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

Ke-Lun Wong
Inorganic Materials Researéh Division, LawrencévBefkeley Laboratory
and Department of Physics; University of California
Berkeley, California 94720
 ABSTRACT

We show that an appreciable moleCularIQrderiﬁgVQan be induced by a
relatively weak laser beam in the isotrdpic phase of nematic liquid
crystéls. By studying the temperature dependence éf the optical Kerr
effect and the intensify dependenp ellipse rotation effect, we show
that the nonliﬁear refractive index due to moiécular reorientation
increésesvstrongly as.the iSotropic—nematig-éhaée_transition temperature
is approached. We have also measufed directly the reorientational
relaxation times as a function of temperature and demdnstrated the critical
slowing-down behavior. The results are ih good agreement with the
predictioné of Lahdau;de Gennes model.

‘Wé then\show that because of its unusually large nonlinear refractive
index and long orientational relaxation time, a nematic compound in its
isotropic phase is an ideal medium fof studying‘transient self-focusing.
Our experimental results show.good qualitative, énd occasionally quantitativel}
agreement with_the existing theoreticalvcaléulatibns én transient self-
focusing. |

We ﬁave also,measﬁredeith single hanosecond.mbde—loéked laser
pulses the spectral'brdadeding'bf light emitted from a.filament of light
under controlled input éondifion. Our results aré in semi—qﬁantitative

agreement with predictions from the moving—focus_quei.
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I, IﬁTRODUCTION
Nematic liquid crystals are composed df rod—like éemiQrigid;
ahisptfopic 6fgan¢c moleculeés. In the neﬁatic phase, fhéfe is long
fange ordering in the molecular orientation with the iong molecular axes
aligned more or less parallel to one another, Uéon heating, nematic
liduid crystal undergoeéva'phase trénsition into phe.iéotr§pic phaée in
which_the molecules are randomly oriented. Usingflight scéttériﬁg

' . 1 ’ . , .
technqiue, Stinson and Litster™ have studied the isotropic to nematic phase

:transition. 'Their results show that Landau-de G'e,nnes‘2 model (which is

equivaleﬁt to mean field theory) pfdvides a good deséripfion of the
igsotropic to nematic phase trénsition. The model aiso'explainslvery
well the results of magnetic-field induced birefringencélneAr the phase
transitibn.' waever, recently Shadt a.r_lc.l'Helfri.clr.l3 found that ﬁhe»
temperature dependence of d.c. Kerr effect does notbégreé wifh~the
simple prédictions of Landaﬁ—de Gennes mddel; This is preéumably due
to the fact that low freQuency electric field interacts with both the
permahent dipole and ‘the induced dipole on the molecuies'and may also
influence molecular alignment through ionic condUCtivity. These
complicatibns'havé 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 shéuld then agree with the prédictiéns of-the simple
Landau -de Genneé‘modelp In'fact; the optical Kefr effect is directly
correlated with 1ight'scattering by’ordef—parameter fluctuations.A’
In Ghaﬁter II, we show.that birefringénce can be induced by’a'lééér

i

field in the isdtrbpic phase of nematic:compoundS'and the results are



in good agreement with the preédictions of Landau -de Gennes model. We
also show tﬁét using‘short laser puise, the molecular reorientational
‘relaxation times can be measured directly yiel&ing'results more accurate
than those obtained from light scattering experiments. |

vftuis well known that the optical—field indﬁped refractive index
can iead'to self-—focusing6 of an optical beam. In Keér liquids, whose
molecular orientational relaxation time is comparable with br larger
than the laser puise width, the self—focusing‘effect becomes t_rans‘ient.7
Several theoretical calc.ulat:i.ons8.'_10 exist on transient self-focusing.
However, because ordinéry.liquids have oriengational relaxation times
of the order of piébéééonds and the technéiogy’of picosecdﬁd 1aser.
pulses is>still‘iﬂ a primitive stage, no QUantitative.éxperimenﬁal
results are availablé to compare with'the theoretical aalcplations. In
Chapter III, we show that because of the unusually largernonlinear
vrefractive~indexband ghe loﬁg orientational relaXatiQn time of a liquid
crystal, it is néw pOssibie.to studyvtransient Self—chusing'with Q-
switched laser pulses. Qﬁanﬁitative results are obtained and compared
with the existing theoretical calculations.

