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WAVEFRONT CONJUGATION IN DYE-ACTIVATED NEMATICS IN 
THE FIELD OF PULSED RUBY LASER 

ANATOLY KOVALEV, SVETLANA SEHAK, NATALIA USOVA, GEORGY 
NEKRASOV and TATIANA DAVIDOVICH 
Institute of Electronics, Belarus Academy of Science, 
22 Lagoiski Trakt, Minsk 220841. Republic of Belarus 

Abstract Wavefront conjugation (WFC) of free-running 
ruby laser by using thermal nonlinearity in dye- 
activated hematics is demonstrated. Obtained values of 
the conjugation coefficient R near phase transition to 
isotropic state are close to 100 % .  Temperature 
dependence of R has been studied theoretically and 
experimentally. 

INTRODUCTION 

we have been the first to study In our previous works 

static and dynamic gratings on thermal nonlinearity in 

oriented nematic liquid crystal layers (NLC) ( 2 0 - 4 0  jrm) 

activated with dyes in the field of ruby laser radiation of 

nanosecond and microsecond pulse duration. Effective 

recording of dynamic gratings (diffraction efficiency in 

1.2 

L 
the first order of about 10% ) in absorbing NLC's makes i t  

possible to perform WFC of pulsed radiation of a ruby 

laser. WFC has been initially demonstrated on thermal 

nonlinearity in NLC by Khoo who used C.W. radiation of an 

Ar laser. 

3 

t 

This paper presents the resu1.t~ of investigations of 

effective WFC of free-running ruby laser radiation based on 

four-wave mixing (FWM) in dye-activated nematics. 
[2837]/271 
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THEORETICAL ESTIMATES 

Let us consider two counterpropagating plane pump 

waves E l ,  E,, in a planar-oriented nematic layer ( see 
I L  

Fig. 1). A weak signal wave 

from the left side causing ge- 

neration of a phase-conjugated 

wave E that propagates in the 

opposite direction. Two types 

of gratings can arise in the 

medium. The reflecting grating 

j s  formed by the signal wave 

E 3  and the pump wave E 2 .  The 

second pump wave is diffracted 

on that grating to form the wave 

4 

E g  falls on the medium 

FIGURE 1 

E4. Another possibility 

for the signal wave E to form grating with the pump El 

corresponds to the transmission FWM geometry. 
3 

Dielectric permittivity of optical uniaxial crystals, 

where most nematic LC's belong, is described by e tensor 

= C 3 + C, n.n where is the permittivity of the 

ordinary wave, = - !: is the permittivity anisotropy 

and t i  is the NLC director. Permittivity changes arising 

under the action of radiation in NLC's are associated with 

temperature dependence of the order parameter S as well as 

with changes in density {, and local orientation of the di- 

rector JI. According to Sadvvskij , for small deviations of 

LC hydrodynamics parameters: temperature f,T, density f;[) and 

director t:;n from their unperturbed values, permittivity 

changes can be described as follows: 

r 

'ij J l  ij a 1 j '  1 
a -11 

4 
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WAVEFRONT CONJUGATION IN DYT-AcTIVATED NEMAYICS 

(n.n - [.: /3) 
a 1 j i j  lllS 

+ 4; (n;?n + n .tin. 
a i j  J 1  

In deriving Eq. (l), we use only linear terms in expanding 

fiE(GT;5p, cn) taking no account of the local field. In 

addition, Eq. 1 is applicable to processes where the 

parameter S has time to relax to the local equilibrium 

value. The relaxation time for S normally varies between 

10 s far from the phase transition point and 10 s near 

the phase transition. The quantities S, GS/t?T, .?. are 

strongly dependent on temperature, and this dependence is 

usually measured experimentally. Deviations in ,r?T, 

obey Ericksen-Leslie equations for NLC hydrodynamics 

represent a set of coupled equations for hydrodynamic flow 

velocity v, density 6 ,  temperature 'r and director t i  that is 

very hard to solve in the general case. A s  it is known, in 

the case of N L C ,  the effect of electric field of a light 

wave on the medium is mainly assocated with light 

and orientational action of the field on absorption 

the director 6'9. For the geometry shown in Fig. 1 

(?- ,p . )  = 1 .  where ,:, are polarization vectors of the mixing 

waves. Hence. in t,his case there is no orient,ational action 

of the electric field on the director. Solution to the 

linearized set of Ericksen-Leslie equations for small 

deviations in , $n and the flow velocity v that arise 

under thermal action of the interference field of two waves 
4 

on oriented NLC layer has been found by Sadovskij . 

