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Stimulated orientational and thermal scatterings and self-starting optical phase conjugation
with nematic liquid crystals

I. C. Khoo and Y. Liang
Department of Electrical Engineering, Pennsylvania State University, University Park, Pennsylvania 16802

~Received 23 February 2000!

A quantitative theory and experimental results on self-starting optical phase conjugation, using stimulated
orientational and thermal scattering in nematic liquid crystal films, are presented. The coupled wave-material
equations for the laser-induced refractive index changes, grating formation, and coherent wave mixing effects
are developed. Analytical solutions are obtained for the case of negligible pump depletion, and numerical
solutions for various input and generated signals, taking losses into account, are obtained. Experimentally, we
demonstrate the feasibility of realizing these stimulated scattering and phase conjugation processes in thin~200
mm! nematic liquid crystal with a milliwatt-power cw laser. Theoretical estimates for various gain constants
and threshold intensities, and their dependence on various physical parameters, are found to be in good
agreement with experimental observations.

PACS number~s!: 61.30.Gd, 42.79.Kr, 42.70.Mp, 42.65.Hw
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I. INTRODUCTION

Self-starting optical phase conjugation~SSOPC!, in which
a single incident laser beam generates its phase conjug
replica via some optical wave mixing effect in a nonline
optical material, is a fundamentally interesting and pra
cally useful process@1#. Usually, the signal originates a
some noise scattered from the pump beam, e.g., from s
tering centers in a crystal, spontaneous Brillouin or Ram
scattering, etc. This noise signal interacts coherently with
pump beam, and grows into a strong coherent signal. T
phenomenon is commonly observed in stimulated Brillo
scattering involving high-power pulsed lasers@1,2#, and in
photorefractive materials with low-power cw lasers@3,4#. A
self-pumped phase conjugation effect was also observe
resonant media, using frequency-shifted signal and pu
fields @5#, or a degenerate four-wave mixing process@6#.

In two previous short papers@7,8#, we reported the obser
vation of self-pumped optical phase conjugation fro
nematic liquid crystal films, using low-power cw visible la
sers. Similar SSOPC effects were also reported by Anti
and co-workers@9#. The fundamental mechanisms involve
are the refractive index changes caused by thermal inde
or the nematic axis orientational effect. A related study@10#
demonstrated the feasibility of SSOPC, and Khooet al. @11#
demonstrated beam amplification by wave mixing in the
frared regime~a 10.6-mm CO2 laser! using the broadband
~near UV to-far-infrared region! birefringence and therma
index coefficients@12# of nenatic liquid crystals.

In this paper, we present a comprehensive account of
underlying theories for the phenomena, and experime
verification of various parametric dependences. Follow
this introduction, coupled wave equations for input and g
erated optical waves, and material equations describing
laser induced refractive index changes in the nematic fil
are formulated in Sec. II. Both stimulated thermal and ori
tational scattering processes in the nematic film can be
into a general diffusive equation. In Sec. III, steady st
solutions of coupled wave equations are solved analytic
PRE 621063-651X/2000/62~5!/6722~12!/$15.00
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under the no-pump depletion limit, allowing us to ga
physical insights into the oscillation conditions and vario
dynamical and parametric dependencies of the stimula
scattering and self-starting optical phase conjugation p
cesses. In Sec. IV, we discuss the special case of stimul
scatterings involving only an incident pump wave and
scattered noise. This is followed in Sec. V by a discussion
hitherto unreported experimental results of stimulated ori
tational scattering ~SOS!, simulated thermal scatterin
~STS!, and SSOPC in the context of the theoretical form
ism presented, and concluding remarks.

II. THEORETICAL FORMALISMS

Consider the interaction geometry as depicted in Fig. 1~a!.
An incident laser traverses the nematic liquid crystal~NLC!
film twice, once as an incident fieldE1 ~alongk1 direction!
and then, on reflection from the optical feedback system
hind the sample, as a reflected fieldE2 ~along thek2 direc-
tion!. E1 andE2 are not necessarily coherent with respect
each other. The incident beam generates a noise source
E3 ~along k3) that is coherent with respect toE1 . Accord-
ingly, E1 andE3 can interfere with each other and produ
an index grating. Similarly, the reflected fieldE2 will inter-
fere with its coherent noiseE4 and will produce an index
grating.

In general, the scattered noisesE3 andE4 contain various
temporal- and spatial-frequency components, cf. Fig. 1~b!.
For a given crossing angle between the incident and refle
beams in the experiment, only the scattered-noise com
nents (k352k2 and k452k1) that obey the phase
matching condition depicted in Fig. 1~c! are able to share a
common grating (q5k12k35k22k4) and contribute to
each other’s growth. In this circumstance,E3 and E4 also
serve as a feedback to one another, via reflections by
external mirrors. This particular set of phase-conjugated
nalsE3 andE4 ~alongk4 andk3 directions respectively! has
an advantage over other noise components in experien
gain, and grow into coherent beams.