It has béen shown ;hét moving—-focus model6’l%‘gives good description
of seif;foqusing of laser pulse with pulse width mﬁch larger than the
orien;ationai relaxétion time of the medium. .Mosp ekperimeﬂtal observations
on quési—stéady—state self-focusing can be explained by the moving-focus
model. In'pafticular,'spectral broadening of light from a self-focused
filament can-bé interpreted_as due to phase modulation acquired by the
self-focused light'injtraversing the nonlinear medium.12 However, no

controlled systematic experiment on spectral broadening has been performed
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to checkvthe'validity-of the interpretation. Such an experiment is
important in view of the fact that spectral broadeniﬁg has long been
used as evidence.to support the competing sglf—trapping model. In
Chapter IV, we present the resﬁlts of our experimenﬁ on sﬁectral
broadening with éingle nanosecond input pulses under controlled input'
conditions. We show that there exists, in facf,'seminuantitative

agreement between theory and experiment.
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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 measuringjthe opticai‘Kerr'effect and the
intensity-dependent ellipse rotation that the nema£i¢ compound
‘p-methoxy-benzylidene p-n-butylaniline (MBBA) in ifs isotropic phase
has a large monolinear trefractive index and a prdnoupcéd pretransitional
behavior.l' The large field-induced refractive‘iﬁdex céuses a mpderately

2,3

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

induces othef nonlinear optical effects such as stimulated Raman and
Brillouiﬁ scattering;4 On_the otlier hand, measufeménts of the optical-
field-induced refractive index and its pretransitiqnal behavior yield.
airectly informations about the molecular orientationél properties of
MBBAl and -provides a stringest test on the Landau—dglcennes model.5 The’
same informations can be obtained 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 MBBA. 1In particular, the
' - S
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. We discuss our
results in Section 4 and compare them with results obtained from other

measurements.



2. Theoretical Dackground

We first give a brief review on the theories of the optical Kerr
effect and the ellipseQrotation,effect. We then discuss these effects
in connection with the pretransional behavior of ‘1liquid crystalline

materials in the isotropic phase.

A. Optical-Field-Induced Nonlinear Refractive Indices of an
Isotropic Medium )

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

6Xij = 6)(81)0% (W= wtw' - w') Ek_(w')' Ez(ug') 1)

By symmetry, the third-order nonlinear suSceptibility tensor
X§ji2(w =W+ w' - Ww') of an isotropic medium has the following-
nonvanishing elements':8 (1i,j = x,y,2)

3 _ .3
X1111 T X4iii

3 _ .3 .3 (3)
X1122 = %4155 3 X1212 T %4313

3) _ 3
CX1221 T X453
3 - Q3 (3) 3 -
X1111 T %1212 T X121 * Xiléz o - @)

(3) (3)

If w'= w', then X1102 = X1212; The corresponding nonlinear polarization

is7"9



(3)
1122

£

P£3)(w) = I 6|X + oW - w') Ei(w) Ej(w') Ej(w')

o

(w =

+ Xgiz(w =W+ w - w) Ej(w) Ei(@') 'E;(w')

(3) W= w4+ w w' ﬁi Q E (w' E* w' 3‘
Xy = ¥ PR ORNCHRNCD] )

In geﬁeral, the field-induced refractivé indéx éontaiﬁs an'electronic
part due to field-induced deformation of the‘electfon”cloud around
" molecules and a nucleér part due to molecular reorientation and redis-
tribution by the field. According to Owyoung etf:ll,.-10 we have. for an

isotropic medium

3 _ l_’v_' .\
X1221(w =W+ w w') = (0 + 2B)/24.

@ .06 _ o | . |
X1212 * X121 = (O F B)/12 @

‘

where O and £ are contributions from the electronic part and the nuclear

part respectively. If 0 =0, then x(3) = 0 and X(3) = B/12.

