~ 3
amplification together with th&;(w’) wave because both
waves have the same signal frequency. In the case of stimwherew’ is the frequency of the stimulated Stokes scatter-
lated Brillouin scatteringw~w’, it is a nearly degenerate ing, |(I=0,0") is the initial intensity,« is the linear attenu-
quasi-collinear four-wave mixingFWM) process in the ation coefficient,G is the exponential gain coefficieriin
sense of phase-conjugate formation. In the case of stimulatethits of cm %), and| is the effective gain lengttin units of
Raman scatteringy> o', there is a partially degenerate and cm) of the medium. The threshold requirement for the burst
frequency down-converted FWM process. In the case of antief an observable stimulated scattering can be written as
Stokes stimulated scattering<w’, there is a partially de- (G—a)l

e >1. (4)
generate and frequency up-converted FWM process. Based
on the explanations described above, one can see that therelige exponential gain coefficie@ is assumed to be propor-
a common mechanispump field-induced holographic grat- tional to the local intensity of the pump field, i.e.,
|_ng) playlng the same key role fo_r phase-conjugation _form_a- G(2)=glo(z,®). (5)
tion in both FWM and BSS. This common mechanism is
applicable to any types of backward stimulated scatterindiere the pump intensitho(z, ) is in units of MW/cnf, and
processes including stimulated  Brillouin, Raman,d is the exponential gain factor in units of cm/MW.
Rayleigh-wing®*%*and Kerr scattering®>>8even though the
specific scattering mechanisms are totally different among
them. 4. GENERALIZED DEFINITIONS OF AN OPTICAL PHASE-
CONJUGATE WAVE

3. PUMP FIELD-INDUCED HOLOGRAPHIC GRATING

AND STIMULATED SCATTERING GAIN The term “optical phase-conjugation” is specially used

to described the wavefront reversal property of a backward

Let us consider an isotropic scattering medium. We aspropagating optical wave with respect to a forward propagat-

sume thatw andw’ are the frequencies of pump wave anding optical wave. Suppose there is an input quasi-

stimulated scattering wave, both of which are linearly polar-monochromatic wave with a certain phase-distortion depart-
ized along thex axis. The induced refractive index change ing from an ideal plane wavefront, i.e.,

S;(gse;;edngzd by the stimulated scattering wave can be ex E(zxy.0)=E(zx,y)e ot

=Ao(z,x,y)ei[k”‘P(Z'X'y)]e‘“"t. (6)

Here, z is the longitudinal variable along the propagation
direction,x andy are the transverse variables along the bean
section,w is the frequency of the fieldk=2mny/\ is the
magnitude of the wave vectoE(z,x,y) is the complex am-
é)litude function,Aq(z,x,y) is the real amplitude function,
and, ¢(z,x,y,k) is a phase-distortion function. If there is a
backward propagating wave which can be expressed as

An(w')= X (-0 o' —0,0)Ew)? (2

2n0(w')

whereny(o') is the linear refractive indexy¥=x3), is a
real matrix element of the third-order nonlinear susceptibility
tensor, andE(w) is the electric field function of the incident
pump beam. In the focal region inside the gain medium, th
values of local intensity of the pump field(x,y,z,o)
«|E(x,y,z,0)|?, can be quite high with a spatial intensity ,
fluctuation that is due to the interference between the two E’(z,X,y,0)=aE*(z,x,y)e "
portions(disturbed and undisturbgdf the pump beam. As a i i
result, an intensity-dependent holographic grating can be =aAg(zxy)e e ezleier, @)
formed via the mechanism described by Ez). wherea is any real constant, the fied' (z,x,y,w) is called

If the local pump intensity is high enough, stimulated the frequency-degenerate phase-conjugate wave of the input
scattering and subsequent stimulated amplification may odield E(z,X,y,w). This type of optical phase-conjugate wave
cur in the focal region of the pump beam inside the mediumcan be experimentally generated by using the well-known
As in the case of one-photon pumped lasing, in steady-statdegenerate four-wave mixing technigtié.
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In a more general case, if there is a backward propagatHere, w(z) represents the change in the pump-beam size

ing optical field with a different frequency’, which can be
written as

E"(Z,X,y,w’) — aAo(Z,X,y)e_i[k/Z+ @(Z,X,y)]e—iw't,

be the

8

then E"(z,x,y,w') can termed

along thez axis near the focal point regiom is the mini-
mum spot size of the beam at the focal plafizjs the focal
depth of the focused beam, aR@z) describes the change of
the radius of curvature as a function ofin writing Eq. (9),

frequency- We simply neglect the amplitude depletion of the pump field

nondegenerate phase-conjugate wave of the same originaithin a distance comparable 2.

