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Stimulated orientational and thermal scatterings and self-starting optical phase conjugation
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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 process€&z0ia thin
wm) 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 numbgs): 61.30.Gd, 42.79.Kr, 42.70.Mp, 42.65.Hw

[. INTRODUCTION under the no-pump depletion limit, allowing us to gain
physical insights into the oscillation conditions and various
Self-starting optical phase conjugati®SOPG, in which ~ dynamical and parametric dependencies of the stimulated
a single incident laser beam generates its phase conjugatégattering and self-starting optical phase conjugation pro-
replica via some optical wave mixing effect in a nonlinearcesses. In Sec. IV, we discuss the special case of stimulated
optical material, is a fundamentally interesting and practi-Scatterings involving only an incident pump wave and its
cally useful proces§1]. Usually, the signal originates as spattered noise. This is fo!lowed in Sec. V byadiscussion of
some noise scattered from the pump beam, e.g., from scajﬁ-'therto unrepor.ted experlmgntal results of stimulated orien-
tering centers in a crystal, spontaneous Brillouin or Ramaf‘t'Onal scattering (SOS, simulated thermal scattering
scattering, etc. This noise signal interacts coherently with th ST9, and SSOPC in the context of the theoretical formal-
pump beam, and grows into a strong coherent signal. Thi&M presented, and concluding remarks.
phenomenon is commonly observed in stimulated Brillouin
scattering involving high-power pulsed laséfs2], and in Il. THEORETICAL FORMALISMS

photorefractive materials with low-power cw las¢8s4]. A Consider the interaction geometry as depicted in Fig). 1
self-pumped phase conjugation effect was also observed iR incident laser traverses the nematic liquid cry$hiLC)
resonant media, using frequency-shifted signal and pumpim twice, once as an incident fiel;, (alongk, direction
fields[5], or a degenerate four-wave mixing procéss and then, on reflection from the optical feedback system be-
In two previous short papef§,8], we reported the obser- hind the sample, as a reflected fidld (along thek, direc-
vation of self-pumped optical phase conjugation fromtion). E; andE, are not necessarily coherent with respect to
nematic liquid crystal films, using low-power cw visible la- each other. The incident beam generates a noise source field
sers. Similar SSOPC effects were also reported by AntipoE, (alongks) that is coherent with respect ;. Accord-
and co-workerg9]. The fundamental mechanisms involved ingly, E; and E; can interfere with each other and produce
are the refractive index changes caused by thermal indexingn index grating. Similarly, the reflected fielit) will inter-
or the nematic axis orientational effect. A related stiit§f]  fere with its coherent nois&, and will produce an index
demonstrated the feasibility of SSOPC, and Kleval.[11]  grating.
demonstrated beam amplification by wave mixing in the in- In general, the scattered noideégandE, contain various
frared regime(a 10.6um CO, lase) using the broadband temporal- and spatial-frequency components, cf. Fid).1
(near UV to-far-infrared regionbirefringence and thermal For a given crossing angle between the incident and reflected
index coefficient§12] of nenatic liquid crystals. beams in the experiment, only the scattered-noise compo-
In this paper, we present a comprehensive account of theents ;=—k, and k,=—k;) that obey the phase-
underlying theories for the phenomena, and experimentahatching condition depicted in Fig(d are able to share a
verification of various parametric dependences. Followingcommon grating §=k;—ks=k,—k,) and contribute to
this introduction, coupled wave equations for input and geneach other’'s growth. In this circumstandg; and E, also
erated optical waves, and material equations describing theerve as a feedback to one another, via reflections by the
laser induced refractive index changes in the nematic filmsgxternal mirrors. This particular set of phase-conjugated sig-
are formulated in Sec. Il. Both stimulated thermal and oriennalsE; andE, (alongk, andks directions respectivejyhas
tational scattering processes in the nematic film can be casin advantage over other noise components in experiencing
into a general diffusive equation. In Sec. Ill, steady stategain, and grow into coherent beams.
solutions of coupled wave equations are solved analytically In STS, in which the director axis is considered fixed, the
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A. Coupled-wave equations and boundary conditions

Inside the nematic film, two pairs of coherent waves (
] andEj) and ([E, and E,) give rise to two sets of intensity