_ 1212 ‘1221
If B = 0, then XiZ%l = X§2124= 0/24. We can determine
0 and B or Xigiz and Xig%l by measuring both the»dp;ical Kerr effect and

the ellipse_'rotation.ll
~We have assumed in the above discussion monochromatic fields. In
practice, the strong optical field may be a pulse'represented by the

field components

B W) = (358 Sy LRTETE (5)

where éYt)‘is'the amplitude function. The field-induced susceptibility -

becomes



8x; 5 (W,0'5t) = f Z (3) g (W0'5E =€) € @@t ®
- k,2 : :

ThevelectrOnié part and the nuclear paft of xigiﬁlshould of course have

o different functional dependence dnjtime. .The elécﬁronic part has a -

response .time of the ordér of 10—15 sec, whilg thé'huclearjpart can have

a mﬁch slower response. Thefefore, fof ordinary laser pulses, we. can

regard the electronic response as instantaneous'énd write,

@, et | .
Xpppy (4@'5t =t ) = [o@w,u') 6(t = t') + 26" <w Wit -t >]/24

2

(3) (3) Vep o ') =
[ X1221 XlZlé](w’e e -t =

[0(w,w') 8(t - £') + B'(w,w'st = £)1/12 ()
-FOr molecular reorientation and redistribution governed by a diffusibn
equation, we expect the response‘function B to haﬁejthe_form
B'(w,w'5t) = [B (w,6')/T] exp(-t/T) - (8

where B (w w') is the response function for an 1nf1n1tely long pulse and
T is the relaxation time. We shall show Eq. (8) exp11c1tly 1ater for an

isotropic liquid-crystalline medium.

B. The Optical Kerr Effect
In the presence of a strohg linearly polarized obtical beam, an .
~ isotropic medium shows linear birefringence. This induced linear . v‘ C

.birefringence is given by

PSR T 9
an Gq” én, | » ( )

where-Gn” L= (2m/n) GX”J. From Egs. (6) through (8), we.find
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énz(w,w';t) %—Ff 6()(1(3;1* xl(giz)(w,w'-;t -t & k") de! _(lOa)

-0

= Dloq,u") [€]% () +ft 8 (w,u'se - 1€ 2t de'] (10b)

-0C

= g_ o(w’wv)lglz(t)v_,_ .B_(E)_TLw_)_ .
_ : ~ (10¢)
‘ ~(t=-t") /Ty %2 V
f e €1 dt?
If the vafiationvbf ]EWz(t) isvnegligible in a time T, then Eq. (10)
reduces to the usual expression
61y (W,0'38) = (T/n) (0 + B) (@,»") €] (1) S an

C. The Ellipse Rotation7’9

. The effect of the field-induced refractive indéx on the propagation
of an elliptically polarized beam is most easily understood by transforming
(3) . . y . ~ _ A « AN /_
Pi (W) and Ei(w) into the circular coordinates e, = (X + 1§)/v2 and

& = (% - i§)/V/2. One finds from Eq. (3) for w=w!,
10 sty 1 oy )i o

where E, = (EX + iEy)//E'and P, = (Px * iPy)//El The induced circular

birefringence seen by the beam is

o s
Sr = (O - &) C (13)

From Eqs. (6) through (8), and (12), we obtain
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| K A2 Ak a2
én_(w,w3t) = 2—:[00 1(3%1(“’ Wit -t )[8’[ (t') dt’ (I.e:'el - |&*g ) (14a)
- Tlow,w (6@ 4———26(‘$”w)f e"-(,t‘t',’”lslz(t'> dt'$
: » - '  (14b)

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

Su_ = 2=(0 + 26) (@) Jel"-(t)(léi-él? - [&X-el?) (15)

As the beam traverses the medium, this induced circular birefringence

leads to a rotation 6 of the polarization ellipse with

d8/dz = (w/2c) th

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

de Gennes5 has succeésfully applied Landau's theory éf second-order
phase transition to descr%be the isotropic »> mesqﬁorphic,p?etranéitionalv
behavior of liquid crystalline materials. We briefly review the theoryv
here. We éhallvlimit our discussion. to nematic suﬁsténces only.