In STS, in which the director axis is considered fixed, t
6722 ©2000 The American Physical Society
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incident and generated noisesE1 andE3 are copolarized. On
the other hand, in SOS~cf. Fig. 2!, the signal waveE3 is
orthogonally polarized with respect toE1 due to the optically
induced director axis reorientation. In this case, in order
fulfill the wave-vector matching condition and take adva
tage of the feedback of the external mirrors, the reflec
beamE2 has to be orthogonally polarized to that of the inp
beamE1 @cf. Fig. 1~d!#

FIG. 1. Ring-mirror cavity configuration for generation of
self-pumped phase conjugation.~a! Experimental setup.~b! Wave
vectors of the input beams and the scattering noises; dashed
represent the scattering noise, and solid lines are input beams~c!
Single grating for phase-matched interaction.

FIG. 2. Generation of stimulated orientational scattering in ne
atic liquid crystals.
o
-
d
t

A. Coupled-wave equations and boundary conditions

Inside the nematic film, two pairs of coherent waves (E1
and E3) and (E2 and E4) give rise to two sets of intensity
gratings. The optical electric fields and intensity are theref
given by,

Ej~r ,t !5Ej~z,t !ei ~kj r 2v j t ! ~ j 51, 2, 3, and 4! ~1!

and

I 5I 01~E1* E31E2* E4!ei ~q•r 2Vt !1c.c., ~2!

respectively, where

q5k32k15k42k2 , ~3!

V5v32v15v42v2 , ~4!

I 05uE1u21uE2u21uE3u21uE4u2. ~5!

The optically induced refractive index change in the nema
film can similarly be written as

dn5dn01dnqei ~q•r 2Vt !1dnq* e2 i ~q•r 2Vt !. ~6!

The coupled-wave equations resulting from the index g
ings are therefore given by@13,14#

dE1

dz
5 i

n0v2

k1zc
2 dnq* E3 , ~7!

dE2

dz
5 i

n0v2

k2zc
2 dnq* E4 , ~8!

dE3

dz
5 i

n0v2

k3zc
2 dnqE1 , ~9!

dE4

dz
5 i

n0v2

k4zc
2 dnqE2 . ~10!

For simplicity of illustration, we have written these equatio
in scalar form, bearing in mind that, in the thermal effect,
waves are copolarized, whereas in an orientational scatte
E1 andE2 are orthogonally polarized to their respective sc
tered componentsE3 andE4 @13,14#.

The initial conditions for these optical waves are

E1~0!5E0 , E2~1!5rE1~1!, E4~1!5rE3~1!,
~11!

whereE0 is the amplitude of the incident beam, andr is the
amplitude reflectivity of the external mirrors. The scatter
noise sourceE3 is related to the inputE1 by a spontaneous
scattering coefficienthss:

hss5
E3~0!

E1~0!
. ~12!

B. Material equation and solutions

Although the two mechanisms for optical nonlinearities
NLCs, namely, thermal effect and director axis reorientati
are quite different, the resulting index changes by b

es
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6724 PRE 62I. C. KHOO AND Y. LIANG
mechanisms satisfy the same form of the diffusion equat
under the one-elastic constant approximation@12–14#

ddnq

dt
1

dnq

t
5x~E1* E31E2* E4!, ~13!

where

1

t
5

1

tq
2 iV, ~14a!

andtq is the grating relaxation time. For the director reo
entation effect,tq5tR5h/Kq2, and

x5xR5
«a

2

4n0
2ch

. ~14b!

where«a is the optical anisotropy of the NLC, andK andh
are the appropriate elastic constant and viscosity coeffici
respectively. For the thermal effect,tq5tT51/Dq2, and the
coupling coefficient is

xT5

aS dn

dTD
rcp

S n0c

8p D . ~14c!

The set of coupled optical wave and material equati
~7!–~13! can be solved numerically to describe the compl
electrodynamics of the various underlying nonlinear opti
processes. To gain physical insights, and obtain thres
conditions and parametric dependence, the steady state
tions of these equations will be sufficient and instructive.
this case, we have

dnq5tqx
~E1* E31E2* E4!

12 iVtq
, ~15!

dE1

dz
52g*

~E1E3* 1E2E4* !E3

I 0
, ~16!

dE2

dz
5g*

~E1E3* 1E2E4* !E4

I 0
, ~17!

dE3

dz
5g

~E1* E31E2* E4!E1

I 0
, ~18!

dE4

dz
52g

~E1* E31E2* E4!E2

I 0
, ~19!

where we have define a complex coupling coefficient:

g5 i
vtqxI 0

c cos
Q

2

1

12 iVtq
, g5ugueif5g1 ik. ~20!

