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SELF-FOCUSING AND OPTICAL-FIELD-INDUCED EFFECTS 
IN LIQUIDS AND LIQUID CRYSTALS 

Ke-Lun Wong 

Inorganic Materials Research Division, Lawrence Berkeley Laboratory 
and Department of Physics; University of California 

Berkeley, California 94720 

ABSTRACT 

We show that an appreciable molecular ordering can be induced by a 

relatively weak laser beam in the isotropic phase of nematic liquid 

crystals. By studying the temperature dependence of the optical Kerr 

effect and the intensity dependent ellipse rotation effect, we show 

that the nonlinear refractive index due to molecular reorientation 

increases strongly as the isotropic-nematic phase transition temperature 

is approached. We have also measured directly the reorientational 

relaxation times as a function of temperature and demonstrated the critical 

slowing-down behavior. The results are in good agreement with the 

predictions of Landau-de Gennes model. 

We then show that because of its unusually large nonlinear refractive 

index and long orientational relaxation ti~e, a nematic compound in its 

isotropic phase is ~n ideal medium for studying transient self-focusing. 

Our experimental results show good qualitative, and occasionally quantitative 

agreement with the existing theoretical calculations on transient self-

focusing. 

We have also measured with single nanosecond mode-locked laser 

pulses the spectral broadening ~f light emitted from a filament Df light 

under controlled input condition. Our results are in semi-quantitative 

agreement with predictions from the moving-focus model. 
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I. INTRODUCTION 

Nematic liquid crystals are composed of rod-like semi-rigid, 

anisotropic orgamt.c molecules. In the nematic phase, there is long 

range ordering in the molecular orientation with the long molecular axes 

aligned more.or less parallel to one another. Upon heating, nematic 

liquid crystal undergoes a phase transition into ·the isotropic phase in 

which the molecules are randomly oriented. Using light scatteri~g 

technqiue, Stinson and Litster
1 

have studied the isotropic to nematic phase 

· transition. 
. 2 

Their results show that Landau-de Gennes model (which is 

equivalent to mean field theory) provides a good description of the 

isotropic to nematic phase transition. The model also explains very 

1 well the results of magnetic-field induced birefringence near the phase 

transition. 
. . . 3 

However, recently Shadt and Helfrich found that the 

temperature dependence of d.c. Kerr effect does not agree with the 

simple predictions of Landau-de Gennes model. This is presumably due 

to the fact that low frequency electric field interacts with both the 

permanent dipole and the induced dipole on the molecules and may also 

influence molecular alignment through ionic conductivity. These 

complications. have not been taken into account in the simple Landau-

de Gennes model. Optical field, however, interacts only with the induced 

dipole moment. The temperature dependence of optical-field-induced 

birefringence should then agree with the predictions of the simple 

Landau -de Gennes model. In fact, the optical Kerr effect is directly 

correlated with light scattering by order-parameter fluctuations. 4 •5 

In Chapter II, we show that birefringence can be induced by a laser 

field in the isotropic phase of nematic compounds and the results are 



-2-

in good agreement with the predictions of Landau -de Gennes model. We 

also show that using short laser pulse, the molecular reorientational 

relaxation times can be measured directly yielding results more accurate 

than those obtained from light scattering experiments. 

it.is well known that the optical-field induced refractive index 

. 6 
can lead to self-focusing of an optical beam. In Kerr liquids, whose 

molecular orientational relaxation time is comparable with or larger 

than the laser pulse width, the self-focusing effect b~comes transient. 7 

· 1 h · 1 1 · 1 · 8~10 i · · lf f · Severa t eoret1ca ca cu at1ons ex st on trans1ent se - ocus1ng. 

However, because ordinary liquids have orientational relaxation times 

of the order of picoseconds and the technology of picosecond laser 

pulses is still in a primitive stage, ~o quantitative experimental 

results are available to compare with the theoretical calculations. In 

Chapter III, we show that because of the unusually large nonlinear 

refractive index and the long orientational relaxation time of a liquid 

crystal, it is now possible to study trarisient self-focusing with Q-

switched laser pulses. Quantitative results are obtained and compared 

with the existing theoretical calculations. 

It has been shown that moving-focus mode16 •11 gives good description 

of self-focusing of laser pulse with pulse width much larger than the 

orientational relaxation time of the medium. .Most experimental observations 

on quasi-steady-state self-focusing can be explained by the moving-focus 

model. In particular, spectral broadening of light from a self-focused 

filament can be interpreted as due to phase modulation acquired by the 

self-focused light in traversing the nonlinear medium. 12 However, no 

controlled systematic experiment on spectral broadening has been performed 

...... ·· 

'..I 
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to check the validity of the interpretation. Such an experiment is 

important in view of the fact that spectral broadening has long been 

used as evidence to support the competing self-trapping model. In 

Chapter IV, we present the results of our experiment on spectral 

broadening with single nanosecond input pulses under controlled input 

conditions. We show that there exists, in fact, semi-quantitative 

agreement between theory and experiment. 

I 
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II. OPTICAL-FIELD-INDUCED MOLECULAR ALIGNMENT IN THE 
ISOTROPIC PHASE OF NEMATIC LIQUID CRYSTALS 

1. Introduction 

We have shown recently by measuring the optical Kerr effect and the 

intensity-dependent ellipse rotation that the nematic compound 

p-methoxy-benzyHdene p-n-butylaniline (MBBA) in its isotropic phase 

has a large monolinear refractive index and a pronou~ced pretransitional 

1 
behavior. The large field-induced refractive .index causes a cioderately 

intense laser pulse to self-focus readily in such a medium
2

•
3 

and 

induces other nonlinear optical effects such as stimulated Pfo·man ,and 

Brillouin scattering.
4 

On the other hand, measurements of the optical-

field-induced refractive index and its pretransitional behavior yield 

directly informations about the molecular orientational properties of 

MBBA1 and provides a stringest test on the Landau-de Genne.s model. 5 The 

same informations can be oLtained from light scattering experiments, 6 

but the measurements are more complicated and less accurate. We have 

now extended our optical Kerr and ellipse rotation measurements to 

p-ethoxy-benzylidene-p-butylaniline (EBBA) which is homologous to MBBA. 

We have found similar results in EBBA as in HBBA. In, particular, the 
/ 

results again agree well with the predictions of the Landau-de Gennes 

model. here we would like to give a detailed account of our work on 

both MBBA and EBBA. 

In Section 2, we review briefly the theories behind our measurements. 

In Section 3, we show our experimental arrangements and compare our results 

with the predictions of the Landau-de Gennes model. V.Je discuss our 

results in Section 4 and compare them with results obtained from other 

measurements. 
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2 • Theoretical Dackgr_9und 

We first give a brief review on the theories of the optical Kerr 

effect and the ellipse-rotation effect. We then discuss these effects 

in connection with the pretransional behavior of·liquid crystalline 

materials in the isotropic phase. 