Let Qij be the macro§copic tensor.ordgr parametér which describes

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

any tensorial property of the medium can be used to define Qij.'_For ”'T'_ '

example, we can define

X4 _lele 2/38%) Q5 o oan

where X = ;xii/B and AX is the anistropy in'xij when all molecules are
i .
perfectly aligned in one'direction. The free energy per unit volume in

the isotropi¢ phase is given by .
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1
F = FQ + 5 AQ

Q31 T 7 X35 - (18)

A

*
a(T - T)
* ' . ’ I
where a and T and are constants. We have neglected in the above expression

higher-order terms of Qij and the spatial dependence of Qij' ‘The corre-

sponding dynamic equation for Qij is

\)E)Qij/at +_AQiJ. = fij _
' ' (19)

“ B o o
fij(t).— e Ax(EiEj.— 3 |E| 6ij)(t)

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

is
t ‘ ) S | . ‘.
0y = [ e S g o
where. -
T = V/A = V/a(T -7y B (21)

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

strong linearly polarized field along 1 is

- n/m 2 _q.
ény = (/M) $IXQ - Q)

= (@n/n) 8xq;

1 : t -(t-t")/T v '
o =5 @ [ lelP @ T g (22)
ii 9
If ]Eﬂz(t) is a pulse shorter than or comparable with T, then at sufficiently
large time t, both Qii and an will decrease exponentially with a time

constant T. ' We have considered. here only the nuclear contribution to .

the induced refractive index. Then, comparing_Eq.'(ZZ) with Eq. (10c¢)
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with 0 = 0, we find

B(w,0') = 2(4x)2/9A
‘ (23)
20x)%/9a(r - 1) -

L]

Thus, by deducing T and B(w,w') from experimental results as a

function of temperature, we can determine V/a and (Ax)z/a.

‘3. Experiments and Results

A. Sample Préparation»

| We made measuremeﬁts on the two homologous nematic compounds MBBA
and EBBA. The samﬁles were purchased froﬁ EastmanuKodak and Vari-Light
Corporation. They were used wi;hout further pnrificafioﬁ; The sample
was placed in.a glass cell of 4 cm long wifh end Qindbws free of strain
birefriﬁgence. The cell was pumped under_vacuhm for ééverai houfs and

then sealed under 1 atm pressure of N2

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

The cellvwasvthen'placed in a closely fitted copﬁervblock and thermally
qontrolled by a Yellow-Spring thermo control unit. The temperéture'along
the cell was found to be uniformly stabilized to within +0.03°C. The

clearing*temperature T

K of our samples are 42.5°C and 78.5°C for MBBA and

EBBA réspectively¢

B. Measurementé}bf Orientational Relaxation Times

We used a single-mode ruby laser Q-switched by cryptocyanine in
methanol. The single spatial mode of the laser beémiwas achieved by
'placing a 0.8 mm pinhoié inside the cavity. Tﬁe output.pulse width was
about 10_nsecx-(fu11 width at half maxiﬁlu;n)and the maximum peak pdwer

was about 50 KkW.

gas. The transition temperatures
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The experimental arrangement for measuring relaxation times is shown

in Fig., 1. The fihite_ordering was induéed by the linearlylpolarized

laser beam. The subsgequent time variation of the ordéring parameter'was
probed by_a 40 mW CW He-Ne gas 1aser. The polarization of the He-Ne laser
beam was at 45° to that of the ruby beam. The poiarizer P—3 was.crossed :
with the ﬁolarizer P-2 so that sighal could reach the photomultiplier
.only when the medium was birefringeﬁt resulting from induced orderihg

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

down té ~0.5 mm inside the_Sample:cell. The He-Ne laser power going into
thg sample was about 10 mW and the peak power of the ruby laser pulse

was abéut 10 kW. |

| For this arrangement, the signal’at fhe photonultiplier Qas proportional
to sinz(KGnQ) where K is a constant aﬁd an is thé linear_birefringencé at
the He-Ne freqﬁéncy. In our experiments, KcSn2 <<1 and%hence.the
photomultiplier signal was proportional to (Gnl)z. Thus, if an or

the order parameter decayed as exp(-t/T), the sigﬁal would decay as
exp(-2t/1). We found that our measured signals alwéys had perfect
exponential tails from which we then calculated the orientatiénal relaxation'
times T. In Figs. 2 and 3, we present our'experimental data of T as a
functioﬁ of tempefature fof MBBA and EBBA. Both curves show clear

divergence as T approaches the transition temperature Tk' They agree

very wellvwith the theoretical curves given by T = v %~ in Eq. (21)
W/T . . h a(T -T )
if we assume vV = voe with W = 2800°K as suggested by Stinson
. . . . : _
and'Litster.6 The values of vo/a and T deduced from the fit for