Also, we have used k1z5k3z52k2z52k4z
5(n0v/c)cos(Q/2). If we write Ej5uEj ueic j , wherec j are
phases of the complex optical electric field amplitudeEj , the
coupled equations for the intensitiesI j5uEj u2 can be derived
from Eqs.~16!–~19! as
n,

t,

s
e
l
ld
lu-

dI1

dz
52

2

I 0
$gI1I 31uguAI 1I 2I 3I 4

3cos@2f2~c12c3!1~c22c4!#, ~21!

dI2

dz
5

2

I 0
$gI2I 41uguAI 1I 2I 3I 4

3cos@2f1~c12c3!2~c22c4!#, ~22!

dI3

dz
5

2

I 0
$gI1I 31uguAI 1I 2I 3I 4

3cos@f1~c12c3!2~c22c4!#%, ~23!

dI4

dz
52

2

I 0
$gI2I 41uguAI 1I 2I 3I 4

3cos@f2~c12c3!1~c22c4!#, ~24!

and a set of similar equations for the phasesc’s.
An important point to note is that, sinceE3 and E4 are

coherently scattered fromE1 and E2 respectively, the pairs
(E1 and E3), and (E2 and E4) should be in phase. This
means c12c35const and c22c45const, respectively.
Therefore, although the phases ofE1 andE2 (E3 andE4) are
not related, the phase factor appearing in Eqs.~21!–~24!
above, namely, (c12c3)2(c22c4), is a constant. For con
venience, we can set this constant to be 0, i.e., (c12c3)
2(c22c4)50. This condition simplifies the solution of th
complex coupled wave equation considerably.

III. SSOPC SOLUTIONS AND DISCUSSIONS

In general, a complete solution of the coupled comp
electric field requires some numerical techniques. Howe
if we apply the assumptions of small signals, i.e.,I 3 , I 4
!I 1 , I 2 , and thus no pump depletion, i.e.,I 15I 0 and I 2
5r 2I 0 , analytical solutions can be obtained that will clear
illustrate the essential physics. Also, one could obtain a v
good theoretical estimate of various threshold conditions
dynamical dependences on various optical, material
physical parameters.

Since the phase factors appearing in the coupled equa
are constant, we need to consider the amplitude of the op
wave. Accordingly, we have

duE3u
dz

5geff~ uE3u1r effuE4u!2
a

2
uE3u, ~25a!

duE4u
dz

52geffr e f~ uE3u1r effuE4u!1
a

2
uE4u, ~25b!

where we have introduced the phenomenological loss te
on the right-hand side of the equations to simulate los
dues to scattering and absorption, i.e., the total lossa5aa
1as , whereaa is the absorption andas the scattering loss
respectively. In these equations, we have also replacedg by
geff and r by r eff to account for the fact that due to suc
losses, the effective value of the pump beam in the med
is slightly different fromI 0 . One approximate form forgeff
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and r eff could be obtained if we employ the average valu
for the pump beamsI 1 and I 2 as follows:

Ī 15
1

l E0

l

I 1~z!dz5I o

12e2a l

a l
,

Ī 25
1

l El

0

I 2~z!d~2z!5I or 2e2a l
12e2a l

a l
,

geff5g
12e2a l

a l
, r eff5re2a l /2. ~26!

As noted above, these approximations allow us to ob
analytical solutions without loss of physics. They are
course not necessary if the above equations are to be so
by numerical techniques.

A. Solution of the coupled intensity equations—no loss

Consider the case ofa50. We have

uE3~z!u5uhssE0u
e~12r 2!gz2

2r 2

11r 2 e~12r 2!gl

12
2r 2

11r 2 e~12r 2!gl

, ~27a!

uE4~z!u5r uhssE0u

2

11r 2 e~12r 2!gl2e~12r 2!gz

12
2r 2

11r 2 e~12r 2!gl

. ~27b!

At the output boundariesz51 and 0 of interest, the signal
are

uE3~ l !u5uhssE0u

12r 2

11r 2 e~12r 2!gl

12
2r 2

11r 2 e~12r 2!gl

, ~28a!

uE4~0!u5tuhssE0u

2

11r 2 e~12r 2!gl21

12
2r 2

11r 2 e~12r 2!gl

. ~28b!