A. Optical-Field-Induced Nonlinear Refractive Iridices of an 
Isotropic Medi~ 

The optical susceptibility of a medium is in general a function of 

the applied optical fields. For a medium with inversion symmetry, the 

field-induced optical susceptibility in the lowest order can be written 

7 
as 

oxij 
(3) 

(w = w+ w' * = 6X. 'k£ - W') Ek (w') E.R, (w') (1) 
1J . 

By symmetry, the third-order nonlinear susceptibility tensor 

X (3) (~ = w + w' 
ijk.R. . - W') of an isotropic medium has the following 

nonvanishing elements: 8 
(i,j = x,y,z) 

I 

(3) 
X1111 

(3) 
xiiii 

(3) 
Xu22 

(3) 
xiijj 

(3) 
X1212 

' (3) 
xijij 

(3) 
X1221 

(3) 
xijji 

(3) (3) 
+ (3) (3) (2) Xuu X1212 xl221 + Xu22 

If w·= w' then 
(3) (3) . 

The corresponding nonlinear polarization , Xu22 X1212· 
. 7,9 
1S 

.. 

.. 
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(3) 
+ X1212cw = * w + w'- w') E.(w) E.(w') E.(w') 

J 1 J 

(3) 
+ xl22lcw w + w'- w') E.(w) E.(w') E~(w')l (3) 

J J 1 

In general, the field-induced refractive index contains an electronic 

part due to field-induced deformation of the electron cloud around 

molecules and a nuclear part due to molecular reorientation and redis-

tribution by the field. According to Owyoung 
10 

et al. we have for an 

isotropic medium 

(3) 
xl22l(w = w + w' - w') (a+ 2t3)/24 

(3) (3) 
X1212 + X1221 (a + ~)/12 (4) 

where a and p are contributions from the electronic part and the nuclear 

part respectively. If a = 0, 
(3) 

then xl212 = 0 
(3) 

and xl221 S/12. 

(3) (3) 
If 13 = 0, then x1221 = x1212 = a/24. We can determine 

(3) 
a and S or x1212 and 

(3) 
X1221 by measuring both the optical Kerr effect and 

the ellipse rotation. 11 

We bave assumed in the above discussion monochromatic fields. In 

practice, the strong optical field m~y be a pulse represented by the 

field components 

E.(w',t) 
1 

'>-* A ~ (1 •e) c (t) 
-+ -+ 

ik' .•r-iW't 
e (5) 

where ~(t) is the amplitude function. The field-induced susceptibility 

becomes 



-8-

(6) 

(3) 
The electronic part and the nuclear part of Xij~ should of course have 

different functional dependence on time. The electronic part has a 

response time of the order of 10-lS sec, while the nuclear part can have 

a much slower response. Therefore, for ordinary laser pulses, we can 

regard the electronic response as instantaneous and write, 

x~~~ 1 cw,w';t- t') = [a(w,w') 6(t ~ t') + 2S'(w~w';t- t')]/24 

[ 
(B) + (3) J ( ' ') xl221 X1212 w,w ;t - t = 

[a(w,w') 6(t- t') + S'(~,w';t ~ t)]/12 (7) 

For mole-cular reorientation and redistribution governed by a diffusion 

equation, we expect the response function S tq have the form 

S'(w,w';t) rs (w,w')/1] exp(-t/1) (8) 

where S (w,w') is the response function for an infinitely long pulse and 

1 is the relaxation time. We shall show Eq. (8) explicitly later for an 

isotropic liquid-crystalline medium. 

B. The Optical Kerr Effect 

In the presence of a strong linearly polarized optical beam, an 

isotropic medium shows linear birefringence. This induced linear 

birefringence is given by 

(9) 

where 6n
11 
,l (2TI/b) 6~~~· From Eqs. (6) through (8), we find 

---
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6~.R.cw,w';t) = 2
n7T J t 6(xi;~1 + xi;iz)cw,w';t- t')iei

2
Ct') dt' (lOa) 

-00 

= ~ cr(w,w'JI~f(t) + .[t S'(w,w';t- t'lle'l 2 <t') dt'l (lOb) 

= ~ a(w,w') lel2 (t) + S(w,w') 
n 1 

(lOc) 

f t e -(t-t')/Tiei2Ct ') 

_oo 
dt'l 

If the variation of l€1 2
(t) is negligible in a timeT, then Eq. (10) 

reduces to the usual expression 

(ll) 

C Th Ell . R . 7,9 . e 1pse otat1on 

The effect of the field:-induced refractive index on the propagation 

of an elliptically polarized beam is most easily understood by transforming 

P~J)(w) and E.(w) into the circular coordinates e+ ~ (x + iy)//2 and 
1 1 

e (x - iy) //2. One finds from Eq. (3) for w = w'.• 

f,o) I 12 ( 0 ) (3))1 12] 6 Lxl212 E± + xl212 + X1221 ~ · E± (w) (12) 

where E+_ = (E ± iE ) //2 and P + = (P ± iP ) //2. The induced circular 
X y - X y 

birefringence seen by the beam is 

. 21T o n = ~(ox - ox ) 
c n - + 

(13) 

From Eqs. (6) through (8), and (12), we obtain 
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6·nc(w,w;t) = 2:·J-: 6xg~1 cw,w;t- t')let
2

Ct') dt'(le:·el
2

- le:·el
2

) (14a) 

= ;n)o(w,w)lel2<t) + 213(~,w) i: e-(t"'-'t')trk~l2<t') dt'f 

In the quasi-steady-state case, it reduces to 

As the beam traverses the medium, this induced circular birefringence 

leads to a rotation e of the polarization ellipse with 

d6/dz = (W/2c) 6n 
c 

D. Landau-de Gennes Model for the Pretransitional Behavior of 
Liquid Crystalline Substances 

5 de Gennes has successfully applied Landau's theory of second-order 

phase transition to describe the isotropic ~ mesomorphic pretransitional 
! 

behavior of liquid crystalline materials. We briefly review the theory 

here. We shall limit our discussion. to nematic substances only. 

Let Q .. be the macroscopic tensor order parameter which describes 
l.J 

the ordering in molecular orientation. 5 As pointed out by de Gennes, 

any tensorial property of the medium can be used to define Q ... For 
1.] 

example, we can define 

-

(17) 

where X = ~X .. /3 and ~X is the anistropy in x .. when all molecules are 
i 1.1. l.J 

perfectly aligned in one direction. The free energy per unit volume in 

the isotropic phase is given by . 