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

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

time for EBBA is considerably shorter. It variesvfrom about 13 nsec to
~170 nsec. The results for MBBA are in gbod agréemént with those obtained
from 1igh£ séattering by Stinson and Lits.ter.6 ﬁdﬁever; we believe our
'measurementé are more straightforward and accurate{iéspecially‘when T is
long. |

C. Measurements of Intensity-Dependent Ellipse Rotation

In Fig, 4, we show our experimental ar;angemeﬁt:for ellipse-rotation
measurements which was similar to that used by Owyoﬁng et al.lO Tﬁe'
Fresnel rhomb R—l.was used to broduce a"laser'bgam‘ofbdesired ellipticity.
The single-mode beam was focused into the sample by a'15 cm lens L-l:so
thét the focus was at the center of the éample'cell. .The‘beam was thén
récollimated by lens L-2. The sécond Fresnel'rhoﬁb R—é 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 polariéed,

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

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

N

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 experimént. If the focusing of the beam is weak enough so

'
i
i
i
-t
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that self-focusing is ébsent; then geometricboptiés is a good approximation
to describe the focused beam. Under such condition, one can show ~ that
for a single-mode beam with a Gaﬁssian profile, the signal S at D-2 with

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

s C(sin2¢) eav(t)‘ o | (24)
21r2m2 ' ” t —(t—t'v)./>'T ‘ ' v . .
eav_= 3 cos2¢{0oP(t) + Tf e : P(t') dt']' - (25) ‘
. nc : :
) —00
where C is a constant, tan¢ = [E+/E_,, and. we have. assumed eav << l;

Note that the above result is independent of the fdéusing geometry and
sample length.
In our experiments, we confined ourselves to low enough power so

that 8 << 1. We also chose ¢ = 22.5°. Since we can approximate our

‘ 2.2
laseropulse Well by a Gassian pulse P =vPoe bt and we have from
Eq. (24)
' o 2 AP _ o : .
2 2
S(0) _ W 2 2
i c(  3) o+ 26 gl P o (26)
[o) nc ’ )

where S(0) is the signal at the peak of the input puise and

1

| 2.2 | o .
=L et [i - erf —l—] : o o))

bT 2bT

Because of the fluctuations of the ordering péraméter, a nematic
liquid crystal in its isotropic phase has a non-negligible scatteriﬁg,
. 11 12 *
loss coefficient =~ Yy which varies with temperature as™ y= o/(T - T ).
Since'the_ellipse rotation occurred essentially within the focal
volume whiéh‘was located at the center of the sémpie, the effect of

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



—lﬁf

.2 2 ' - 2
. m - -
SO T ok 28 g2 [p Y2 (28a)
-Y& 3 o ,
P e nc
o
or .
22 2
S0 LTI o+ 28 g)? PP (28b)
o nc ' ’
The écattering loss e—YQ was measured at each temperature. Thus, by
plotting Séo) vs Pz,'we obtained (0 + 28 g) as a fuhction of temperature.
o .

To arrive at the absolute value, we used cs, as a étandafd of calibration.

' As we shall show later, tomparison.of (c + 28 g) with (0 + Bg) obtained
from optical Kerr effect indicates that 0 << Bg. Sinée we had measured.
the orientational relaxation time, T, we could calculaté g and deduce B
from our measurements of (0 + 28 g). The results for 28 are shown in o
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
%xattenuéted.and sent back through the sample to probé‘the_birefringenée.
The analyzer P-3 was‘oriented in such a way that in the absence of
birefringence, no signal could reach detector D-j. Maximumvpowers‘of
the induéing beam and the probing beam were about 10 kW and.lo W

respectively. Neglecting the delay of the returning probing beam

HE
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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

Y4 .