According to that solution, the main contribution to i 
i j  

modulation in Eq.11) is made by the first term. Therefore. 

-8 -6 

a 

2,3 

1 1 
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274/[2840] A.A.KOVALEV e t .  ale 
from here on we shall restrict our consideration to changes 

in the medium temperature as a result of absorption. 

Let us conceive the field in the medium as a sum of 

four waves of the same frequency I , ,  

4 
.- 

E = 0 . 5 (  ‘I e E .  exp(-:i.z/2) exp(ii:!t - ik .I ) t c.c.), 
L.2 j~ J J 

j = 1  

assuming that k t k - 0 and k t K = 0. Here, E is the 

amplitudes of the waves and k .  is the wave vectors, 

<$.. = (e ,j. e.) cos(F/2) is the absorption coefficient. 

1 2 -  3 4  j 

,. J 

A 1  i~ 

is the absorption anisotropy. The coefficients {f,,? (j. 
.- I I 1  

depend on the order parameter and, consequently, on the NLC 

temperature in the case of L C ’ s  intrinsic absorption or 

addition of dichroic dyes that acquire orientation with the 

same order parameter S in the nematic matrix. Following 
i 

Blinov et. al. , the dependence of il. . ‘’‘“I I on S can be 

presented as = i‘i ( I - S )  , !), ( 1  t 2S), where A is the 

LC absorption coefficient in isotropic state determined by 

the dye concentration. For simpllclty, we shall use only 

linear approximation in calculating the conjugation 

coefficient, assuming that E < <  E . Then, the grating 

part of the heat source can be written as 

L 

A *  0 0 

384 1,2 

* - 
Q = (c r/tII/4,;;)(E1(0)E~(0)exp(-,:l,z)exp(-iq 1 r-)+ 

* 
t E2(d)E,(0)exp(-G.,d/2)exp(-iq 1 2 I’)+C.C.)= 

= Qlexp(-iq i--)tQ exp(-iq 1’)tc.c. 1 2 2 

(2) 

where c is the light velocity, iql = k l  - k 3 ,  iq2= k2 - k 3  

are the grating vectors. 

For processes whose characteristic time is larger than 
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WAVEFRONT CONJUGATION I N  DYE-ACTIVA!PED NEMATICS [284111275 

sound attenuation time, heating of the matter proceeds at a 

constant pressure. For the grating heat source with the 

grating constant q > >  ,'( , heat conduction along the z-axis 

can be neglected, and it can be assumed that the 

temperature distribution in the medium follows the spatial 

pattern of the heat source ,>T = (,T exptiqi- ) and in the 

interference pattern maxima (>T is governed by the heat 

equa t ion 

0 

- 
e 

where C is the specific heat at a constant pressure, 

ga= I.$ - k , ,  p r r  are the thermoconductivity constants, 

0 is the angle between the grating vector q and the direc- 

tor 1 1 .  Solution of Eq.(3) takes the form: 

P 

1 i 

2 where 9 = $\ C / ( $  t cos ,$)q2 is the characteristic time 

of thermal conduction. For free-running laser pulses of 

width .: = 100 - 500  $ s ,  9 > .? if the beams convergence 

angle 8 > 0.018 rad., i.e. the heat conduction process can 

be regarded as stationary and solution of Eq.(4) i s  appro- 

ximately equal to l>>T(tJ = (F; C ) 'I Q. For small f l  

the amplitude for the trasmitting grating with wave vector 

sin ( $ / 2 )  is two order of magnitude higher than the 

T O P  i a 

T 

2O 
-1 

0 I? "T 

q1 
amplitude [,T for the reflecting gratings with q2 COS(ip2). 