The amplification of the output signalI 4(0) over the
noise levelI 3(0)5uhssE0u2 is a function of the gain param
eter gl and reflectivity r 2. The dependence of the phas
conjugated signal reflectivityE4(0)/E3(0) @note E3(0)
5hssE1(0)# on the gain constantgl is shown in Fig. 3~a!.
Note that the signal reflectivity diverges at some finite valu
of gl, signifying the possibility of self-oscillations.
s

in
f
ed

s

The self-oscillation condition can be derived directly fro
the above solutions by setting the denominator to zero. T
yields

12
2r 2

11r 2 e~12r 2!gl50→~gl ! th5
1

12r 2 ln
11r 2

2r 2 . ~29!

The dependence of the threshold gain constant (gl) th on the
feedback reflectivityr is shown in Fig. 3~b!; the threshold
decreases monotonically as the reflectivity increases. N
that for r 50, i.e., there is no feedback from the extern
mirrors, the above solutions reduce to the case of stimula
scattering involving the incident pump beam and its noise
this process, the signal intensity grows exponentially w
the coupling strengthgl. We will discuss more details o
these processes in Sec. IV.

B. Solution with consideration of loss

If aÞ0, the solutions forE3 andE4 , after some straight-
forward but tedious algebra, are obtained as follows:

FIG. 3. ~a! Amplification of the SPC signal as a function of th
gain factor, when the reflectivity isr 250.99~dots!, r 250.5 ~dashed
line!, and r 250.1 ~solid line!. ~b! Threshold gain factor for self-
oscillation as a function of the feedback.



uE3~z!u5uhssE0uel1z
Fl12geff~11r eff

2 !1
a

2Gsinhl2~ l 2z!1l2 coshl2~ l 2z!

, ~30a!
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Fl12geff~11r eff
2 !1

a

2Gsinhl2l 1l2 coshl2l

uE4~z!u5
uhssE0uel1s

Fl12geff~11r eff
2 !1

a

2Gsinhl2l 1l2 coshl2l

1

geffr eff
H F S l12geff1

a

2 D S l12geff~11r eff
2 !1

a

2 D2l2
2G

3sinhl2~ l 2z!1l2geffr eff
2 coshl2~ l 2z!J , ~30b!

where

l15 1
2 geff~12r eff

2 ! ~31a!

l25 1
2 A@geff~11r eff

2 !2a#224geff
2 r eff

2 5 1
2 A@geff~11r eff

2 !2a#@geff~12r eff!
22a#. ~31b!

At the output boundariesz51 and 0 of interest, we have

uE3~ l !u5
uhssE0ul2el1z

Fl12geff~11r eff
2 !1

a

2Gsinhl211l2 coshl2l

, ~32a!

uE4~0!u5
uhssE0u
geffr eff

F S l12geff1
a

2 D S l12geff~11r eff
2 !1

a

2 D2l2
2Gsinhl2l 1l2geffr eff

2 coshl2l

Fl12geff~11r eff
2 !1

a

2Gsinhl211l2 coshl2l

. ~32b!
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With Eq. ~32b!, we can study how the phase-conjugat
signal depends on the pump intensityI o , the spontaneous
scattering rationhss the feedbackr eff

2 , the lossa, and other
optical and material parameters involved in the SOS-
STS-initiated SSOPC processes.

In particular, the self-oscillation condition is obtained b
setting the denominator of the above expressions to zero

Fl12geff~11r eff
2 !1

a

2Gsinhl211l2 coshl2l 50. ~33!

Since the coupling strengthgeff
1 is proportional to the in-

put pump intensityI o according to Eq.~20!, the self-
oscillation condition defined by Eq.~33! determines a thresh
old pump intensityI th . Figures 4~a! and 4~b! shows the
dependence ofI th on the feedback reflectivityr eff

2 and me-
dium loss a, calculated using typical parameters used
stimulated orientationalscattering~c.f. Sec. IV! section. In
general,I th decreases asr eff

2 increases, and increases asa
increases, as expected.

In the case of SSOPC by STS, the coupling coefficien
dependent on the absorption constantaa , so the dependenc
of the thresholdI th on aa is quite different from SOS-
initiated SSOPC. The nonlinear coupling constantx due to
thermal effect is proportional to the light absorption
shown in Eq.~14c!, so that a higher absorption helps
lower the threshold for self-oscillation. On the other hand
d

is

a

higher absorption means larger loss of the signal and pu
which implies a higher oscillation threshold value. Ther
fore, an optimum value ofa should exist for the experiment
Figure 5 shows the relationship betweenI th and the light
absorption constantaa , for various values of the feedbac
reflectivity in which the parameters of NLC’s for the ST
effect are used. In each case, there is an optimum value oaa
where the thresholdI th is a minimum.

IV. STIMULATED ORIENTATIONAL
AND THERMAL SCATTERINGS

Since the underlying mechanisms for the SSOPC’s un
study here are the stimulated orientational and thermal s
terings, it is instructive to examine these two fundamen
processes separately, and gain more insights. As rema
above, STS and SOS correspond to special cases of SS
without feedback (r 50). The basic equations are given b
Eqs.~16! and ~17!, modified to include the phenomenolog
cal loss term.