JOREJO e“?YﬂsiPZ,%<%),l_:;s_f Sny (w,038) (29)

where KP(t) is the probing beam power , and Gng(w,w;t)vis given by

| | 2.2
Eq. (10c). Since in our experiment, (%)26n2<<1 and P = P e bt ,
Eq. -(29) becomes
. 2 -YL : . S
S(0) _ 1 (w\" _~2Y2 1 - e G + Be)2 p2
P "3 K(C) S e SN S -0

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

is given by Eq. (27).

We obtained (0 + Bg) by plotting Séo) vs Pi. Absolute values of
o

(0 + Bg) were arrived at by using Cs, as a standard of calibration. By
cbmparing’(0>+ Bg) from measurements of.optical Kerr effect and
(0 + 28 g) from measurements of ellipse-rotation, we concluaed that

0 << Bg. Again, knowing g, we could deduce B froﬁ tﬁe measured O + Bg.
Results for MBBA are shown in Fig. 5. We see‘that‘the values of 2B obtained
from both measurements agree very well and show clear divergence as the
temperature approaches TK' The solid curve is calculated from

o o 200

9a(T - T")

~given in Eq. (23) with

2
gi%él—-= 2.7><10_9 e.s.u.
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: w .
The corresponding optical Kerr constant B, given by Eé-is
1.5%10”"

B = ™
T~-T

e.s.u _ s

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

theoretical curve calculated from Eq. (23) with
L S
= 1.6%X10 e.s.u.
9a
as shown in Fig. 6. The corresponding optical Kerrvconstant is

: 8.6x107°
B = — %  €.s.u.
T-T

. 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
: .11 | |
from light scattering.
In the theoretical section, we showed that by measuring the orien-

Y i
tational relaxation times, we can obtain ;-while by measuring the field-induced
2

refractive indices, we can get'iéél— . In order ;ovdetermine a, v,'and-
Ay separately, we need one more independent measunement. It happens
that tne value of &y for‘ MBBA at 6328& has been'mea'sured13 to be
8.7x10_2-in.c.g.s units. The corresponding AX et 6943A can be obtained
in the‘following way. The temperature-dependent scattering loss

* is proportional to w4 __jggg____.12

*  We have measured
T -T - a(T -T) '

coefficient




-19-

the scattering loss and found 0 ‘to be 0.17 cm—l°K_at_6328A and 0.1 cm—lfK _

at 6943A for MBBA. We then obtain Ax(6943A) = 0.92 Ax(63284) = 8><10—'2

in c.g.s. units. With this value for 4Y, we obtain

5 -36,~1 - -5 2800/T .
= . 8% AV] = - X .
2\pR 5.8%107 erg cm K 7 and MBER 5.3%10 e poise for MBBA

Because of the uncerfainties in‘Ax and in our measprements, these values
for‘a and V could have ah pncertainty-of 30%. Mofe accurate measurement
on AX would redﬁce the uncertainty sﬁbstantially,‘ Our:values.of AvBRA

and V are in good agreement with the results aMBﬁA = 6*105 erg cm-?°K—

MBBA
2800) 6,11

(Ref. 11) and = 4><10-_-5 exp(——ir-vpoise obtained from light scattering

v

. MBBA
experiments. For EBBA, AX has not.been measured. Howéver, since the
molecular structure of MBBA and EBBA are rather similar (Fig. 8) and since

the dominant comtribution to AX should come from the benzene rings, it is

reasonable to assume that AX has approximately the samé value for MBBA

and EBBA. Then, our experimental results- give aEBBA = l><106 erg cm—3°K—1
' -5 2800 . s
and vEBBA = 7%X10 exp\~— | poise. 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 Viséosity coefficient
V of EBBA is slightly larger than that of MBBA. This‘is expected because
the molecular .structure of EBBA is sligﬁtly longer than that of MBBA.‘_
The fact tﬁat EBBA has an appreciably shorter.orientational relaxation
time-near’tﬁe phase transition than MBBA is due to its higher clearing -

temperature, The mean-field parameters a of the two materials have a.
“EBBA _

2MBBA
on EBBA has an effect of increasing the intermolecular interaction. With

the latent heat given by %-aQérTK at T = TK,11

group

‘ratio 1.7. This seems to suggest that the:additional CH

3

-thié'would predict an
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appreciably larger latent heat for EBBA.
Recently, Prost and Lalanne14 have also performed optical Kerr
measurements on MBBA. Their results are different from ours and are also
iﬁ disagreement with the predictions of the mean-field theory end with = <
the results obtained ffqm the.light scattering ekéeriment. However; a neo-