(14b) 

(15) 
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* A = a(T T ) 
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(18) 

where a and T and are constants. We have neglected in the above expression 

higher-order terms of Q .. and the spatial dependence of Q ... The corre-
~ ~ 

sponding dynamic equation for Qij is 

va Q .. 1 at + AQ . • = £ .. 
1J . 1J 1J 

(19) 

where V is a viscosity coefficient. The solution of the above equation 

is 

where 

Qij (t) = J t I f .. (t')/V) e-(t-t')/T dt 1 

1J . 

* T = V/A = V/a(T - T ) 

(20) 

(21) 

From Eq. (17), we find that the linear birefringence induced by a 

strong linearly polarized field along 1 is 

1 . Jt Q .. = -
9 

(11X/V) 
11 

(22) 

_oo 

If 1~1 2 
(t) is a pulse shorter than or comparable with T, then at sufficiently 

large timet, both Q .. and onn will decrease exponentially with a time 
11 N 

constant T, He have considered .. here only the nuclear contribution to 

the induced refractive index. Then, comparing Eq. (22) with Eq. (lOc) 
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with 0 = 0, we find 

t3(w,w') 2 (6.X) 
2 /~A 

2 * = 2(6.X) /9a(T - T ) 

Thus, by deducing 1" and i3(w,w') from experimental results as a 

function of temperature, we can determine V/a and (!J.X) 2/a. 

3. Experiments and Results 

A. Sample Preparation 

(23) 

We made measurements on the two homologous nematic compounds MBBA 

and EBBA. The samples were purchased from Eastman Kodak and Vari-Light 

Corporation. They were used without further purification. The sample 

was placed in a glass cell of 4 em long with end windows free of strain 

birefringence. The cell was pumped under vacuum for several hours and 

then sealed under 1 atm pressure of N2 gas. The transition temperatures 

of the samples prepared this way showed no change over a period of months. 

The cell was then placed in a closely fitted copper block and thermally 

controlled by a Yellow-Spring thermo control unit. The temperature along 

the cell was found to be uniformly stabilized to within ±0.03°C. The 

clearing temperature TK of our samples are 42.5°C and 78.5°C for MBBA and 

EBBA respectively. 

B. Measurements of Or;i.entational Relaxation Times 

We used a single-mode ruby laser Q-switched by cryptocyanine in 

methanol. The single spatial mode of the laser beam was achieved by 

placing a 0.8 mm pinhole inside the cavity. The output pulse width was 

about 10 nsea _(full width at half maximum)and the maximum peak power 

was about 50 kW. 

'·· 
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The experimental arrangement for measuring relaxation times is shown 

in Fig, 1. The finite ordering was induced by tqe linearly polarized 

laser beam. The subsequent time variation of the ordering parameter was 

probed by a 40 mW CW He-Ne gas laser. The polarization of the He-Ne laser 

beam was at 45° to that of the ruby beam. The polarizer P-3 was crossed 

with the polarizer P-2 so that signal could reach the photomultiplier 

only when the medium was birefringent resulting from induced ordering 

in the sample. Both the ruby and the He-Ne laser beams were telescoped 

down to -o.5 mm inside the sample cell. The He-Ne laser power going into 

the sample was about 10 mW and the peak power of the ruby laser pulse 

was about 10 kW. 

For this arrangement, the signal at the photanultiplier was proportional 

to sin
2

(Kon£) where K is a constant and on£ is the linear bi~efringence at 

the He-Ne frequency. In our experiments, Kon£ << 1 and'.hence the 

photomultiplier signal was proportional to (on£)
2 

Thus, if on£ or 

the order parameter decayed as exp(-t/T), the signal would decay as 

exp(-2t/T). We found that our measured signals always had perfect 

exponential tails from which we then calculated the orientational relaxation 

times T, In Figs. 2 and 3, we present our experimental data of T as a 

function of temperature for MBBA and EBBA. Both curves show clear 

divergence as T approaches the 

very well with the ~heoretical 

if we assume v = v eW/T with W 
0 

transition temperature Tk. They agree 

curves given by T = ----~ in Eq. (21) 
; a (T - T ) 

= 2800°K as suggested by Stinson 

* and Litster.
6 The values of v /a and T deduced from the fit for 

0 

MBBA and EBBA are given in Table la. For ~ffiBA, the relaxation 
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time varies from - 40 nsec at temperature far above the 

phase transition to >800 nsec near the transition. The relaxation 

time for EBBA is considerably shorter. It varies from about 13 nsec to 

-170 nsec. The results for MBBA are in good agreement with those obtained 

6 
from light scattering by Stinson and Lits.ter. However, we believe our 

measurements are more straightforward and accurate, especially when T is 

long. 

C. Measurements of Intensity-Dependent Ellipse Rotation 

In Fig. 4, we show our experimental arr:angement ··for ellipse-rotation 

10 
measurements which was similar to that used by Owyoung et al. The· 

Fresnel rhomb R-1 was used to produce a laser beam of desired ellipticity. 

The single-mode beam was focused into the sample by a 15 em lens L-1 so 

that the focus was at the center of the sample cell. · The beam was then 

recollimated by lens L-2. The second Fresnel rhomb R-2 and the Glan 

polarizers were oriented in such a way that in the absence of ellipse 

rotation, the output beam from the Fresnel rhomb was linearly polarized, 

a maximum "transmitted" signal was directed into D-3, and a minimum "nulled" 

signal into D-2. The purpose of D-3 was to monitor any nonlinear loss or 

' change in the spatial profile of the laser beam. Neutral density filter 

stack F-1 was used to vary the input power. Laser power less than 1 kW 

was used in the experiment. If the focusing of the beam is weak enough so 

.: 

·····-- .·-~~·-·-~-~ .:· .... .:..~. 
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that self-focusing is absent, then geometric optics is a good approximation 

10 
to describe the focused beam. Under such condition, one can show that 

for a single-mode beam with a Gaussian profile, the signalS at D-2 with 

respect to the input laser power P(t) is given by 

s (t) 2 2 
P(t)= C(sin2~) 6av(t) (24) 

t 

e 
av + 2~ f e-(t-t')/T P(t') dt'] (25) 

_co 

where C is a constant, tan~= jE+/E_j, and we have assumed e << 1. 
av 

Note that the above result is independent of the focusing geometry and 

sample length. 

In our experiments, we confined ourselves to low enough power so 

can approximate our 

and we have from 

where S(O) is the signal at the peak of the input pulse and 

1 

Because of the fluctuations of the ordering parameter, a nematic 

liquid crystal in its isotropic phase has a non~negligible scattering 

loss coefficient11 y which varies with temperature, as12 
y = o./ (T - T*). 