/ gratings. The optical electric fields and intensity are therefore

Ei E2 given by,

@) Ei(r,)=Ej(zt)e'™" ¥ (j=1,2,3,and 4 (1)
and
I|=lo+(EFE3+ESE,e @ Micc, 2)

respectively, where

g=k3z—Kk;=ks—Kj, (3
A=0w3—w1= 04— 0y, (4)
lo=|E1|?+|E,|*+|E5|*+|Eq|% (5)

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

8n=dNng+ Snge! @1 4 sn¥e i@ Oy, (6)

The coupled-wave equations resulting from the index grat-
ings are therefore given 43,14

dEl ) n0w2 %
—=|—25an3, @
dz kq,C
FIG. 1. Ring-mirror cavity configuration for generation of a

self-pumped phase conjugatiof® Experimental setuptb) Wave dE, n0w2

vectors of the input beams and the scattering noises; dashed lines d—=i o2 5n§ E,4, (8

represent the scattering noise, and solid lines are input beams. z 22€

Single grating for phase-matched interaction. 2
dE3 . no(,!) 5 E 9
—=I—>=dn ,
dz  kgc? T Ot ®

incident and generated noisés andE; are copolarized. On
the other hand, in SO&f. Fig. 2), the signal waveE; is
orthogonally polarized with respect g due to the optically
induced director axis reorientation. In this case, in order to
fulfill the wave-vector matching condition and take aOIVan'For simplicity of illustration, we have written these equations
tage of the feedback of the external mirrors, the reflected '

beamE. has to be orthogonally polarized to that of the input'™ scalar form, bearing in mind that, in the thermal effect, all
2 . 9 yp PUl\vaves are copolarized, whereas in an orientational scattering
beamE; [cf. Fig. 1(d)]

E, andE, are orthogonally polarized to their respective scat-
tered componentg; andE, [13,14].
The initial conditions for these optical waves are

dE4 . n0w2
E:I m5an2. (10)

E.

~

E1(0)=Ep, Ex(1)=rEi(1), E4(1)=rEj5(1),

NLC (11

P Signal

jul

whereE, is the amplitude of the incident beam, and the
amplitude reflectivity of the external mirrors. The scattered
noise sourcee; is related to the inpuE,; by a spontaneous
86 scattering coefficieni:

- _ Es(0)
/ k | Nss— El(O) . (12)

B. Material equation and solutions

je k)

" E, (noise) . . NS
Although the two mechanisms for optical nonlinearities in
FIG. 2. Generation of stimulated orientational scattering in nemNLCs, namely, thermal effect and director axis reorientation,
atic liquid crystals. are quite different, the resulting index changes by both
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mechanisms satisfy the same form of the diffusion equation,

under the one-elastic constant approximafib2—14

dong  dng . .
W —ZX(E1E3+E2E4), (13)
where
1 1
—=——iQ, (14a
T Tq

and 7q is the grating relaxation time. For the director reori-

entation effectyq= 7g= n/Kg?, and

2
Sa

4n(2J—C77 (14b

XTXR™

wheree, is the optical anisotropy of the NLC, arland 7

are the appropriate elastic constant and viscosity coefficient,

respectively. For the thermal effeet,= 7r= 1/Dg?, and the
coupling coefficient is
dn
“\dT

PCp

XT= (149

el
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d'l {gu3+|y|m

xco§ —d— (=) + (o= a)],  (2D)
z'j |2 IR PERPY RPN

xcod — ¢+ (da— )~ (o= da)],  (22)
LT ARER

X cog ¢+ (1= ha) — (2= a) 1}, (23
d"‘ {9||4+|7|\/m

xco§ ¢—(da—va) + (o)), (29)

and a set of similar equations for the phagés

An important point to note is that, sinde; andE, are
coherently scattered frofa,; and E, respectively, the pairs
(E; and E3), and €, and E,) should be in phase. This
means i, — z=const and ,— y,=const, respectively.
Therefore, although the phasestfandE, (E; andE,) are

The set of coupled optical wave and material equationsiot related, the phase factor appearing in E@)—(24)