field E(z,X,y,w). This type of phase-conjugate wave can be

experimentally generated by usirfg various BSS with a
considerable frequency-shift!® or (ii) a partially degener-
ate FWM839-42

5. DESCRIPTION OF A FOCUSED INPUT PUMP FIELD

A detailed schematic illustration for the beam-path ge-

ometry of the BSS in a scattering medium is shown in Fig.
In this case, a quasi-parallel pump beéhick lineg passes

through an aberration plate and is focused into the center of
the medium. After passing through the aberration plate, the
pump beam can be imagined as composed of two portions.

According to Gabor’s principle and Edl), the total
pump field near the focal point region can be expressed as a
combination of two portions:

E(erava) = El(Z,X,y,w) + Ez(Z,X,y,w)
=[A1(z,X,Y) +Ax(z,x,y)]exi(kz— wt)]

B Wo ‘{ 5 o ik
> S| N YW R
—i tan*15—zZ +C2exp[i9(z,x,y)]]

xXexdi(kz— wt)]. (11

One is a relatively strong undisturbed quasi-plane wWavgiere . andC, are real amplitude constants for normaliza-
(medium-thick lineg the other is a relatively weak distorted tion, andé(z,x,y) is an unknown function depending on the

wave (thin lines. These two portions of the input pump

aberration plate. The first term witB, in the braces of Eq.

beam can interfere with each other in the overlap region 3”911) represents the undistorted portion of the pump field; the

create a volume holographic grating. For the undistorted po
tion of the input pump beam, the optical field in the focal
region can be approximately treated as the fundament

mode of a Hermite-Gaussian beam, &3
_ Wo 2.2
E1(21X1y1w)_clw(z) exq (X +y )

1 ik

X| = 1
w<(z) 2R(2)

—itan”

z
el
x exfli(kz— wt)], ©)

whereC, is a real amplitude constant, and the parametgrs
R and 6z are determined by

2
1+

w(z) =w} =

a 2
1+(§ } R(z)=z

(10

'Second term withC, represents the distorted portion of the
pump field. It is assumed that the latter amplitude is distrib-
'i‘]ted nearly uniformly near the focal point with a cross sec-
tion considerably larger thawg. As shown in Fig. 3, this
assumption is based on the fact that the aberration plate
causes a wide and diffuse halo in the focal plane compared to
the small focal spot of the undistorted wave. Nevertheless,
apart from the focal plane these two portions overlap consid-
erably with each other and can induce a holographic grating.

6. FORMATION OF PHASE-CONJUGATE WAVE
BY BACKWARD STIMULATED SCATTERING

As shown in Fig. 3, the two portions of the input pump
beam can interfere with each other in the overlapping region
and create a volume holographic grating. However, on the
other hand, since the focused undisturbed portion of the
pump beam has a much smaller focal spot size and much
higher local intensity than that of the distorted portion, an
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initial BSS (medium-thick dashed lingsvith a regular wave- whereg’ =k’ x, is the exponential gain factor of the stimu-
front can be excited only by the stronger undisturbed pumpated emission for a given medium. In order to solve this
field. In propagating backward this initial BSS experiencesequation, we could solve for the Fourier transformAdf,
further amplification, and creates a diffracted wave throughhen obtain the solution of\; through the reverse Fourier
the induced holographic grating. This diffracted portitnin  transform?® Omitting the intermediate mathematical proce-
dashed linescan be viewed as a secondary seeded signal angure, the final solution of; is given by

therefore will undergo further amplification together with the
initial BSS signal. The remaining issue is whether the com-
bination of these two portions of the backward emission can
be a phase-conjugate replica of the combination of the two
portions of the input pump field. %

!

A'=C’&ex 1 'C3(z—2zp)
1 lW,(Z) 29 1 0

exp{ —(x?+y?)