[

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

It is weéll known that such a laser often produces e multi-mode :laser beam
with coﬁplicated spatial end temporal structuret .Siﬁce knowledge of the _’vi' %
temporal structure of the input pulse is important in their deta analysis;'
this cbdl& yield considerable uncertainty in their results. |
Finally, we should mentien that the results_ﬁfesented in this paper =~ .l
were obtained with laser power well.below the self—focusing thteshol&.
The phenomenon became more complicated after self;foeusing'oceurred.

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




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

Material

MBBA

EBBA

, . (bx)2
( o y < B ) Xllzz(w’w)-_.Xlle(w’w)' Xizzl(U),w) B \)/a : fl 3
€.s.u. €-s.u (e.s.u.) (e.s.u.) (e.s.u) (sec®K) (erg “cm”°K)
. 20
| 2.7x10~° ' - 2.2x10710 1 5x107% -11 ??0 -8
<o.01g 2240 .01 (w,w) : e 9.1x10 tte 1.1x108
* X1221\W> *x * _
T-T ' T-T O
, | 2800 -

. 9 -10 -5 =0 L

<o.00p 120 < o0ny,, w22 8.6X10 ~ pa0Me T 6.4x107°

. * *
T-T _ T-T- T-T

(K®)

314.7

350.6

Sl KA



Table 1b.
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Values of v and a deduced from the experimental
results shown in Table la.
Material v o a_3 1
(poise) ~(erg cm "°K 7)
2800
MBBA 5.3x10 e T 5.8x10°
2800
EBBA 7x107% T - 1x10®
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FIGURE CAPTIONS
Experimentai arraﬁgemeﬁt for observing ﬁblécular orientation;l
relaxation ﬁimes in nematic‘liquid crysﬁals. ‘BS, beam splitterj
P-1, P-2, P-3 linear polarizers; D-1, ITT F4018 fast photodiode;
D-2, RCA photomultiplier 7102; F-1, neutral density stacks.
Rélaxatioﬁ time T of'théborder paramete;‘as a‘function‘ofv
temperature for MBBA. The solid.curve is_thé.theoretical curve
described iﬁ the text., The dots are thefexﬁerimental daté points.
Rélaxatioh time T 6f the order parameter as a function of
temperature for EBBA. The solid curve is the'theorefical curve
déscribed in the text. The dots are the éxpefimentai points.
Experimental arrangement for observing ellipse—rotatibn effect.
P—l, P-2, Glén'polarizers; R-1, R-2, fresnel rhombs; L-1, L;Z,
5cm lenses; F-1, F-2, neutral density-stacks; D-1, D-2, D-3
T&Ffést phoFodiodes. | |
Nonlinear refracti?e index 28 as a functionlof temperatufe for
MBBA;_A are experimental-data obtained from measurements of
optical Kerr effect, O are exéerimental data obtained frdm
measurements of eilipse—rotation effect. The solid curve is
| 5.4%107°

*
T - T

. ‘ +
the theoretical curve given by esu with T = 314,7°K,

- Nonlinear refractive index 26 as a function of temperature for

EBBA. The'dots'are experimental datévpbints obtained from:

measurements of ellipse-rotation effect. The solid curve is the

. . 3.1 1077 R e o
theoretical curve given by ~———,— esu with T = 350.6°K.

T-T
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1

Fig. 7. Experimental arrangement for observing opfical Kerr effect.
BS, beam splitter; F-1, F-2, neutral denéiﬁy stacks; P~1, P-2,
P-3, Clan polarizers; M, mirror; D-1, D-2, fast.ITT F4108
photodiodes. |

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

3

R = C,H, for EBBA.
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III. QUANTITATIVE EXPERIMENTAL STUDY OF TRANSIENT SELF-FOCUSING

In the previous chapter,'we-showed'that nematic cémpound MBBA in its
isétropic phase is an unusual Kerr'liduid with e#ceptionally large optical
Kerr constant and long relaxation time;v Hence, it is an ideal mediuﬁ for
studyiqg trénsient self-focusing with Q—switched laéer pulses. 1In this
chapter, wé preseﬁt our quantitative éxperimental‘resﬁltsion self-focusing
in MBBA aﬁd Coﬁparé thém with the exisfing_théoreticai:calculatibns on'
transient self;focusing.‘ |