(7)—(13) can be solved numerically to describe the completeabove, namely, i, —

Ur3) = (o=

), IS a constant. For con-

electrodynamics of the various underlying nonlinear opticalvenience, we can set this constant to be 0, i.¢4,~(¢3)

processes. To gain physical insights, and obtain threshold- (,—

4) =0. This condition simplifies the solution of the

conditions and parametric dependence, the steady state soltemplex coupled wave equation considerably.
tions of these equations will be sufficient and instructive. In

this case, we have

(ETEs+ESE,)
M= TX 0, (19
dE; (EjEJ+E,E})E; 16
dZ_ Y IO ’ ()
dE; (E1E3 +E;E})E,
T2 %
az ~? Iy : (17)
dE;  (EYEs+EZE4E;
dz 7 I ' (18
dE, (E1Es+EZEL)E;
=" : (19
dz lo

where we have define a complex coupling coefficient:

qu)(lo 1

—[y]elt=qg+i
® 1—|QT y=|vle¢=g+ik. (20
€ cos
Also, we have used Kki,=kgz,=—ky,=—ky,

= (now/c)cos®/2). If we write E;=|E;|e'"], wherey; are
phases of the complex optical electrlc field amplmh‘qe the
coupled equations for the intensitigs= |E;|* can be derived
from Eqgs.(16)—(19) as

Ill. SSOPC SOLUTIONS AND DISCUSSIONS

In general, a complete solution of the coupled complex
electric field requires some numerical techniques. However,
if we apply the assumptions of small signals, ik, |4
<l4, I,, and thus no pump depletion, i.d;,=1, and |,
=r?],, analytical solutions can be obtained that will clearly
illustrate the essential physics. Also, one could obtain a very
good theoretical estimate of various threshold conditions and
dynamical dependences on various optical, material and
physical parameters.

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

d|E4|

az =0e(|Es| +Ten|Eal) — (25a
d[E4| _

dz — Qe ef(|Es| + el Ea)) + 5 |E4| (25b)

where we have introduced the phenomenological loss terms
on the right-hand side of the equations to simulate losses
dues to scattering and absorption, i.e., the total lessx,

+ ag, Wherea, is the absorption andg the scattering loss,
respectively. In these equations, we have also replgdegd

Oeif @andr by rgi to account for the fact that due to such
losses, the effective value of the pump beam in the medium
is slightly different froml,. One approximate form foges
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andr . could be obtained if we employ the average values
for the pump beams; andl, as follows:

)

1 (o 1-
I—fl Iz(z)d(—z)=lor2e‘”"T

1—e~ al
al

1

I [1(z2)dz=1,

|1:

2

1-e o

— —all2
Jef=9 al ) .

ref=re (26)

As noted above, these approximations allow us to obtain
analytical solutions without loss of physics. They are of

course not necessary if the above equations are to be solvet

by numerical techniques.

A. Solution of the coupled intensity equations—no loss

Consider the case af=0. We have

2r?

e(17r2)gz_ 1+rze(17r2)gl
|E3(2)|=|nsEol 512 , (279
1— 1 2e(l—rz)g|
+r
2 2e(l—rz)gl_e(l—rz)gz
|Ea(2)|=r|nsEo| 5r2 (270
1-7 ,ell-r?l
+r

At the output boundariez=1 and 0 of interest, the signals
are

1-r2

(1-r%)gl
1+rze
|Ea(D|=]nsEol 512 , (283
1= 1+rze(l_r2)gI
2 2
(1-r9)gl _
1772 e 1
|Eo(0)] =7l nsol —,2 (280
2
L=zt

The amplification of the output signdl,(0) over the
noise levell 3(0)=|7.Eo|? is a function of the gain param-
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FIG. 3. (a) Amplification of the SPC signal as a function of the
gain factor, when the reflectivity i€=0.99(dots, r2=0.5 (dashed
line), andr2=0.1 (solid line). (b) Threshold gain factor for self-
oscillation as a function of the feedback.

The self-oscillation condition can be derived directly from
the above solutions by setting the denominator to zero. This

yields

2

2r? )
_ (1-r9)9l—_, = -
1 152 e 0—(gh 1-,2 In TR (29

The dependence of the threshold gain constghl,{ on the
feedback reflectivityr is shown in Fig. &); the threshold
decreases monotonically as the reflectivity increases. Note
that forr=0, i.e., there is no feedback from the external
mirrors, the above solutions reduce to the case of stimulated
scattering involving the incident pump beam and its noise. In
this process, the signal intensity grows exponentially with
the coupling strengttgl. We will discuss more details of
these processes in Sec. IV.

eter gl and reflectivityr®. The dependence of the phase-

conjugated signal reflectivityE,(0)/E3(0) [note E3(0)
= n.E1(0)] on the gain constargl is shown in Fig. 8a).