A. Stimulated orientational scattering „SOS…

In the case of SOS, the coupled wave equations for
incidentE0 and its coherent scattered noise componentEe ,
deduced from Eqs.~16! and ~17!, become

E0~z!5E0~0!e2~a/2!z, ~34a!
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dEe

dz
5gRe2azEe2

a

2
Ee , ~34b!

gR5 i
v«a

2uE0u2

32pnicKq2

11 iVtR

11~VtR!2 5gR1 ikR , ~35!

where we have included the phenomenological loss t
2aEe/2, and used relations~14b! and ~20! to define the
coupling constantgR . From Eq.~34b!, the intensity ofI e(1)
at the output plane z51 is given by I e( l )
5I e(0)e@2gRf (a l )2a# l ,
where

gR5Re~gR!5
v«a

2uE0u2

64pnicKq2

22VtR

11~VtR!2

5
v«a

2uE0u2

8c2nin'Kq2

22VtR

11~VtR!2 , ~36!

and f (az)5(12e2az)/az. Equation ~36! shows that the
gain is positive ifV(v3,v1),0, i.e., only the Stokes wav

FIG. 4. ~a! Dependence of the threshold pump intensity thre
old for self-oscillation on the feedback, when the lossa50 ~solid
line!, a55 cm ~dashed line!, anda510/cm~dots!. ~b! Dependence
of the threshold pump intensity for self-oscillation of the SPC sig
on the light loss, when the reflectivity of the mirrors arer 250.99
~solid line!, r 250.5 ~dashed line!, andr 250.1 ~dots!.
m

will experience positive gain, in analogy to stimulated Br
louin scattering effect. Similar results are obtained if the
put is an extraordinary~e! wave, and the stimulated scatte
ing is an ordinary~o! wave.

B. Stimulated thermal scattering „STS…

Similarly, in the case of stimulated thermal scattering,
incidentEL and its scattered coherent noiseES are described
by

EL~z!5EL~0!e2~a/2!z, ~37a!

dES

dz
5gTeazES2

a

2
ES , ~37b!

gT5 i
n0v2

kSzc
2
H a

dn

dT S n0c

8p D uELu2

rcpDq2

1

12 iVtT

J ,

5 i

vaS dn

dTD I L

crcpDq2 cos
Q

2

11 iVtT

11~VtT!2 5gT1 ikT , ~38!

Note that

gT5Re$gT%5

vaS dn

dTD I L

crcpDq2 cos
Q

2

22VtT

11~VtT!2 . ~39!

C. Maximum gain factors and material parameters

From Eqs.~36! and ~39!, note that both SOS and ST
gains are maximum atVt51. In terms of the optical inten-
sity, these maximum gains can be written asgR5GrI o and
gT5GTI o , respectively.

-

l

FIG. 5. Dependence of the threshold pump intensity for SSO
on the light absorption of the dye-doped NLC, when the feedb
reflectivity arer 250.99 ~solid line!, r 250.5 ~dashed line!, and r 2

50.1 ~dots!. The light scattering lossas55 cm21.
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For SOS, we haveq5Ake
21ko

222keko cosQ, and so

Gr5
v«a

2

8c2noneK2q2 . ~40!

For STS,q52k sin(Q/2), and we have

GT5

v
dn

dT
a

2crcpDq2 cos
Q

2

5

l
dn

dT
a

16prcpD

1

sin2
Q

2
cos

Q

2

,

~41!

whereQ is the crossing angle betweenE1 andE2 . In gen-
eral, the gain factors increases as the crossing angleQ in-
creases. For the SOS process,Gr is maximum atQ50, i.e.
forward SOS is the most-favored process. Furthermore, if
substitute«a5ne

22no
2, q2;(ne2no)2/l2 into the above

expression, we obtain

Gr;
~ne1no!2l

n'c S 1

hK D . ~42!

This expression forGr shows that it isprimarily dependent
on the viscosity coefficienth and the elastic constant K, and
is essentiallyindependent of the dielectric anisotropy«a .