1 ik’

W'Z(Z) * 2R’'(2)

+itan? z (16)
itan "—.
oz’
Here C; is a real amplitude constant, the first exponential
term represents the amplitude gain effect, the second expo-
According to the proposed model, it is assumed that théential term describes the behavior of the transverse intensity
backward stimulated emission field also consists of two porand wavefront curvature, argg is the starting position of the
tions and can be expressed as initial backward stimulated emission. The other new param-
eters in the above equation are defined as

6.1. Description of the BSS field: the Ej(w') wave

E'(z,x,y,0')=Ej(z,x,y,0') +E5(Z,X,y,@")
=[AL(z,Xx,y)+A(z,X,y)]

xexgi(—k'z—w't)], 12 w'3(z)=w,?

where Ai(z,x,y) is the complex amplitude function of the
initial BSS wave andA;(z,x,y) is the complex amplitude
function of the diffracted wave created by the former through R'(z)=z
the induced holographic grating.

According to the physical model described in Sec. 2, theand
A field is generated by thA, field through the BSS pro- 1
cess. Therefore, the electric polarization component corre- ,— ~g'C2sz
sponding toA; field can be formally written aén Sl unit9 3

pi(w'):igoxé|Al|2Ai exgi(—k'z—w't)] In the condition

., Ciwg 2(x%+y?)
—|80XeW2(Z)eX - w2(2)

6z'=néz, wi?=(kik') pw3,
G 2
9)

=)
EREN
FERE)

xexfi(—k'z—o't)], (13 we have §z' =8z, w’~wj, w'?(z)~w?(z) and R'(2)
=R(z). Comparing Eq(16) to Eq. (11), one can see that
only in that case can the; field be approximately the phase-
conjugate replica of the inp, field. Later, we will discuss
the real experimental conditions that fulfill the above re-
irement and will also consider the influence of the differ-
ce betwee’ andk.

Now let us consider the gain behavior of the backward
stimulated emission described by the first exponential term
in Eq. (16). We have already choser=0 at the focal point

n3(w') 9°E; Pl(w") position in the sample center, and we assume that the initial
T T2 g2 Moz (14 backward stimulated emission starts roughly from the posi-
tion —zo~ — 6z/2. If the optical path length of the gain me-

wherep, is the permeability in vacuung, the speed of light  djum is much longer thaz, the effective single-path am-
in vacuum, andno(a)') the linear refractive index at the p||tude gain can be written as

frequency ofw’. In the slowly-varying-amplitude approxi-

1+

1+ , (17

(18

1 2
A n= §9'C152

1 ~1, (19

whereeg is the permittivity of vacuum ang,, is a phenom-
enologically introduced effective third-order susceptibility
coefficient (a real coefficientthat is employed to describe
the gain behavior of the BSS process. The above expressi
is based on the assumption that the initial BSS experience
an exponential gain, and the exponential gain coefficient is
proportional to the intensity of th&; field [see Eq(5)]. The
wave equation oE; can be written as

V2E;

i i i - 1
mat!on, the solution of Eqg(14) obeys the following equa A(d)wex;{—g’ciéz). (20
tion: 2
f?_AiJr i—VzA’ _ g'C? If the sample thickness is much shorter than the focal depth,
gz 2k’ 1T 2[1+(2/62)?) i.e., d< 6z, then we have

2(x%+y?)
xexg — W2

1
A, (15) A(d)~exp(§g'c§d). (21)
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This indicates that the BSS grows exponentially along theThis is a rather complicated partial differential equation;

whole optical path length within the medium.
6.2. Description of the BSS field: the  E; wave

Next we shall consider the diffractdt}, wave created by

however, it can be greatly simplified with the following con-
siderations. First, since there is an exponential term on the
right-hand side of Eq(26), we may expect that the solution
of A7 should also involve a corresponding exponential gain

the E; wave through the induced holographic grating nearterm. As a result, the conditionA/9z> A}/ 5z should be
the focal region. Like a partly degenerate FWM process, thédulfilled; therefore, compared to the first term, the fourth and

nonlinear polarization componeRt, , which corresponds to
the E, wave, can be written 45%°