Since the ellipse rotation occurred essentially within the focal 

volume which·was located at the center of the sample, the effect of 

scattering loss could be accounted for by rewriting Eq. (26) as 

(26) 

(27) 
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s (0) ( 2y 2 [Poe -y.R,/2]2 
-y.R, C n:3 (o + 2~ g) (28a) 

p e 
0 

or 
2 2 2 

S(O) Ce~2Yl.("n:3) (a+ 2~ g)2 p2 (28b) p 0 
0 

-y.R, 
The scattering loss e was measured at each temperature. Thus, by 

S(O) 2 plotting --p-- vs P
0

, we obtained (o + 2S g) as a function of temperature. 
0 

To arrive at the absolute value, we used cs2 as a standard of calibration. 

As we shall show later, comparison of (0 + 2S g) with (0 + Sg) obtained 

from optical Kerr effect indicates that a << Sg. Since we had measured 

the orientational relaxation time, T, we could calculate g and deduce S 

from our measurements of (0 + 2S g). The results for 2S are shown in 

Figs. 5 and 6 as a function of temperature for MBBA and EBBA respectively.· 

We shall compare our results with the predictions of Landau -de Gennes 

model after the discussion of the optical Kerr measurements. 

D. Measurements of Optical Kerr Effect 

Our experimental arrangement is shown in Fig. 7. A linearly 

polarized ruby laser beam was sent through the sample to induce birefringence. 

The same beam after having its polarization direction rotated 45° was 

'·, attenuated and sent back t;hrough the sample to probe the birefringence. 

The analyzer P-3 was oriented in such a way that in the absence of 

birefringence, no signal could reach detector D-3. Maximum powers of 

the inducing beam and the probing beam were about 10 kW and 10 W 

respectively. Neglecting the delay of the returning probing beam 

.. I _, 
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~1/2 ns) but taking into account the scattering loss, the signal S(t) 

detected at D-3 should be related to the imput power P(t) by 

s (t) -zy.R, . 2 _2l(~c). 1 - e y.R, = KP(t) e s1.n y on.R,(w,w;t) 

where KP(t) is the probing beam power, and On.R,(w,w;t) is 

Eq. (lOc). Since in our experiment, (~).R-on.R,<<l and P = 

Eq. (29) becomes 

• 
(29) 

(30) 

where S (0) is the signal obtained at the peak of the laser pulse, and g 

is given by Eq. (27). 

We obtained (o + S(O) 2 
Sg) by plotting -P--- vs P

0
• Absolute values of 

0 

(o + Sg) were arrived at by using cs2 as a standard of calibration. By 

comparing (0 + Sg) from measurements of optical Kerr effect and 

(0 + 2~ g) from measurements of ellipse-rotation, we concluded that 

o « Sg. Again, knowing g, we could deduce S from the measured o + 6g. 

Results for MBBA are shown in Fig. 5. We see that the values of 26 obtained 

from both measurements agree very well and show clear divergence as the 

temperature approaches TK. The solid curve is calculated from 

* 9a(T - T ) 

given in Eq. (23) with 

e.s.u. 
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b 
ws . 

The corresponding optical Kerr constant B, given y ~ 1s 

B 
1. SXlQ-4 

* T - T 
e.s.u 

at A = 6943A for MBBA. Our data on EBBA also agree well with the 

theoretical curve calculated from Eq. (23) with 

e.s.u. 

as shown in Fig. 6. The corresponding optical Kerr constant is 

B = e.s.u. 

4. Discussion 

·We have seen in Section 3 that the temperature dependence of the orien- ·· 

tational relaxation time and the nonlinear refractive index are in good agree-

ment with the predictions of Landau-de Gennes model. We present in Table 1 

the various material coefficients we have deduced from our measurements 

for MBBA and EBBA. We can now compare our results with those obtained 

f 1 . h . 11 rom 1g t scatter1ng. 

In the theoretical section, we showed that by measuring the orien

tational relaxation times, 
\) 

we can obtain - while by measuring the field-induced 
2 a . 

get (~X) In order to determine a, \), and 
a refractive indices, we can 

~X separately, we need one more independent measurement. It happens 

that the value of 6x for MBBA at 6328A has been measured13 to be 

8.7Xl0-2 in c.g.s units. The corresponding ~X at 6943A can be obtained 

in the following way. The temperature-dependent scattering loss 

coefficient a* is proportional to w4 (~X) 2 * 12 
We have measured 

T -T a(T - T ) 

.. . . I •. 
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-1 -1 
the scattering loss and found CX. to be 0.17 em °K at 6328A and 0.1 em °K 

at 6943A for MBBA. We then obtain ~X(6943A) = 0.92 ~X(6328A) = 8Xl0-
2 

in c.g.s. units. With this value for ~X. we obtain 

~BBA 
= 5.8x105 erg cm-3 °K-l and VMBBA = 5.3xlo-5 e 2BOO/T poise for MBBA. 

Because of the uncertainties in ~X and in our measurements, these values 

for a and V could have an uncertainty of 30%. More accurate measurement 

on ~X would reduce the uncertainty substantially. Our values of ~BBA 

and VMBBA are in good 

(Ref. 11) and VMBBA 

5 -3 -1 
agreement with the results ~BBA = 6Xl0 erg em °K 

4xlo-5 (2800) . 6,11 ob • d f 1" h. . exp -T- po1se t.a1ne rom 1g t scatter1ng 

experiments. For EBBA, ~X has no-t been measured. However, since the 

molecular structure of MBBA and EBBA are rather similar (Fig. 8) and since 

the dominant contribution to 6X should come from the benzene rings, it is 

reasonable to assume that ~X has approximately the same value for MBBA 

and EBBA. Then, our experimental results- give 1Xl06 cm-3oK-l aEBBA = erg 

and VEBBA -5 (2800) . = 7Xl0 exp --T- po1se • With no light scattering data on 

EBBA available, comparison of· the results obtained from the two 

different methods is not possible at this time. 

We notice that at a given temperature, the viscosity coefficient 

v of EBBA is slightly larger than that of MBBA. This is expected because 

the molecular.structure of EBBA is slightly longer than that of MBBA. 

The fact that EBBA has an appreciably shorter orientational relaxation 

time near the phase transition than MBBA is due to its higher clearing . 

temperature. 
a 

. ti EBBA ra o 
~BBA 

The mean-field parameters a of the two materials have a_ 

= 1.7. This seems to suggest that the.additional CH
3 

group 

on EBBA has an effect of increasing the intermolecular interaction. With 

the latent heat given by~ aQ~ TK at T = TK,
11 

this would predict an 
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appreciably larger latent heat for EBBA. 

14 
Recently, Prost and Lalanne have also performed optical Kerr 

measurements onMBBA. Their results are different from ours and are also 

in disagreement with the predictions of the mean:field theory and with 

the results obtained from the light scattering experiment. However, a neo-

dymium glass laser Q-switched by rotating prism was used in their experiments. 