For forward stimulated orientational scattering, the cro
ing angleQ50 and the grating constantL5l/(ne2no).
Since the light wavelengthl'0.5mm, and the refractive
indices of the NLCE7 areno'1.54 andne'1.75, the grat-
ing constantL'2.5mm. Using these values and the valu
for the elastic constantK2'331027 dyn, the dielectric an-
isotropy «a5ne

22no
2'0.6, the intensity gain factor 2GR

51.431022 cm/W. The scattering loss coefficient of NLC
is about 20 dB/cm, or 4.6 cm21, so that we havef (a1)
50.95, and the effective gain is 2Geff52Grf(a1)51.3
31022 cm/W. For an interaction length~NLC film thick-
ness! d5200mm, this gives a gain coefficient 2Geffd52.6
31024 cm2/W. In other words, the gain coefficient will b
.1 for an input intensity of over 43103 W/cm2, when the
orientational fluctuation noise will gives rise to a stimulat
emission of the orthogonally polarized Stokes waves. T
threshold value is indeed in close agreement with results
ported previously@7#, and also with recent observations to
discussed in
Sec. V.

For the thermal effect, the parameters of the liquid crys
are r'1 g cm23, cp'2 J g21 K21, D'231023 cm2 s21,
and dn/dT'1023 K21. The absorption is aboutaa
'20 cm21 ~this value can be adjusted by the dopant d
concentration!. For the experiment,l'0.5mm, Q51° @this
gives cos(Q/2)'1 and sin2(Q/2)'Q2/4'(1.33104)21#.
From these parameters, we obtain the intensity gain fa
2GT51.331021 cm/W, which is an order of magnitud
larger than 2Geff . Consequently the threshold optical inte
sity for observing STS is also about an order of magnitu
lower. Again, this is in good agreement with the experime
tal observation of STS@8#.
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V. EXPERIMENTAL RESULTS

Some preliminary experimental results for SOS, STS, a
SSOPC have been reported previously@7,8#. Here we discuss
mainly hitherto unreported results that further corrobor
the theoretical formalism developed in the preceding s
tions.

A. Self-pumped phase conjugation with SOS effect

The experimental setup is shown in Fig. 6. The liqu
crystal used is pureE-7 ~EM Chemicals!, which has a
nematic-isotropic phase transition temperatureTc560.5 °C.
The absorption ofE7 at the laser wavelength~514.5 nm! is
negligibly small. The experiment is conducted at room te
perature that is far belowTc to further minimize any therma
indexing effect. The NLC cell is 200mm thick and is planar
aligned with the director axis of the NLC lying in the plan
of the cell window. The cell is mounted on a rotator so th
the directorn can be varied from being parallel to perpe
dicular to the polarization of the incident opticalE field.

Using this setup, but with the feedback beam blocked,
recently repeated the forward SOS experiment, using a t
focusing lens for the input, and a freshly made 200-mm-thick
planar NLC cell. The focused spot diameter is about 30mm.
The incident laser ise polarized, and a polarizing beam spli
ter at the output end is used to separate the extraordinar~e!
and ordinary~o! waves. Figure 7 summarizes the results o
tained, showing the transmittede wave and the generatedo
wave as a function of the input laser power. Above an in
of 45 mW, corresponding to an estimated intensity of;5
3103 W/cm2, the stimulated scattering signal becom
clearly evident, as shown in the photographs accompany
Fig. 7. The threshold intensity obtained here is in go
agreement with the value reported previously, and the th
retical estimate given in Sec. IV. Below threshold, both t
transmittede and o-wave noises are linearly dependent
the input power. Above threshold, the stimulatedo wave
grows dramatically, eventually surpassing the power of
transmittede wave.

The simplicity of the experimental setup for observin
stimulatede-o wave scatterings allows one to make a qua
titative comparison between theory and experimental resu
especially in the low signal regime when the signal wa

FIG. 6. Experimental setup for self-starting optical phase con
gation with stimulated orientational scattering effect. PolarizersP2
and P3 are parallel, lensL1 has a focusing lengthf 1510 cm, and
lensL2 has a focusing lengthf 2520 cm.
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FIG. 7. Dependence of the transmittede wave
~dots! and the stimulatedo-wave power~circles!
on the input e-wave power. Insets are photo
graphs of thee and o-wave outputs below and
above the stimulated scattering threshold. The
ser spot diameter is 30mm.
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grows exponentially with the input light intensity. Figure
8~a! and 8~b! shows the curve fitting done for the respecti
stimulated scattering results obtained in a previous study@7#.
From these results, we deduce the gain parameters t
2GR(o-e)52.431022 cm/W and 2GR(e-o)51.5
31022 cm/W. This compare very favorably with the the
retical estimate made in Sec. IV for a gain parameter on
order of 2GR51.431022 cm/W. The deviation between
theory and experiment is most likely due to losses~scattering
and reflection! and actual values of the liquid crystal param
eters, and some simplifying approximations~plane wave, one
elastic constant etc.! used in the theory.