Hence. in our case the main contribution to the conjugated 

wave is made by the transmitting grating. 

Nonlinear polarization PNL that occurs as a result of 

scattering of the E wave at the grating !fj.r and generates 
the conjugated wave E is 

2 

4 
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276/[2842] A.A.KOVALEV et .  al. 

In the interaction geometry under consideration, the 

nonlinear polarization vector is directed along the direc- 

tor, and the cohjugated wave is extraordinary. The equation 

for slow amplitude of the wave E takes the form: 4 

- 
Solution of this equation results in the 

11' 
where n = JF  

following expression for the conjugation coefficient R: 
e 

tlE1(0)l 2 fE2(0)I 2 exp(-X d) (l-exp(-I:t d)) 2 , 
I1 I1 

2 
i e i  

where P = cn E / 8 , x  is the power density of the i-th wave. 

One can see that the dependence of R on temperature is 

mainly due to the dependence dS/,-)T(T). Uniform heating 

leads to shifting of the effective temperature, at which 

conjugation takes place, to the phase transition point and 

can result in phase transition in the case 

densities. 
2 

For ,% d < <  1, R - (::iTIId). Otherwise, R - exp 
the pump wave E is formed by reflection of the 

after its passage through the cell, then R - exp 
Thu2, the dependence R on t.ivIId has an optimum. 

I 1  

2 

of high 

-iy d). If I1 
pump El 

-2ii.I I d ) . 
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WAVEFRONT CONJUGATION I N  DYE-ACTIVATED NEMATICS [28431/277 

EXPERIMENTAL RESULTS 

A sing]-e-mode ruby laser with pulse duration of 0 . 5  ms and 

pulse energy of 0 . 8  J was used as a radiation source. By 

using a set of mirrors, all three waves El, E2, E g  were 

formed from one source. The spot diameter on the specimen 

was 3 mm. The convergence angle p of the beams 
was varied from 2 to 10, which corresponded to the spatial 

period of gratings h = 2 0  - 4 $n. Intensity of the signal 

wave E3 was six times as low as that of E The reference 

wave E was formed by reflecting the wave E from the 

mirror. Because of absorption in the layer, the intensities 

of the waves E E were different and their ration was va- 

riable from 0 . 6  to 0 . 7 8 .  Planar NLC cells 50  $m and 100 j;.m 

thick placed into a thermostatic chamber were used. Expe- 

riments were conducted on 5CB ( transition temperature 

T = 3 5  C ) and a five--component mixture of cyanobiphenyls 

( T  = 56 C )  with addition of chrome green anthraquinone dye. 

The absorption coeffi-cient of the dye in LC was varied from 

5 0  cm to 200 cm . 

E3 E l  and 
0 0 

1 ’  

2 1 

1 ’  2 

0 

C 
0 

C 

- 1  - 1  

The coefficient of reflection into conjugated wave R 

was measured experimentally from the ratio of maximum 

amplitudes of free-running laser pulse envelopes for the 

waves E and E . We have studied the dependence of the 

conjugation coefficient on the convergence angle of the 

waves E and E 3 ,  pump intensities, initial temperature of 

the layer and absorption coefficient of the medium. 

3 4 

1 

In accordance with Eq. ( 7 ) ,  the conjugation coeffi- 

1 cient R is a function of convergence angle of the waves E 

and E . Comparison of the effici-encies of the conjugated 

wave for the angles of 2 and l oo  shows that with the 
3 

0 
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2784 28441 A.A.KOVALEV et. al. 

larger angle R decreases by an order of magnitude. This 

fact supports our assumption that under conditions of the 

experiment the heat conduction process can be considered as 

stat i onary . 
Fig. 2 shows the dependence of R on the product of the 

-1 pump wave energy densities P P for 5CB td = 50 cm , 2" = 
1 2  0 -1 0 

100 cm , AT = T -T = 0 . 5  C ) .  A linear dependence on the 

initial part of the curve agrees with Eq. ( 7 ) .  Further 

increase in the pump energies results in saturation that is 

connected with the pump depletion and the nematic-isotropic 

transition at high heating. 