Note that the signal reflectivity diverges at some finite values

of gl, signifying the possibility of self-oscillations.

B. Solution with consideration of loss

If a# 0, the solutions foE; andE,, after some straight-
forward but tedious algebra, are obtained as follows:
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o
A —Qe(1+ 12 + o |sinhAz(1=2)+ X, coshh(1 - 2)
|E3(2)|=| nsEol€ o , (303
[xl—geﬁ(1+r§ﬁ)+ 5| SinhX,l +), coshi,
| msEole® 1 a a
|E4(2)|= Sa Oerl o M= et 5 )\1_geff(1+r§ff)+§ —\3
xl—geﬁ(1+r§ﬁ)+§ sinha,l + X\, coshh,l ~0 ©
X sinhA (1 —z) + N ogesf iﬁ coshh (I — z)] , (30b
where

N1=30er(1—r50) (313
o= V[ Ger(1+ 150 — @)~ 49241 =7 [ Ger( L+ 120 — @l Ge( LT er)*— . (31b)

At the output boundariez=1 and O of interest, we have

| 5ol oM
|Ea(l)]= — , (329
[Al—geﬁ(1+r§ﬁ)+ 5 |sinhAz1+ X, coshi,|
« 2., ¢ 2| 2
| neEol xl—geﬁ+§ Al—geﬁ(1+reﬁ)+§ —N\5|sinhXol + N ogegt 65 COShN ol
S
|E4(0)|= (32b)
Jeffl eff

2 o
Al_geﬁ(l"'reﬁ)"' E

sinh\,1+ N, coshi,l

With Eq. (32b), we can study how the phase-conjugatedhigher absorption means larger loss of the signal and pump,

signal depends on the pump intenslty, the spontaneous
scattering rationyg the feedback gﬁ, the lossa, and other

which implies a higher oscillation threshold value. There-
fore, an optimum value od should exist for the experiment.

optical and material parameters involved in the SOS- andrigure 5 shows the relationship betwegp and the light

STS-initiated SSOPC processes.

absorption constan,, for various values of the feedback

In particular, the self-oscillation condition is obtained by reflectivity in which the parameters of NLC'’s for the STS

setting the denominator of the above expressions to zero:
o
N~ Qei(1+r20) + 5 |sinhAz1+X; coshh,l =0. (33)

Since the coupling strengt_l;ﬁﬁ is proportional to the in-
put pump intensityl, according to Eq.(20), the self-
oscillation condition defined by E¢33) determines a thresh-
old pump intensityly,. Figures 4a) and 4b) shows the
dependence ofy, on the feedback reflectivitygff and me-

effect are used. In each case, there is an optimum valug of
where the threshold, is a minimum.

IV. STIMULATED ORIENTATIONAL
AND THERMAL SCATTERINGS

Since the underlying mechanisms for the SSOPC'’s under
study here are the stimulated orientational and thermal scat-
terings, it is instructive to examine these two fundamental
processes separately, and gain more insights. As remarked
above, STS and SOS correspond to special cases of SSOPC

dium loss «, calculated using typical parameters used inithout feedback (=0). The basic equations are given by

stimulated orientationakcattering(c.f. Sec. I\j section. In
general,ly, decreases alsgff increases, and increases @s
increases, as expected.

Egs.(16) and(17), modified to include the phenomenologi-
cal loss term.

In the case of SSOPC by STS, the coupling coefficient is

dependent on the absorption constagt so the dependence
of the thresholdly, on «, is quite different from SOS-
initiated SSOPC. The nonlinear coupling constgrdue to

A. Stimulated orientational scattering (SOS

In the case of SOS, the coupled wave equations for the
incidentE, and its coherent scattered noise comporent

thermal effect is proportional to the light absorption asgeduced from Eqg16) and(17), become

shown in Eq.(140), so that a higher absorption helps to

lower the threshold for self-oscillation. On the other hand, a

Eo(2)=Eq(0)e™(*?7, (343
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FIG. 5. Dependence of the threshold pump intensity for SSOPC
on the light absorption of the dye-doped NLC, when the feedback
reflectivity arer?=0.99 (solid ling), r=0.5 (dashed ling andr?
=0.1 (dots. The light scattering losa =5 cm 2.

will experience positive gain, in analogy to stimulated Bril-
louin scattering effect. Similar results are obtained if the in-
put is an extraordinarye) wave, and the stimulated scatter-
ing is an ordinary(o) wave.