Pi(w')=ieoxeA1AS AL exdi(—k'z—w't)], (22

wherey is a nominally introduced effective third-order sus-
ceptibility (a real coefficientthat is used to characterize the
gain behavior of FWM or a grating diffraction process. As-

suming that the condition of Eq19) is satisfied and th&;
field is phase-conjugated with the, field, then, based on
Egs.(11), (16), and(19), we can obtain an explicit expres-
sion for P5:

C,C,Ciw2

exp —
w2 F{

1
Xexq—ie)exp{zg’cf(z—zo)

2(x>+y?)
w?(z)

Pé(w )_|80Xe

Xexgi(—k'z—w't)]. (23
Substituting Eq(23) into a nonlinear wave equation like Eq.
(14), we find that the comple&, function is governed by the

following equation:

(7A2 i g” C,C,C;
ot o ViIA= S
2k 2 1+(z/6z)
2(x*+y?) .
Xexr{—wz—(z) exp—if)
1 r~2
X ex 79 Ci(z—1zp)|, (29
whereg”=k' .. SinceA; does not appear on the right-hand
side of Eq.(24), we can give a trial solution oA, as
, CoCy 2(x*+y?)
A2— Cl eX[{ - WZ(Z) 2 (25)

whereAj is an unknown function to be solved. Substituting

Eq. (25) into Eq. (24) leads to

oAy 2 aAg &Ag
9z s+ 2o\ oz 0z (9y
i (aZAg 9?A} i
+ 50 >+t ——= |~ 7
2k’ \ ax ay 6z[ 1+ (z/ 62)7]
4(x%+y? 4(x24+y?
ol g A i y9) - (x“+y%) .
w?(2) SzWA(2)
1 HC 1 1 C2 i
2g 1mex 509'Cl(z—1zp) |exp(—i6).
(26)

the fifth terms on the left-hand side of E@6) can be ne-
glected. Second, the focal depth is much larger that the beam
size, i.e., 6z>x,y; the longitudinal variation of the beam
intensity is faster than the transverse variation, i#3/dz
>agA%dx, dASldz> A%l dy. Therefore, the second term on
the left-hand side of Eq26) can also be neglected. Then Eq.
(26) can be finally simplified as
&A” i VZ g//CZ

2k’ 2= 2[1+(z/52)7]

expg—if). (27)

1 r~2
X ex Eg Ci(z—zp)
To solve this equation we can further assume a trial solution,
Az x,y)=A7(z)exd —i8'(z,x,y)]. (28)

Here theA’' (z) term represents the real amplitude as a func-
tion of z, and the exponential term represents the phase front
as a function ofz, x andy. Substituting Eq(28) into Eq.
(27), we obtain the following pair of equations:

(9Am A//r //CZ
acd 2/ V2 o — g9 ,
2k 2[1+(z/62)7]
1 1 ~2
X ex 79 Ci(z—1zy)|coséé,
90" 1 [[a6'\? [a6"\?
oz Tk |\ ox ) T W
g - siné6 29
_2[1+(Z/5Z)2] g 1(2 ZO) Ag/ ’ ( )
where
50=0—10".

In the small aberration approximation, the second-order spa-
tial derivative or the square of the first-order spatial deriva-
tive of the functiond’ can be neglected, then Eq&9) can

be simplified as

aAg’ B guci 1 ,CZ )
oz 2[1+(2ds2)71 Y29 1(z2—12,) |c0s 50,

90’ - gr/CE - sinso .
E_mex 29 H(z—2) A,z,, (30)

As mentioned in Sec. 5, the distorted portion of the input
pump field has a uniform amplitude distribution near the
focal point region[see Eq.(11)]. This assumption is based

on the fact that the beam waist of this portion is considerably
larger than that of the undistorted portion of the pump field
(see Fig. 3 In Fig. 3 one can also see that for the distorted
portion of the pump field, the variation of the shape of the
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To obtain this solution, we have assumed that

depth range. Hence we can further assume that the longitd/\/1+ (z/ 5z)?~1, which is valid forz< 6z. From Eq.(38)

dinal variation of the wavefront of the distorted portion of

the pump field within the focal depth range can be neglected,

ie.,
26/ 9z=0. (31

Subtracting the second equation of E§0) from Eg. (31),
we obtain a new pair of coupled equations as