It is w~ll known that such a laser often produces a multi-mode .laser beam 

with complicated spatial and temporal structure. Since knowledge of the 

temporal structure of the iriput pulse is important in their data analysis,· 

this could yield considerable uncertainty in their results. 

Finally, we should mention that the results presented in this paper 

were obtained with laser power well below the self-focusing threshold. 

The phenomenon became more complicated after self-focusing occurred. 

Investigation of the cause of this complication is currently in progress. 



Material 

MBBA 

EBBA 

a 
(e.s.u.) 

< 0.01(3 

< o. 01(3 

Table la. Results of optical Kerr, ellipse-rotation, and orientational 
relaxation time measurements on MBBA and EBBA. 

(3 

(e.s.u) 

2.7Xl0-9 

* T-T 

1. Sxl0~9 

* T-T 

xll22(w,w)=xl212(w,w) xl22l(w,w) 
(e.s.u.) (e.s.u.) 

2.2x10-lO 
< O.Olx1221 (w,w) 

* T-T 

1. 3X 10-10 
< O.Olx1221(w,w) 

* T-T 

B 
(e.s .u) 

1. SxlO -4 

* T-T 

8.6xlO-s 

* T-T 

v/a 

(sec°K) 

2800 
9 .lxlQ-lle_T_ 

2800 
]xlQ-lle T 

.. 

(L\x) 2 
a 
-1 3 (erg em °K) 

l.lxl0-8 

6.4xl.o-9 

* T 

(Ko) 

314.7 

350.6 
I 

N .,... 
I 
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Table lb. Values of v and a deduced from the experimental 
results shown in Table la. 

Material 

MBBA 

EBBA 

v 
(poise) 

2800 
5.3Xl0-Se_T_ 

a -3 -1 
(erg em °K ) 

1Xl06 
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FIGURE CAPTIONS 

' Fig. 1. Experimental arrangement for observing molecular orientational 

relaxation times in nematic liquid crystals. BS, beam splitter; 

P-1, P-2, P-3 linear ~olarizers; D-1, ITT F4018 fast photodiode; 

D-2, RCA photomultiplier 7102; F-1, neutral density stacks. 

Fig. 2. Relaxatiori time 1 of the order parameter as a function of 

temperature for NBBA. The solid curve is the theoretical curve 

described in the text, The dots are the experimental data points. 

Fig. 3. Relaxation time 1 of the order parameter as a function of 

temperature for EBBA. The solid curve is the theoretical curve 

described in the text. The dots are the experimental points. 

Fig. 4. Experimental arrangement for observing ellipse-rotation effect. 

P-1, P-2, Glan polarizers; R-1, R-2, fresnel rhombs; L-1, L-2, 

15cm lenses; F-1, F-2, neutral density.stacks; D-1, D·-2, D-3 

ITI fast photodiodes. 
' 

Fig. 5. Nonlinear refractive index 2S as a function of temperature for 

MBBA. 6 are experimental data obtained from measurements of 

optical Kerr effect, 0 are experi~ental data obtained from 

measurements of ellipse-rotation effect. 

the theoretical curve given by 
5.4XlQ-g ----

* T - T 

The solid curve is 

* esu with T = 314.7°K. 

Fig. 6. Nonlinear refractive index 2b as a function of temperature for 

EBBA. The dots are experimental data points obtained from 

measurements of ellipse-rotation effect. Th.e solid curve is the 

3.1 10-9 * 
theoretical curve given by * esu with T = 350.6°K. 

T - T 
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Fig. 7. Experimental arrangement for observing opfical Kerr effect. 

BS, beam splitter; F-1, F-2, neutral density stacks; P-1, P-2, 

P-3, Glan polarizers; M, mirror; D-1, b-2, fast ITT F4108 

photodiodes. 

Fig. 8. Chemical structures for MBBA and EBBA. R 

R = c2H
5 

for EBBA. 

\ 

CH
3 

for HBBA arid 
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III. QUANTITATIVE EXPERIMENTAL STUDY OF TRANSIENT SELF-FOCUSING 
/ 

In the previous chapter, we showed that nematic compound MBBA iri its 

isotropic phase is an unusual Kerr liquid with exceptionally large optical 

Kerr constant and long relaxation time. Hence, it is an ideal medium for 

studying transient self-focusing with Q-switched laser pulses. In this 
' 

chapter, we present our quantitative experimental results on self-focusing 

in MBBA and compare them with the existing theoretical calculations on 

transient self-focusing. 

Self-focusing of light in a Kerr 'liquid has been a subject of extensive 

investigation. 1 It gives rise to the observed intense streaks and many other 

related phenomena. Quasi-steady-state self-focusing is now well understood. 

Most of the observed results can be explained satisfactorily by the picture 

2 3 
of moving foci. ' Transient self-focusing is however still in a state of 

confusion. There .already exist a number of detailed numerical calculations 

h b . . 4- 6 b . i i 1 1 . 1 on t e su Ject, ut no quant1tat ve exper menta resu ts are yet ava1 -

able to check these calculations. The reason is obvious. Transient self-

focusing occurs when the laser pulsewidth W is shorter than or comparable 

with the relaxation time T of the field-induced refractive index ~n. Since 

in ordinary Kerr liquids, T is in the picosecond range, picosecond pulses 

must be used in the transient studies. 7 Unfortunately, picosecond pulse 

technology is still in such a primitive stage that quantitative measurements 

are extremely difficult and expensive. Experiments on transient self-

focusing would be so much easier if nanosecond pulses can be used, but 

·then the medium should have a relaxation time T in the 50-nsec. range. 

This happens to be the case for liquid crystalline material in the isotropic 
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8 phase. In this pap_er, we would like to report the preliminary results of 

our experimental investigation on transient self-focusing in such a medium. 

Our results are in good agreement with the existing theoretical calculations. 5 •6 

Let us first have a brief review on the theory of transient self-

focusing. The phenomenon is pres~mably governed by the equations 

[V2 - <a 2 /c2
at

2
) (n + .tm) 

2 ]E = 0 (1) 
0 

(T'a/'at + l)~n = ~n 
. 0 

(2) 

where n is the linear refractive index and ~n =:: n21Ej2, n2 being a con-
0 0 

stant. 
4-6 

The solution of Eqs. (1) and (2) has been obtained numerically. 

It can be described qualitatively from the following physical reasoning. 

If the input pulse is short, then ~n can never reach its steady-state 

value. We can write 

Jr; 2 
~n(z,r;) = (1/T~ n2 1E(z,n) I exp[-(r;- n)/T]dn 

-oo 

(3) 

where r; = t - zn /c is the local time. For an input pulsewidth comparable to 
0 

T, Eq. (3) shows that the later part of the pulse may see a larger ~n. 