Returning now to the SSOPC experiment, the feedb
beamE2 is obtained by reflection from the external mirror
The reflectivity is 0.55, and the reflected beam makes
angle of 45° with the incident beam. We have investiga
the dependence of the SSOPC processes on the initial o
tation of the incident field polarization vector with respect
the director axis of the NLC. In the first configuration, th
incident wave is either a pureo wave or a puree wave; a
half-wave plate is used to rotate the polarization of the
flection beamE2 by 90° to make it orthogonal to that ofE1 .
In the second configuration, the directorn of the NLC cell is
rotated to make an angle of 45° with the polarization dir
tion of E1 , and the half-wave plate behind the cell is r
moved.

For both setups, SPC signals become clearly visible w
the incident laser power exceeds the threshold value, app
ing in the far field as a bright spot in contrast to the fuz
appearance of the noise background. As previously repo
@7#, the phase-conjugated signal is spatially of the same q
ity as the input laser beam, and has approximately the s
be

e

k

n
d
n-

-

-

n
ar-

ed
l-
e

divergence, in spite of the aberration imparted by the in
lens and other optics. A typical time evolution of the SSOP
signal is shown in Fig. 9~a!. When the incident light intensity
is below the threshold, the small noise signal has a squ
pulse shape with a flat top~the bottom curve!, similar to the
incident square pulse. Above the threshold, the signal
creases dramatically~the top curves!. The buildup time of
the signal shortens as the pump intensityI o is raised.

The dependence of signal intensity on the incident be
intensity at steady state are shown in Figs. 9~b! and 9~c! for
both types of experimental setup. From Fig. 9~b!, the ob-
served threshold intensity is estimated to be on the order
KW/cm2 ~500 mW in a focused spot diameter of 100mm!,
which is in good agreement with the theoretical expectatio
@c.f. Fig. 4~b!# r 250.5 anda55 cm21. In general, the sec
ond setup, in which the incident laser polarization makes
angle of 45° with the LC director axis, exhibits a lowe
threshold. This is expected as this configuration provide
much stronger initial seed signal wave.

B. Self-pumped phase conjugation with STS effect

The liquid crystal used is BDH K15~Pentyl-Cyano-
Biphenyl 5CB from EM Chemicals! doped 0.5% by weight
with a dichroic dye D16~Em Chemicals! to enhance the light
absorption and the thermal effect. The planar aligned sam
is made by sandwiching the liquid crystal between tw
prisms with rubbed polymer-coated surfaces. The film thi
ness is 150mm and the sample is put into a temperatu
controlled cell. To avoid overheating the NLC, the las
pulse duration is limited to,10 ms. The laser is linearly
polarized, with the polarization vector (E1 and E2) parallel
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to the director axisn of the liquid crystal, so that the inde
grating is associated with the temperature-dependent ext
dinary refractive indexne(T). At room temperature,ne of 5
CB is 1.68, whereas the prisms have a refractive index
1.73.

A ring-cavity configuration as depicted in Fig. 10 is em
ployed for this experiment. The laser is obliquely incide
upon the cell, as shown in Fig. 10, so that the effective
teraction length within the liquid crystal is about 1 mm. As
result of reflection loss at the glass-liquid crystal interfa
and scattering and absorption loss in the liquid crystal, o
5% of the incident beam is transmitted. The transmit
beam is recollimated, and focused back into the cell, mak
an angleu'1° with the incident beam. The spot diameter
the input laser at the liquid crystal is 0.5 mm, whereas
reflected beam spot size is approximately five times sma
i.e., 2vo50.1 mm. Therefore, the intensities of the input a
reflected beams in the overlap region are roughly equa
beam splitter placed in the path of the incident and the
flected beam is used to monitor the phase-conjugated
reflected signals simultaneously.

A phase-conjugated signal, which propagates along
reverse direction ofE1 , becomes visible when the input las
power is about 400 mW and the cell temperature is ma
tained within 5 °C belowTc—the phase-transition tempera

FIG. 8. Dependence of the observed stimulated scattering
nals~circles! on the input light power, and theoretical fitting curve
~solid lines!. ~a! e- to o-wave scattering.~b! o- to e-wave scattering.
The laser spot diameter is 50mm.
or-
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ture of the nematic liquid crystal. For 5CB,Tc535 °C. The
phase-conjugated signal is spatially of the same quality
the input beam, and has approximately the same diverge
On the other hand, the reflected signal is considerably d
cused by the input optics and propagates along different

g-

FIG. 9. ~a! Oscilloscope record of self-pumped optical pha
conjugation signals generated by the second kind of setup at di
ent incident beam powers. Upper curve:P5560 mW. Middle
curve:P5400 mW. Lower curve:P5300 mW. The pulse width is
50 ms.~b! Power of the self-pumped phase conjugation signal a
function of the incident pump power with the first kind of setup; t
incident beam is ano wave and the reflection beam is ano wave.
The peak phase conjugation efficiency~at an input power of 800
mW! is estimated to be 2.5%.~c! Results obtained with the secon
kind of setup. The polarization direction of the incident beam a
the reflection are parallel, while the director of the NLC cell
placed at a 45° angle from them. The peak phase conjugation
ciency is estimated to be 1.8%~at an input power of 800 mW!.
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rections asu is varied.