&A'z" g//Ci 1 o
9z 2[1+(zs2)7H 29 Ci(z—zo) |c0S56,
9(89) 9'C3 1., sinsg

iz 2[1+(z/ 62)?] eXn 59 Ci(z—1zp) A—g’ (32)

Dividing the first equation by the second in E¢82), we
find

dA; | €0SSH 23

9(80) " ?sinse - (33
This implies that

AZ(2)sin86(z) =A% (—zy)Sin56(—zy) =B, (39

whereB is a constant considerably smaller tha}i. Substi-
tuting cossd=+/(A3)?—B?/A} into the first equation of
Egs.(32), we have
Ay oAy g'ch
\/(Afz”)2_|32 9z 2[14(2/62)?]

. (35

1 2
X ex zg’Cl(z—zo)
Since B2<(A%)?, Eq. (35) can be approximately rewritten
as
INy 9"Ci 1., .,
oz~ 1+ (dez)? 29 C1z- )

. (36)

Now let us consider the physical meaning of the factors®
g’C? andg”"C3. The former is used to describe the gain of

one can find the initial value o atz= -z,

A7 (—zp)=1. (39)

Next, the remaining issue is to consider the phase func-
tion 6’ (z,x,y) of the A field expressed by Eq28). From
Eq. (34) we have

sin59(2)=sin56(—zo)% (40
Substituting Eqs(38) and (39) into Eq. (40) leads to
sinsf(z)=sin 8(z)— 6’ (z)]=sin56(—zy)
xex;{—%g’cf(z—zo) . (41)

From Eq.(41) we see that during backward propagation the
phase front of thé\} field is getting closer and closer to the
phase front of thé\, field. Specifically, if the stimulated gain
is high enough, i.e.,

1 2

Eg’Cl(z—zO)>1, (42
we find

sinf(z)—6'(z)]—0, 0'(2)—06(z). (43

Based on Eqgs(25), (28), (38) and (43), the diffracted
portion of the backward stimulated scattering field can be
finally obtained as

r_ ZC:;- 1 r~2
- exp[gg Ci(z—29)
2(x*+y?) . 44
Xexg — W22) exp—if). (44

.3. The total BSS field: the E;+ E; wave
Based on Eqq12), (16) and(44), the total BSS field can

the A; field due to stimulated scattering amplification, thefinally be written as

latter is nominally employed to describe the growth of &je
field through the holographic grating diffractiofor the
equivalent four-wave mixing It is important to point out

that the initial A; field can be viewed as a secondary seed

signal, which will experience an additional gain from the
stimulated scattering amplification like that of thg field.

Under most BSS experimental conditions, the subsequent

gain of theA, field comes mainly from the stimulated am-
plification rather than the equivalent FWM or the grating
diffraction. Hence, in Eq(36) we can replace thg”Ci term
by theg’ C? term, and rewrite Eq(36) as

A7 g'C? 1 )
gz 2[1+(262)7] ex’{iglcl(z_zt’) ' (37)
The final solution of this equation is
m 1 2
AY :exp{zg’cl(z—zo) . (39

E'(z,x,Y,w)=[A1(Z,X,Y)+ ANz, x,y)]exdi(—k'z— w't)]
C; w
St Clwg)ex;{—(xz

[

1 2
exp 59'CHz~2)

NV

.z

+y?) w2 + PR +i tan 1§>
2 2

+C, exp{— Z(V);ZELZ))/ ) exp(—i 0)}

Xexgi(—k'z—w't)]. (45

The above expression is obtained assumming that the re-
quirements described by Eq&19) and (42) are fulfilled.
Here we can combine these two requirements as

R
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) Compared Eq(52) to Eq.(51) we see that the requirements
59'Ci(z=29)>1. (46)  for observing the phase-conjugate property of a BSS wave

can be basically fulfilled by common experimental condi-

On the other hand, the total input pump field is given by Eq.tijons.