Consequently, different parts of the pulse propagate. differently in the 

6 medium as shown in Fig. 1. The front part (a,b) of the pulse sees little 

induced 6n and diffracts accordingly. It however leaves a sufficiently 

large ~n in the first section of the medium to cause the laggi~g part 

(c:..f) to first self-focus and then diffract. Because of the transient 

response, both self-focusing and diffraction are expected to be gradual. 

Figure 1 shows that the spatial distribution of the input pulse first 

I 
defo.rms into a horn shape and then propagates on without much further·· 

6 9 
change. ' If one probes the pulse at a point sufficiently deep in the 

medium, one would see a horn-shape pulse pass through; the pulse describing 

the variation of the on-axis intensity with time appears distorted as 
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compared to the input pulse. The minimum diameter of the self-focused 

beam should be a· sensitive function of the input power since it depends 

strongly on .the magnitude of the induced lin. However, it turns out that 

other nonlinear processes may set in to limit the diameter. 10- 12 When 

this happens, we may find that the minimum diameter of the self-focused 

beam remains nearly unchanged for an appreciable section of the pulse, or 

in other words, the horn-shape pulse propagates over a finite distance with 

little change in its neck diameter. The numerical results of transient 

self-focusing, expressed in terms of the normalized parameters such as W/r, 

etc., are given in Refs. 5 and 6. 

In our experimental study, we used the liquid crystalline material MBBA. 

in its isotropic phase ~hove TK 42. 5°C) as the nonlinear medium. This 

material has a large steady-state optical Kerr constant(about 70 times that 

of cs2 at 50°C) and an orientational relaxation time which varies with 

8 temperature from- 40 to > 800 nsec. It is therefore ideal for study of 

transient self-focusing with Q-switched laser nulses. Our experimental 

set-up is shown in Fig. 1, The input single-mode ruby laser pulse had a 

diameter of 210 ~m, a pulse width W of 10 nsec, and maximum peak power of 

50 KW. The beam was sent through a 9.5 em cell containing MBBA. The cell 

was pumped under vacuum, sealed in N2 atmosphere, and thermally controlled 

to ±0.03°C in the range between 40 and 53°C. , The end of the cell was imaged 

with a magnification (XSQ) onto a plane P. To study the variation of beam 

size with laser power, a Kodak Royal Pam photographic film was placed in the 

plane P to photograph the self-focused beam. To study the on-axis intensity, 

a small pinhole (~0.2 mm) was placed in the plane P and on the beam axis, and 

a fact ITT F4018 pho~odiode behind the pinhole was used to measure the on-axis 

intensity. 
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We used the densitometer traces to measure the reduced beam diameter 

at different input power levels. The results for MBBA at 50°C are shown 

in Fig. 3 on a semilog plot. When the input peak power increases, the 

beam diameter first decreases almost exponentially and then approaches a 

limiting diameter. As seen in Fig. 3, the nearly exponential decrease agrees 

very well with the theoretical curve extrapolated from the curves calculated ,, 

6 
by Shimizu. At P /P = 20 (P = 0.12 kW), some other nonlinear process. 

cr cr 

presumably sets in to limit the beam diameter. At this power level, the 

peak intensity at the focus is several orders of magnitude below the ava-

- . 12 
lanche breakdown threshold and therefore breakdown cannot be the limiting 

mechanism. We also found that stimulated Brillouin scattering and stimulated 

Raman scattering do not appear until the input power reaches appreciably 

higher values ·as indicated in Fig. 3, and therefore they also cannot be 

responsible for the limiting diameter.
11 

\ve suspect that two-photon absorp-

tion is probably the limiting mechanism in this case because of the near UV 

absorption band of MBBA. Anyway, this suggests that different· nonlinear 

processes must be responsible for the limiting diameter of the self-focused 

beam in different cases. 

The results at different temperatures are neatly the same after the 

correctton due to scattering loss. The reason is as follows. In our case, 
t 

W « T, and hence from Eq. (2), lm(t) ::::f £1n (t')dt' /T in the firstJ-oo 0 

order approximation. Both £1n and T due to molecular reorientation are 
0 

proportional to (T- T )-l where T is the temperature at which a second-
c c 

8 
order isotropic-nematic transition would occur. As a result, ~n(t) is 

nearly independent of temperature except for the change of scattering loss 

with temperature. At 50°C or higher, the effect of scattering loss on self-

focusing in our case is negligible. 
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We also measured the on-axis intensity variation of the self-focused 

beam with time at the end of the cell. In Fig. 4, we show the results. 

As the input power increases, the peak of the output intensity pulse first 

appears (Fib. 4b) appreciably delayed from the peak of the input pulse 

(Fig. 4a) and then gradually moves (Fig. 4c-e) towards it. At sufficiently 

high input power, weak oscillation starts to develop on the lagging part 

of the pulse (Fig. 4d) and gets gradually more pronounced (Fig. 4e). At 

even higher input power, stimulated Brillouin scat'tering begins to show up. 

The above results agree qualit.atively very well with the predictions 

derived physically from Fig. 2~ and also with the numerical calculations of 

Refs. 5 and 6 (which also show oscillation in the output pulses at high 

input powers). Quantitative comparison between theory and experiment is 

presently not possible since no numerical calculation corresponding to the 1 

experimental parameters we used is available. 

We also calculated from Fig. 4 the temporal variation of the self-

focused beam diameter at the end of the cell by assuming the shape of the 

intensity profile remains nearly unchanged. The results are shown in Fig. 

Sa-d, which correspond to the intensity pulses of Fig. 4b-e respectively. 

It is seen that the incoming pulse does gradually develop into a horn shape 

as described qualitatively in Fig. 2. In particular, the neck diameter of 

the horn remains almost constant over a fairly long section, although at 

high input power, it shows some weak oscillation which correlates with the 

~ 

oscillation on the output intensity pulse. 

We have also made measurements at different cell lengths. The results 

are similar to what we have already described, indicating that after the 

initial period of deformation through self-focusing, the deformed horn-
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,shaped pulse does propagate on with little further change in shape. The 

self-focused beam showed practically no spectral broadening since the phase 

modulation rate here is expected to be small. 