C 

I I 1 

" 0  0,Ol 

FIGURE 2 

Investigation of the temperature dependence of the 

conjugation coefficient R have shown that in the 

temperature range :,T = 15 C to 5 C lying far from the 

transition point the conjugation efficiency changes 

insignificantly (1 X to 5 X )  (see Fig.3, curve 1 and 2 ) .  R 

sharply increases near the transition point, being as high 

0 0 D
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WAVEFRONT CONJUGATION I N  DYE-ACTIVATED NEMATICS [28451/279 

as about 100% for /"T = 0.3 C . The conjugated signal with 

R -13% was also observed in the isotropic phase near the 

transition point. A similar behaviour of R for an LC phase 

has been observed by Khoo3 who irradiated the cell with a 

C.W. A r  laser at 4 Hz frequency. Moreover, it agrees quali- 

tatively with our formula (7) (curve 3 ,  Fig.3). However, we 

0 

100 

80 

60 

20 

t 
0 

0 5 4 3 2 1 0 AT, C 

F I G U R E  3 Temperature dependence of the conjugation 
-1 

coefficient for 5CB.  (l)-ld = 5 0  p m ,  I?" 5 100 cm , 
( 2 )  d = 50 p n ,  {i = 50 cm : Pz0.2 J/cm i r  = 2 O .  1 

believe that initial temperatures of the nematic close to 

the transition point, laser heating of the LC layer is 

sufficient for its transition to isotropic liquid. While 
8 

performing our previous work we observed nematic-to-iso- 

tropic transitions stimulated by free-running laser radia- 

tion that could be detected by an increase in the layer 
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280/[28463 A.A.XOVALEV e t .  al. 
transparency to a He-Ne laser probe beam. For oriented NLC 

layers 10-25 $m thick, the energy expenditures needed for 

transition were 10 -10-lJ/cm2 while the time of transition 

was 20-30 &,s. Estimates of the heat distribution in the 

interaction region taken for a 5CB cell with d=50 ,iim and 

lOOcm show that phase transition may occur already 

for radiation energies P P = 18'10 J /cm . A s  can be seen 

from Fig. 2. the tendency of the curve R ( P  P ) towards sa- 

turation appears at the same values of P P 

-2 

-1 

- 3  2 4 
1 2  

1 2  

1 2' 
We have also studied the conjugation efficiency at 

various absorption coefficients. Experimental measurements 

indicate that there exists an optimum for this parameter at 

a given cell thickness. Thus, for the 5CB cell 50 &m 

thick and Cr. = 100 cm , the curve 1 is characterized by the 

highest parameter R of the conjugated wave. Decreasing of 

J by a factor of two results in a three-fold decrease in R 

(curve 2). whereas no WFC is observed with ["- increasing 

two-fold. For the 100 9,m-thick cell, WFC was about-50% at 

[x. = 50 cm , and no conjugated wave was observed for o,o = 
lOOcm . Hence, Eq. ( 7 )  gives a good description of the 

optimum in the B-vs-.~.. d dependence. For higher values of 

t,,d the absence of the conjugated signal and, hence, 

disagreement with Eq. ( 7 ) ,  is connected with the fact that 

phase transition point is reached sooner due to increasing 

Qf the uniform heating-. 

-1 
0 

0 

0 

-1 
0 

-1 

0 

Thus, we have realized the WFC process based on the 

thermal nonlinearity in the field of free-running ruby la- 

ser radiation and obtained a qualitative agreement between 

our experimental data and the proposed linear theory of the 

WFC process in NLC. The results of investigation of WFC 

under the action of nanosecond laser pulses are expected to 
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