B. Stimulated thermal scattering (STS)

Similarly, in the case of stimulated thermal scattering, the
incidentE, and its scattered coherent nolsg are described

0 10 20 30 40
(®) Loss o (cm™) by
— —(al2
FIG. 4. (a) Dependence of the threshold pump intensity thresh- E(2)=EL(0)e (2, (373
old for self-oscillation on the feedback, when the less 0 (solid
line), =5 cm(dashed ling anda=10/cm(dots. (b) Dependence dEs _ oz a
. . . . . — = ’)/Te ES_ ~ Es, (37b)
of the threshold pump intensity for self-oscillation of the SPC signal dz 2
on the light loss, when the reflectivity of the mirrors are=0.99
(solid line), r?=0.5 (dashed ling andr?=0.1 (dots. ﬂ nc £
dE now?{ ¥dT\ 87/t 1
a =i -
oo = 7R “Eo— 5Ee, (34b) T ke£? pC,DQ?  1-iQry
dn |
2| |2 ; wal == .
weg |Eol” 1+iQ7g : dT/' b 1+iQ7
YR= 1 32mn, oK 1T+ ()2 RT1KR (39 =i Tr(Qm? - drtinr (39
cpc,DQ? cos
where we have included the phenomenological loss term
—aEJ/2, and used relation§l4b) and (20) to define the Note that
coupling constanyg. From Eq.(34b), the intensity ofl ;(1)
at the output plane z=1 is given by I4(l) dn
= [2gRf(al)—a]l B
l(0)e , wa(dT)lL 207,
where gr=Re{yr}= . (39
T T , 0 1+(Qrm)?
. - wel|Egl2  —2Q0 1 cpc,Dq cos;
9r=REYR) = 62 cK@? T+ (072
- w8a2|Eo|2 —207 C. Maximum gain factors and material parameters
(36) From Egs.(36) and (39), note that both SOS and STS

~ 8¢’nin, Kg? 1+(Q7g)?’

gains are maximum dl7=1. In terms of the optical inten-

and f(az)=(1—e ?)/az. Equation (36) shows that the sity, these maximum gains can be writtencggs=G, |, and
gain is positive ifQ(w3<w) <0, i.e., only the Stokes wave gr=Gql,, respectively.
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For SOS, we have= vk.2+k,2— 2Kk, cos®, and so

2
wey

T BTN K q (40
For STS,q=2k sin(®/2), and we have
dn dn
5 wd—_l_a )\d—_l_a 1
T_z 542 ® 16mpc,D _n2® 0’
cpCyDg”coso Si’—- cos
(41)

where® is the crossing angle betweén andE,. In gen-
eral, the gain factors increases as the crossing afgie-
creases. For the SOS proce&s,is maximum at® =0, i.e.

forward SOS is the most-favored process. Furthermore, if we
substitutee ;= ng2—ny?, g2~ (Ne—N,)%/A\? into the above

expression, we obtain

2
GNM( 1)_ 42

r nc |\nK

This expression fofs, shows that it isprimarily dependent

on the viscosity coefficient and the elastic constant,kand
is essentiallyindependent of the dielectric anisotropy.
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NLC Eb
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FIG. 6. Experimental setup for self-starting optical phase conju-
gation with stimulated orientational scattering effect. PolariR2s
and P3 are parallel, len ; has a focusing length,=10cm, and
lensL, has a focusing length,=20 cm.

V. EXPERIMENTAL RESULTS

Some preliminary experimental results for SOS, STS, and
SSOPC have been reported previod3lyd]. Here we discuss
mainly hitherto unreported results that further corroborate
the theoretical formalism developed in the preceding sec-
tions.

A. Self-pumped phase conjugation with SOS effect

The experimental setup is shown in Fig. 6. The liquid
crystal used is puree-7 (EM Chemicaly, which has a

For forward stimulated orientational Scattering, the CrOSSnematiC_isotropiC phase transition temperaﬂ]ge: 60.5°C.

ing angle®=0 and the grating constant=\/(n,—n).