Finally, we should briefly comment on the recent work of Rao and 

13 
Jayaraman. on self-focusing in isotropic MBBA. In analyzing their data, 

they have neglected the facts that self-focusing is transient and that the 

scattering loss is non-negligible in their 30 em. cell
1

especially at tern~ 

peratures close to the transition temperature. It is also difficult to 

understand how they could obtain a self-focusing threshold Pth (defined 

as the input power at which the self...:.focused beam at the end of the cell 

reaches a limiting diameter) which decreases as (T- T ) 0 · 16 with tempera-
c. 

ture. Our results show that Pth increases as (T - Tc) descreases. This is 

what· one should expect because the scattering loss increases as 14 

exp [A/ (T - T ) ] . 
c 

In conclusion, we have presented the results of the first quantitative 

experimental study on transient self-focusing. They agree qualitatively, 

and also quantitatively when comparison can be made, with the earlier 

th i 1 d 't' 5,6 eoret ca pre 1c 1ons. The limiting diameter in the present case is 

neither due to stimulated Raman and Brillouin scattering nor due to avalanche 

breakdown. 

J 
. ' 

.. 

: 
. ' 
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FIGURE CAPTIONS 

·Fig. 1 Schematic drawing showing how an input pulse gets deformed through 

self-focusing into a horn-shaped pulse which then propagates on 

with little change in shape. 

Fig. 2 Experimental arrangement. 

Fig. 3 Radius of the self-focused beam at the end of a 9.5 em MBBA cell 

at 50°C as a function of the incoming peak power. The reduced 

radius is normalized against the radius of the incoming beam, and 

P = 0.12 kW. The solid curve is a theoretical curve extrapolated 
cr 

from the calculations in Ref. 6. The arrows B and R indicate where 

stimulated Brillouin and Raman scattering set in. 

Fig. 4 On-axis intensity variation with time at the end of a 9~5 em MBBA 

cell at 50°C with different input peak powers: (a) the input pulse; 

(b) p 1.6 kW; (c) P = 3 kW; (d) P = 3.2 kW; (e) P = 3.5 kW. I max 
2 is in MW/cm • Note that the baseline is shifted for each pulse. 

Fig. 5 Temporal variation of the self-focused beam.radius at the end of 

the cell. (a)-(d) correspond respectively to the cases (b)-(e) in 

Fig. 4. Note the s~ift of the baseline for different cases. 
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IV. STUDY OF SPECTRAL BROADENING IN A FILAMENT OF LIGHT 

In the previous chapter, we have studied transient self-focusing 

of a light pulse in a Kerr liquid with orientational relaxation time 

long compared to the laser pulse width. For Kerr liquid with relaxation 

time much shorter than the laser pulse width, the behavior of self-

focusing is quite different. It has been shown recently that at least 

for nanosecond pulse,excitation, moving foci are responsible for the 

observation of small-scale filaments in Kerr liquids with orientational 

1 . . h . d . 1,2 re axat1on 1n ·t e p1cosecon s reg1.on. Most observed characteristics 

of.the filaments can be explained by the moving focus model. In par-

ticular, spectral broadening of light from a filament can be interpreted 

as due to phase modulation acquired by the self-focused light in 

· h r· d. 3 travers1ng t e non 1near me 1um. However, no controlled, systematic 

experiment on spectral broadening has yet been performed to check the 

validity of the interpretation. Such experiment is important in view 

of the fact that spectral broadening has long been used as evidence to 

4-6 
support the self-tra.pping model. In this chapter,. we would like to 

present the results of the first experiment on spectral broadening with 

nanosecond input pulses under controlled input conditions. We show 

that there exists, in fact, semi-quanti~ative agreem~nt between theory 

and experiment. Induced partial trapping or nonlinear diffraction of 

light in a filament can occur,
1

• 3 but its effect is only on the detailed 

structure of the broadened spectrum. 

In our experiment, we used a single-mode ruby laser pulse switched 

out from a train of weakly mode-locked pulses. The experimental 

arrangement is shown in Fig. 1. The pulse· width was about 1.2 nsec, the 
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beam diameter was about 300 J.Lm, and the maximum peak power used .in the 
. 

experiment was about 40 kW in cs 2 and 120 kW in toluene. Such a pulse 

consistently yielded a single filament in self-focusing. The spectrum of 

l~ght emitted from a filament at the end of the cell was observed by 

imaging the filament with a lOX magnification onto the widely opened entrance 

slit of a Jarrell-Ash 1.5 m Fastic spectrograph. Kodak 1-N plates were 

used to record the spectra. For each shot, we monitored simultaneously 

the input laser pulse by an ITT F4018 fast photodetector in connection 

with a Tektronix 159 oscilloscope. Figure 2 shows the typical input 

pulse and broadened spectrum. 

We have performed the experiment at various input power levels on 

cs2 with four different cell lengths, 5, 10, 15 and 20 em, and on toluene 

with two different cell lengths, 10 and 15 em. The results are shown in! 

Figs. 3 and 4 as discrete data points. We plot in Fig. 3 the extent of 

spectral broadening on the Stokes side, ~w , as a function of the input max . · 

peak power for two different cell lengths in cs2 and in toluene, and in 

Fig. 4, (~w) as a function of the cell length for an input peak power 
max 

of about 28 kW in cs
2

. We also show in Fig~ Sa a typical spectrum of a 

filament obtained in our experiment. 

3 
According to the moving focus model, spectral broadening on the 

Stokes side is given approximately by 

~w - (w /c)(n/c- 1/v)-l (~n* ) 0 max o max ~ 

where w is the incoming laser frequency, c is the light velocity in· 
0 

vacuum, v is the velocity of the moving focus at the end of the cell 

* . (z =: Jl,), n is the refractive index of the medium, and (6n .) n is the 
·. max x, 

(1) 
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maximum effective field-induced refractive index at the end of the 

7 
cell. 

We can determine v in Eq. (1) from measurements as follows. We assume 

that for nanosecond input ptilses in Kerr liquids, the position of the 

moving focus obeys the equation
8 

(K/P112 )/[(P(t')/P )l/Z -1] 
cr cr 

(2) 

with t' = t ~ nzf(t)/c, where P(t) is the power of the input pulse 

varying with timi, and K and P are coefficients which depend on the 
cr 

characteristics of the medium and of the input laser beam. We can 

obtain K/P112 and P experimentally using the method of Wang.
9 

In 
cr cr -

1/2 
our experiment, we found K/P = 2.2 em and P = 8 kW in CS 2 , and 

cr cr 

K/P
1 / 2 = 2.0 em and P 30 kW in toluene. Knowing K and P we can 

cr' cr cr 

plot zf. vs t from Eq. (2). The resulting U curve describes very well 

the motion of the focus as has been shown experimentally.
1 

Then, from 

(azf/at)z=£' we can obtain v. We notice that for a given input pulse 

shape, v is a function of the input peak power and the cell length. 