1. Dependence of the SPC signal on the pump intensity

Figure 11 shows the dependence of the phase-conjug
signal on the incident beam power, while the temperature
the NLC sample is fixed. When the incident power is bel
600 mW, only scattering noise is detected in the direction
k4 ; the noise is linearly dependent on the incident pow
just as the reflected light from the sample. Above a thresh
of 600 mW, a dramatic increase in the phase-conjugated
nal, corresponding to the onset of stimulated scattering
self-oscillation, is observed. The threshold intensity value
estimated to be 240 W/cm2 ~600 mW in a spot diameter o
0.5 mm!, in good agreement with the theoretical estima
made in Sec. IV.

2. Dependence of the SPC signal on temperature

The dependence of the phase-conjugated signal powe
the input beam for different cell temperatures is shown
Fig. 12. We can see that the closer the cell temperature

FIG. 10. Experimental setup and wave-vector matching diag
for self-pumped optical phase conjugation with stimulated ther
scattering effect.

FIG. 11. Power of the reflected light~triangles! and the optical
phase conjugation signal~circles! as a function of the incident ligh
power.
ted
of

f
r,
ld
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Tc , the lower the threshold is for SSOPC. This is due mai
to the fact that the gain coefficient is proportional to t
index gradientdn/dT, which increases as the temperatu
approachesTc . A further measurement of the phas
conjugated signal intensity as a function of the NLC c
temperature was conducted when the input laser power
kept as a constant, and the result is shown in Fig. 13. Ag
because of the increase in the magnitude of the therm
index gradient at temperatureT→Tc , with a larger coupling
coefficient g, the SSOPC signal increases as we appro
Tc .

3. Dynamics of the SPC signal

The SSOPC signal should build up in accordance with
dynamics of the laser-induced temperature and refractive
dex changes. The stronger the intensity, or the nearer
temperature is toTc , the larger the induced index modula
tion dn and thus the coupling coefficientg. We therefore
expect the oscillation of the phase-conjugated signal to b
up sooner. Figure 14 shows the observed buildup time

FIG. 13. Dependence of the optical phase-conjugated sig
power on temperature atPm555 mW. The peak SPC reflectivity is
about 2%.

m
l FIG. 12. Influence of the temperature on self-pumped opt
phase conjugation signal.Tc2T513 °C ~squares!; Tc2T58 °C
~dots!; Tc2T52.5 °C ~circles!.
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input laser powers ranging from 200 to 600 mW, showi
that it drops off considerably as the input laser power
increased. Above a power of 500 mW, a submilliseco
buildup time is achieved. Similar results are obtained if
laser power is kept constant, but the liquid crystal cell te
perature is increased towardTc . The results plotted in Fig
15 show that the buildup time decreases to a submillisec
value as the temperature approachesTc . Besides generating
a larger refractive index change, an increase in the temp
ture of the sample also causes a higher scattering noise
hss. It was demonstrated@1,15# in theories and experiment
that the magnitude of this coherent noise affects the buil
time in a similar fashion, i.e., larger initial noise sources (E3
and E4) will shorten the buildup time. Therefore, the o
served results in Fig. 15 are attributed to the higher refrac
index changedn as well as the noise levelhss.

VI. FURTHER REMARKS AND CONCLUSION

We have presented a quantitative theoretical and exp
mental study of self-starting optical phase conjugation
nematic liquid crystals using stimulated orientational or th
mal scattering effects. Both SOS and STS are found to
quite efficient means of generating SSOPC. Since the b
fringence and large thermal index coefficients of a nem

FIG. 14. Buildup time of the optical phase-conjugated signa
a function of the incident light powerTc2T53.6 °C.
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liquid crystal hold throughout the UV-infrared spectrum
these SOS, STS, and SSOPC processes are possible at
laser wavelengths besides the visible one used in this st
This is clearly an advantage over the limited operatio
bandwidth of electro-optic liquid crystal light valves, whe
the phase conjugation signal originates from the absorp
of light at a semiconducting surface@16,17#. It is important
to point out again that in SOS, there is very little variation
the basic parameters such as gain and oscillation thresh
on the laser wavelength. On the other hand, STS does req
some absorption at the wavelength of interest, which co
come about from the liquid crystal’s natural absorption
some appropriate dopant. We are currently studying th
nonlinear optical processes with the use of 1.3–1.5-mm la-
sers, as well as developing a complete theory that could
count for pump depletion that will occur at high conversi
efficiency.
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