The absorption oE7 at the laser wavelengitb14.5 nn) is

Since the light wavelengtih~0.5um, and the refractive negligibly small. The experiment is conducted at room tem-

indices of the NLCE7 aren,~1.54 andn.~1.75, the grat-

perature that is far below,, to further minimize any thermal

ing constantA ~2.5um. Using these values and the valuesindexing effect. The NLC cell is 20gm thick and is planar

for the elastic constarit,~3x10 7 dyn, the dielectric an-

isotropy €,=n.>—n,2>~0.6, the intensity gain factor Gg

aligned with the director axis of the NLC lying in the plane
of the cell window. The cell is mounted on a rotator so that

=1.4<10"%cm/W. The scattering loss coefficient of NLCs the directorn can be varied from being parallel to perpen-

is about 20 dB/cm, or 4.6 cn, so that we have (al)
=0.95, and the effective gain is G;=2G,f(al)=1.3
X 10" 2cm/W. For an interaction lengttNLC film thick-
nesg$ d=200um, this gives a gain coefficient@,sd=2.6

dicular to the polarization of the incident optidalfield.

Using this setup, but with the feedback beam blocked, we
recently repeated the forward SOS experiment, using a tight
focusing lens for the input, and a freshly made 208@-thick

X 10" 4cm?/W. In other words, the gain coefficient will be planar NLC cell. The focused spot diameter is abouja.

>1 for an input intensity of over % 10° W/cn?, when the

The incident laser ig polarized, and a polarizing beam split-

orientational fluctuation noise will gives rise to a stimulatedter at the output end is used to separate the extraord{sary
emission of the orthogonally polarized Stokes waves. Thisand ordinary(o) waves. Figure 7 summarizes the results ob-
threshold value is indeed in close agreement with results reaained, showing the transmitteziwave and the generatex
ported previously 7], and also with recent observations to be wave as a function of the input laser power. Above an input

discussed in

Sec. V.

of 45 mW, corresponding to an estimated intensity~ob
X 10° W/cn?, the stimulated scattering signal become

For the thermal effect, the parameters of the liquid crystatlearly evident, as shown in the photographs accompanying

are p~lgcm? c,~2Jg'K™!, D=~2x103cn?s?,
and dn/dT~10 3K 1 The absorption is abouta,

Fig. 7. The threshold intensity obtained here is in good
agreement with the value reported previously, and the theo-

~20cm ! (this value can be adjusted by the dopant dyeretical estimate given in Sec. IV. Below threshold, both the

concentration For the experiment,~0.5um, ® =1° [this
gives cosP/2)~1 and SiR(0/2)~0®2/4~(1.3x10% 1]

transmittede and o-wave noises are linearly dependent on
the input power. Above threshold, the stimulatedvave

From these parameters, we obtain the intensity gain factagrows dramatically, eventually surpassing the power of the
2G;=1.3x10 tcm/W, which is an order of magnitude transmittede wave.

larger than Z.4. Consequently the threshold optical inten-  The simplicity of the experimental setup for observing
sity for observing STS is also about an order of magnitudestimulatede-o wave scatterings allows one to make a quan-
lower. Again, this is in good agreement with the experimen-+itative comparison between theory and experimental results,
tal observation of ST$3]. especially in the low signal regime when the signal wave
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grows exponentially with the input light intensity. Figures divergence, in spite of the aberration imparted by the input
8(a) and &b) shows the curve fitting done for the respectivelens and other optics. A typical time evolution of the SSOPC
stimulated scattering results obtained in a previous sfdfly  signal is shown in Fig. @). When the incident light intensity
From these results, we deduce the gain parameters to be below the threshold, the small noise signal has a square-
2Gg(0-€)=2.4x 10" ?cm/W and L(e-0)=1.5 pulse shape with a flat tofthe bottom curvg similar to the

X 10"?cm/W. This compare very favorably with the theo- incident square pulse. Above the threshold, the signal in-
retical estimate made in Sec. IV for a gain parameter on thgreases dramaticallithe top curves The buildup time of
order of 25g=1.4x10 ?cm/W. The deviation between the signal shortens as the pump intensifys raised.