* . * It is more difficult to find (~n ) 0 since (~n ) 0 depends not . max JV max JV 

only on the actual intensity of the focus as z £, but also 6n the 

detailed focusing geometry. 
. 3 

However, from the moving focus model, 

we expect that as long as the focus is moving towards the end of the 

* cell, (~n )
0 

should decrease with the cell length since the beam self-
max )(., 

focused at a longer distance has a smaller power, but for a fixed cell 

* length, (~n ) 0 is nearly independent of the inp~t peak power. If we 
max "-· . 

assume instantaneous response of the medium to the field, then the 

field-induced refractive index at the focus is Lin 
0 

2 
(8/ca ) n/ where 

.. 

i 
I 

. ~ 
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where a is the (1/e) radius of the focus, and n
2 

= l.lXlO-ll esu for 

-12 cs
2 

and 2.SX10 esu for toluene. For P = 10 kW in cs
2

, we have 

n 
0 

Experimental measurements. suggested that the induced 

refractive index in the focus should be around 1-2x1o-3•10 
Since the 

response of a medium is never instantaneous, and we do not expect all 

the power in the beam to self-focus into a filament, the quantity 

* ~n ) 0 , which also contains a negative contribtition from diffraction, max )f.., 

should certainly be smaller than the maximum lin at z = £. In our . 0 

experiment, when the cell length .!/, of cs2 was increased from 5 em to 

20 em, the correspopding input po~~r P(zf .!/,) which focused at .!/, changed 

from 16 kW :to 9.8 kW. We assume (lin* ) 0 = (2.4 - 8.5Xl0-
2

.Q,) x; 10-3 for 
max )f.., 

We can then calculate from Eq. (1) the spectral broadening !':.w : 
. ' max 

using this expression of * I (lin ) 0 as. well 'as the value of v obtairied from max x. • 

Eq. (2) ·,with the experimentally measured input laser pulse. The results 

are shown as solid curves in Figs. 3 and 4. They appear to fit the 

experimenta;l data points fairly well. \-le also assume for toluene 

lin* = 4Xl0-4 and 2.sx1o- 4 for .!/, = 10 and 15 em respectively. The 
max 

calculated curves of llw vs the input peak power for two different 
max 

cell lengths again describe the data points fairly well as shown in Fig. 3. 

We noticed that the typical spectrum of a filament we obtained in our 

experiment had a strong central peak superimposed on the relatively weak 

semiperiodic broadened structure, as shown in Fig.; Sa. This central peak 

shows that part of the light emitted from the filament has experienced 

little phase modulation. In the actual self-focusing process, the 

portion· of ·light coming from the periphery of the beam self:-focuses and 

diffracts abruptly, and is essentially phase-unmodulated because of its 

\· 

\ 
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short path in the region with large Lin. The central portion of the 

beam, on the other hand, stays in the region of large Lin much longer and 

is more strongly phase-modulated. In a longer cell and with a shorter 

input pulse, the focusing is more gradual and the. relative intensity of 

the phase~un:modulated part should decrease. Fore the phase-modulated 

part, partial trapping or nonlinear diffraction of light in the dielectric 

channel induced by the moving focus may give rise to. a stronger phase 

modulation. In the limit of total trapping, one would expect to see 

only the broadened, semiperiodic spectrum without the central peak. 

Thus, we believe that light emitted from the filament is a coherent 

superposition of a phase-modulated part and a phase-unmodulated part. 

(3) 

where el and ~2 are the amplitudes of the fields with and without phase 

modulation respectively. As long as the spectral wfdths of e
1

(t) and 

e2(t) are much less than !J.w ' the extent of the spectral broadening 
max 

is essentially independent of ~l (t) and e2 (t). However, the detailed 

structure of the broadened spectrum is actually governed by the functions 

€
1 

(t) and ~2 (t), which can only be determined from the actual self-

focusing dynamics. 

As an example, we have shown in Fig. Sb a power spectrum calculated 

from Eq. (3) by assuming 

C(t/1/6) 1/ 2 for 0 < t ,;( 1. 6 

c for 1.6 ~ t ,;( 3.2 
.· ·\ 

C exp[-(t - 3.2)/11.2] for t ~\3.2 
\ 
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with the corresponding ~~(t) evaluated as in reference 3, and 

. e
2

(t) = C' exp[-(t- 2.4)/0.8], where C/C' = 1/3 and tis in psec. The 

two spectra in Figs. 3(a) and (b) show qualitative resemblance, .but a 

better approximation of el (t) and e2(t) is necessary in order to achieve 

a more quantitative agreement. 

In conclusion, we should mention that Denariez-Roberge and Taran5 

have performed a somewhat similar experiment. However, they used in 

their experiment a multimode Q-switched ruby laser, and more than 50 

filaments appeared in each shot. Consequently, they were not able to 

specify the input conditions for the formation of individual filaments. 

They have interpreted their results using the self-trapping model. We 

believe that with •appropriate assumptions on. the input conditions, we 

can also interpret their results with the moving focus model (which allo~s 

induced. partial trapping as we have suggested). 3 Clearly, for the results 

to be quantitatively meaningful, experiments with controlled input 

conditions are necessary. The semi-quantitative agreement of our 

experimental results with the theoretical predictions gives us yet 

another support to the moving focus model at least in the case of nanosecond 

input pulses . 
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FIGURE CAPTIONS 

Fig. 1. Experimental arrangement for observing spectral broadening. 

M,M'mirrors; P linear polarizer; P. C. Pockel Cell; L,L' lenses. 

Fig. 2. (a) Typical oscilliscope trace of our weakly mode-locked ruby 

pulse train with the missing pulse switched out. Time scale is 

20 ns/div. (b) Typical switched out single 1.2 ns laser pulse. 

Time scale is 5 ns/div. (c) Typical observed spectrum. 

Fig. 3. Maximum Stokes broadening vs input peak power for given cell 

lengths. C-15 em of cs 2 ;·fl-10 em of cs
2

; 6-15 em of tolueme; 

D-10 em of toluene. The solid curves are calculated from Eq. (1) 

with an input pulse of 1.2 nsec full width at 1/e points, and 

. * with (lin ) max 

* (tm ) = (7 -
max 

(2.4 - 8.5 10-21) x 10-J for ts
2 

and 

0.31) x 10-4 for toluene. 

Fig. 4. Maximum Stokes broadening VS cell length.of cs2 for an input 

peak power of about 28 kW. Each point is an average of three to 

four shots. The solid curve is calculated from Eq.' (1) with an 

input pulse of 1.2 nsec full width at 1/e points and with 

(lin* )n = (2.4 ~ 8.5Xl0-2£) X 10-3 . 
max x. 

Fig. 5. (a) Micro-densitometer trace of a typical observed spectrum of 

light emitted from a filament corresponding to a cs2 cell length 

of 10 em and an input peak power of 27 kW. (b) Corresponding 

calculated spectrum (see the text). 
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