(11) and can be rewritten as The phase-conjugation property of the BSS from a gain

E(ZXYV. @) =[ A (Z.X.Y)+As(Z.X, i(Kz— ot medium, in general, is not perfect for the follqwing reasons.
(2xy,0)=[AuzXy) + Az xy) Jexili(kz— w)] First, all the mathematical derivations described above are
Wo based on the small-aberration approximation, so that a sub-

={Cy j ex —(X?+y?)

w(z w(z) stantial part of the distorted pump wave may overlap the
_ undisturbed pump wave in the focal region to generate a

_ ik i tan‘li holographic grating. Second, only the majoentra) part of
2R(2) 6z the BSS may exhibit high-fidelity phase-conjugation, as in-

dicated by the requirement of EGI8). One can expect that
+C, exp(ie)]exp:i(kz— ot)]. (47) und_er a.larger ab'erration influence, the fidelity of phase-
conjugation behavior should become poorer.

So far the difference betwedrandk’ has been ignored,
which has a certain influence on the fidelity of the phase-
conjugation of a BSS wave. This influence should be essen-
tially the same as when we create a hologram by using two
[2(x*+y?)/w?(z)]<1, (48)  beams of wavelength and then read this hologram by using
another beam of wavelength’. Nevertheless, comparing
Eq. (45 to Eq.(47) one can see that the difference between
[A1(z,x,Y) +AL(Z,%,Y)]c[A(Z,x,Y) +Ax(Z,x,y)]*. (49  kandk’ has no influence on the relationshiy(z) = 6(2),

. . which is the most essential requirement for distortion com-
Based on the above relationship, one can conclude that tE d

. . . ion. But the diff Kk’ ff
total BSS field can be approximately phase-conjugate to th ensation. But the difference betwekrand k' does affect

total input field ided that certai diti hold e radius of curvature of the undistorted part of a BSS field
otal input pump hield provided that certain conditions Nold. 5y causes an apparent displacement of the focal point of the

BSS wave.

It should also be noted that the holographic model em-

7. DISCUSSIONS ployed in this work is qualitatively compatible with the ex-
) ] _ isting theoretical explanation for phase-conjugate formation

The conclusion that a BSS field can be an approximatf hackward stimulated Brillouin scattering, which is based
phase-conjugate of the input pump field holds under certaign the assumption that there is a highly nonuniform pump
conditions. First, the gain requirements expressed by Eqntensity distribution, i.e., a volume speckle pattern in the
(46) should be fu_IfiIIed. As;umi_ng that the effe_ctive gain focal region. Only the phase-conjugate portion of the BSS
length of the nonlinear medium is nearly determined by theje|q whose intensity distribution best matches the nonuni-
focal depth of the focused pump beam, e.@  form gain distribution, experiences the maximum exponen-
=(0.4-0.5¥z andzy= — (0.4-0.5pz, according to the first 5| gain coefficient, twice that of the non-phase-conjugate

requirement expressed by E¢6) portion?*** In terms of the holographic model the volume
grci52~ 12-23, (50) specklle is a result of interferenge between the undistorted

and distorted parts of the pump field.

the required gain of the intensity of a small BSS signal  Finally, it is important to indicate that the Gabor holo-
should be graphic interaction model and the theoretical treatment pre-
) ~2 N P2 ooy sented in this paper are suitable not only for various BSS
exH g’ Ci(z—20) ]~ expg’ Croz) ~exp(12-23 processes but also for other kinds of backward coherent

~1X10°—1x 10 (51 emission processes, provided that there is a high exponential

i i ) i gain mechanism for small initial backward coherent signal as

In this case, the sec_:ond rngrement of Ep) is autom_at|— well as an effective holographic grating induced by the pump
C:ally fglfllled. The hlg.h gain requwgment can be readﬂy ful- field%6 Recently, we have observed a nearly perfect phase-
filled in mo;t experimental 'COI’]dI'FlonS for.observmg t'he conjugation property in the backward frequency-upconverted
backward stimulated scattering without using any optlcalS imulated emission from a two-photon pumped lasing
feedback devices. For example, the values of the exponentiﬁkediumg This observation may suggest a new technical

gain factorgg of stimulated Brillouin scattering for the com- approach to generate optical phase-conjugate waves and can

mon transpare_nt solventsuch as acetone, be4nzene, andbe explained very well based on the same theoretical model
toluene are estimated to be 0.01-0.03 cm/M##* Assum- described hers-5

ing the typical pump intensity i$,=500 MW/cn? and the

effective gain lengthfocal depth is 6z=1.5cm, the gain g SOME RECENT EXPERIMENTAL RESULTS
should be