theory and experiment is most likely due to losézsattering The dependence of signal intensity on the incident beam

and reflection and_actgall values of .the I.iquid crystal param- intensity at steady state are shown in Figd)@nd 9c) for

eters., and some S|mpI|fy|ng approximatiogane wave, one both types of experimental setup. From Figb)9 the ob-

elastic constant efcused in the theory. . erved threshold intensity is estimated to be on the order of 5
Returning now to the SSOPC experiment, the feedbac W/em? (500 mW in a focused spot diameter of 106n)

beamE, is obtained by reflection from the external mirrors. .. . . : ; P
e which is in good agreement with the theoretical expectations:
The reflectivity is 0.55, and the reflected beam makes ap. ¢ Fig. 4b)] r2=0.5 anda=5 cm . In general, the sec-

angle of 45° with the incident beam. We have Investigated, , setup, in which the incident laser polarization makes an
the dependence of the SSOPC processes on the initial 0r|eghg|e of 45° with the LC director axis. exhibits a lower

:ﬁgog.gcttgf ;lqui?tt::gI%Ega?ﬁiﬂgnf.\r’:tcggn"f\."thr;et.sopnectthtgthreshold. This is expected as this configuration provides a
: X! ’ : Iguration, much stronger initial seed signal wave.

incident wave is either a pure wave or a pures wave; a
half-wave plate is used to rotate the polarization of the re-
flection beanE, by 90° to make it orthogonal to that & .
In the second configuration, the directoof the NLC cell is The liquid crystal used is BDH K15Pentyl-Cyano-
rotated to make an angle of 45° with the polarization direc-Biphenyl 5CB from EM Chemicajsdoped 0.5% by weight
tion of E;, and the half-wave plate behind the cell is re-with a dichroic dye D1&Em Chemicalsto enhance the light
moved. absorption and the thermal effect. The planar aligned sample
For both setups, SPC signals become clearly visible wheis made by sandwiching the liquid crystal between two
the incident laser power exceeds the threshold value, appegrrisms with rubbed polymer-coated surfaces. The film thick-
ing in the far field as a bright spot in contrast to the fuzzyness is 150um and the sample is put into a temperature
appearance of the noise background. As previously reportecbntrolled cell. To avoid overheating the NLC, the laser
[7], the phase-conjugated signal is spatially of the same quapulse duration is limited to<10 ms. The laser is linearly
ity as the input laser beam, and has approximately the sanmlarized, with the polarization vectoE( and E,) parallel

B. Self-pumped phase conjugation with STS effect
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A ring-cavity configuration as depicted in Fig. 10 is em-
ployed for this experiment. The laser is obliquely incident _ ,
upon the cell, as shown in Fig. 10, so that the effective in- G- 9- (& Oscilloscope record of self-pumped optical phase
teraction length within the liquid crystal is about 1 mm. As aconjugatlon signals generated by the second kind of setup at differ-

ent incident beam powers. Upper curve:=560 mW. Middle

result of reflection loss at the glass-liquid crystal mterfacecurve:l:,:400 mW. Lower curveP— 300 mW. The pulse width is

g(r;d S]E:att;erll_’\g _z(ajndtagsorptlgn tloss m.:th%“qﬁ']d Ctrystal, '(t)tnléo ms.(b) Power of the self-pumped phase conjugation signal as a
0 0 € inciaent beam 1S transmitted. € wansmittett ,tion of the incident pump power with the first kind of setup; the

beam is recollimated, and focused back into the cell, making, .iqent beam is ao wave and the reflection beam is anwave.
an anglef)~1° with the.lnclldent beam. The spot diameter of o peak phase conjugation efficien@t an input power of 800
the input laser at the liquid crystal is 0.5 mm, whereas theyy) is estimated to be 2.5%c) Results obtained with the second
reflected beam spot size is approximately five times smalleling of setup. The polarization direction of the incident beam and
i.e., 20,=0.1mm. Therefore, the intensities of the input andthe reflection are parallel, while the director of the NLC cell is
reflected beams in the overlap region are roughly equal. Alaced at a 45° angle from them. The peak phase conjugation effi-
beam splitter placed in the path of the incident and the reeiency is estimated to be 1.8%t an input power of 800 myV
flected beam is used to monitor the phase-conjugated and
reflected signals simultaneously. ture of the nematic liquid crystal. For 5CB.=35°C. The

A phase-conjugated signal, which propagates along thghase-conjugated signal is spatially of the same quality as
reverse direction o, , becomes visible when the input laser the input beam, and has approximately the same divergence.
power is about 400 mW and the cell temperature is mainOn the other hand, the reflected signal is considerably defo-
tained within 5°C belowTl .—the phase-transition tempera- cused by the input optics and propagates along different di-
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rections as is varied.
_ _ _ T., the lower the threshold is for SSOPC. This is due mainly
1. Dependence of the SPC signal on the pump intensity ~ to the fact that the gain coefficient is proportional to the

Figure 11 shows the dependence of the phase-conjugaté‘?!fjex gradientdn/d T, which increases as the temperature

signal on the incident beam power, while the temperature ofPproachesT.. A further measurement of the phase-

the NLC sample is fixed. When the incident power is belowconjugated signal intensity as a function of the NLC cell
600 mW, only scattering noise is detected in the direction of€mperature was conducted when the input laser power was

ks: the noise is linearly dependent on the incident powerKkept as a constant, and the result is shown in Fig. 13. Again,

just as the reflected light from the sample. Above athresholéfl’ecause of the increase in the magnitude of the thermal-

of 600 mW, a dramatic increase in the phase-conjugated sidtdex gradient at temperatufle— T, with a larger coupling

nal, corresponding to the onset of stimulated scattering angoefficienty, the SSOPC signal increases as we approach

self-oscillation, is observed. The threshold intensity value islc-

estimated to be 240 W/c(600 mW in a spot diameter of ) )

0.5 mm, in good agreement with the theoretical estimate 3. Dynamics of the SPC signal

made in Sec. IV. The SSOPC signal should build up in accordance with the
dynamics of the laser-induced temperature and refractive in-

2. Dependence of the SPC signal on temperature dex changes. The stronger the intensity, or the nearer the
the larger the induced index modula-

: : ture is tad@
The dependence of the phase-conjugated signal power &ﬁmpera ¢ - -
the input beam for different cell temperatures is shown inton n and thus the coupling coefficient We therefore
Fig. 12. We can see that the closer the cell temperature is f<PeCt the oscillation of the phase-conjugated signal to build
up sooner. Figure 14 shows the observed buildup time for
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FIG. 13. Dependence of the optical phase-conjugated signal
power on temperature &,,=55 mW. The peak SPC reflectivity is

about 2%.

FIG. 11. Power of the reflected ligiitriangles and the optical
phase conjugation signéircles as a function of the incident light

power.
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a function of the ambient temperatui,,=500 mW.

input laser powers ranging from 200 to 600 mW, showingjiquid crystal hold throughout the UV-infrared spectrum,
that it drops off considerably as the input laser power ispese SOS, STS, and SSOPC processes are possible at other
increased. Above a power of 500 mW, a submillisecondager wavelengths besides the visible one used in this study.
buildup time is achieved. Similar resul'ts are obtained if therp;s is clearly an advantage over the limited operational
laser power is kept constant, but the liquid crystal cell ttemyangwidth of electro-optic liquid crystal light valves, where
perature is increased towalid . The results plotted in Fig. he phase conjugation signal originates from the absorption
15 show that the buildup time decreases to a submillisecongs light at a semiconducting surfa¢&6,17. It is important
value as the temperature approachigs Besides generating 1 noint out again that in SOS, there is very little variation of
a larger refractive index change, an increase in the temperge hasic parameters such as gain and oscillation thresholds
ture of the sample also causes a higher scattering noise levgh the |aser wavelength. On the other hand, STS does require
7ss- It was demonstratefdl, 15 in theories and experiments some absorption at the wavelength of interest, which could
that the magnitude of this coherent noise affects the buildugome apbout from the liquid crystal's natural absorption or
time in as_|m|lar fashion, e, Iarger initial noise sourcés ( gome appropriate dopant. We are currently studying these
and E,) will shorten the buildup time. Therefore, the ob- ponlinear optical processes with the use of 1.3—in%a-
served results in Fig. 15 are attributed to the higher refractiv@ers as well as developing a complete theory that could ac-
index changesn as well as the noise levejss. count for pump depletion that will occur at high conversion
efficiency.
VI. FURTHER REMARKS AND CONCLUSION
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