Comparing Eq(45) to Eq. (47), if we neglect the difference
betweerk andk’ and only consider the central portion of the
field within the region of

we have

So far, most experimental studies of phase-conjugation
Oglgdz~8-22. (52 fidelity of BSS have been based on measurements of the
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~ = = Screen for BSBS beams

Frequency-doubled

Nd:YAG laser i f=10cm CS; cell
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FIG. 4. Experimental setup for measuring the phase-
A B conjugation property of the backward stimulated Brillouin scat-
4 4 i i - i
1 _ A E: CS, cell tering with two-beam interference method.
| 1
Aberration B «pander
plate eam-exp:

~ = = Screen for pump beams

[ﬁ Camera

near-field and far-field distributions. We present here somenough to generate BSBS in both liquid cells. Furthermore,
recent experimental results on the phase-conjugation profpy means of two-edge beamsplitters and a<lifeam ex-
erty of backward stimulated Brillouin scatterin®SBS,  pander, the interference pattern of the two incident pump
based on measuring the fidelity of wavefront reconstructiorbeams could be observed on a screen and recorded by a
by using the two-beam interference technique. The advarcamera. In the same manner, the interference pattern of the
tage of this method is that it can provide both near-field andwo BSBS beams from these two liquid cells could be also
the wavefront information of the tested beams. observed in another screen. In order to test the wavefront-
The experimental setup is shown schematically in Fig. 4reconstruction ability, a hydrofluoric acid-etched glass slide
A 532-nm master pump laser beam was provided by avas used as an aberration plate, which could introduce an
Q-switched and frequency-doubled pulsed Nd:YAG laseraberration of 10—15 mrad on the pump bedin This aber-
source; the pulse duration, beam size and divergence anglation plate can be placed either at position A or position B.
of this beam were 10 ns, 4 mm, and 1 mrad, respectively. Figure 5a shows the photograph of the pump beam IlI:
After passing through a beamsplitter and a reflecting mirrorhere we see a relatively uniform intensity distribution in the
that master beam was divided into two beams, which werdeam section. Figure 5b shows the photograph of the pump
finally focused into two 10-cm-long G3iquid cells through  beam | after passing through an aberration plate placed at
two f=10cm focusing lenses. The intensities of these twaosition A; here we see a random transverse intensity fluc-
pump beams could be adjusted separately and were highation caused by the aberration plate. Figure 5c¢ shows the

FIG. 5. Photographs ofa) the pump beam Il(b) the pump
beam | after passing through an aberration platethe inter-
ference pattern of the two pump beams without no aberration
plate, and(d) the interference pattern of the two pump beams
with aberration plate in position A shown in Fig. 4.
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FIG. 6. Photographs ofa) the BSBS beam excited by the
pump beam Il (b) the BSBS beam excited by the pump beam

| passing through an aberration plate) the interference pat-
tern of the two BSBS beams with no aberration plate, @hd
the interference pattern of the two BSBS beams with an aber-
ration plate in position B shown in Fig. 4.

photograph of the interference pattern formed by the twdion. The result shown in Fig. 6¢ basically supports this con-
incident pump beams with no aberration plate; here we canolusion. The second conclusion is that under a large aberra-
see the regular and straight fringes that indicate a nearly idedébn influence, the wavefront reconstruction will not be
plane wavefront for both beams. Finally, Fig. 5d shows aperfect. The result shown in Fig. 6d basically supports that
photograph of the interference pattern when the aberrationonclusion. In the latter case, when the BSBS beam from the
plate was placed at position A; here we can no longer see arsecond liquid cell passed through the aberration plate at po-
clear and regular fringes because of the severe aberratigition B, the original wavefront of the pump beam | can be
influence on one beam. To obtain the photographs shown iassentially, but not perfectly, reconstructed.
Fig. 5¢ and 5d, the intensities of the two interfering beams
were kept nearly the same. _

Under the same conditions, a set of photographs can beE-mail: gshe@acsu.buffalo.edu
obtained for the BSBS beams from the two,Qi§uid cells.
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