Self~focusing of light in a Kerf‘liquid has beeh-é'subject of extensi?e.
f.iﬁvestigation;l_lt gives rise to the obserVed.inteﬁéeVStfeaks;and many other
related phenomené;. Quasi—steady—staté'self-focusingAis now well understood.
Most of the observed results can be expiained Satisféctorily'by the picture
bf moving foci.: 2,3 Transient self—focusingvis howeﬁer.stiil iﬁ a state oé
confusion.v'There.already exist a number of detailed numerical calculafions.
on the subjec't,z"-6 but no quantitaéive éxperimental resultg are yet avaii—
able to check these calculations. The reason is obvious. Transient self-
focdsing occurs when the laéer pulsewidth W is shor;ér fhan or comparable
with the relaxation time 1 of the field-induced'ref;acﬁive index An. _Since
in ordinagy Kerr liquids, 1 is in the picosecond rénge; piéoéecond pﬁlses
ﬁust be used in thé transient studieé;7 Unfortpnatelf; picosecond. pulse
:technology is still in suchva primitive stage that quantitatiﬁe measurements
are extremely difficult and exﬁensive. Experiments On;transient self-
focusing woqld be sé.much easier'if.nanosecond pulses‘can be used, but
‘then the medium should have a relaxation time Tt in the 50~nsec..range.

This happens to be the case for liquid crystalline material in the isotropic
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phase.8 In ﬁhis paper, we would like to report fhe preliminary results of
our experimeﬁtal investigation on transient self—focp;ing in such.a mediuﬁ..
OQur results are in good agreement with the éxistihg théoreticalvcalculatioﬁs.
Let us first have a brief review on the theory of transient self-

focusing. The phenomenon is presqmably goyerned by.the eqﬁations

[v° ~ (a%/c%0t%) (n  + am)’IE = o (W
(13/3t + 1)An_= bn_ - L (2)
being a con- |

stant. The solution of Egs. (1) and (2) has been obfained numeri‘cally.l'_6

. . | o~ |n]2
where n_ is the linear refractive index and Ano = n’|E| » N

2 2

It can be described qualitatively from the following physical reasoning.
"If the input pulse is short, then An can never reach its steady-state
value. We can write

+

An(z,t) = (l/r)fC nzlE(Z,n)lz expl-(z - n)/tldn ®
where = t - éno/c is fh;wlocal time.. For an input ﬁulsewiéﬁﬁ comparable té
7, Eq. (3) shows that the later part of the bulse may see a larger An.
Con;equently, different parts.of the pulse p;dpagaté.diffgrently in the
medium as shown in Fig. 1.6- The front part (a,b)vof the pﬁlse_éeés little
induced An and diffracts.accordingly. It however leavés a sufficiently
large An in the first section of the medium to cause the lagging part
(c-f) to fi?sg self-focus and then diffract. Becausévof the transient
.resbdnse, both self-focusing and diffraction are expééted to be gradual.

Figure 1 shows that the spatial distribution of the input pulse first
defo&ms into a hérn shape and then propagates on withéut much further

change. »9

If one probes the pulse at a point suffigiéntly 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 appéars distorted as

’
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compare& ﬁo the input pulse. The minimum.diameter>ofbthe'self—focused

- beam should 5e a sensitive funétion.of the input péwér since it depends
strongly on the ﬁagn%tude of the induced An. Howe?ef; it turns out tHat
other nonlinéar-processes méy'set iﬁ to limit the diém.eter._lo_l2 When

this happens, we may find that the minimum diameter of the self-focused
beam remains near1y unchanged for an aﬁpreciablé éeétidn of the pulse, or
in other w@rdé; the.horﬁ—shape pglse propagates Ovér a finite.distance with
little change_in its neck.diameter. The numerical reéults of transient
self-focusing, expreséed in terms of the normalizéd,pafametérs suéh as.W/r,
etc.; are gi?en'in Refs. 5 and 6.

“In our experimental study; we used the.liquid_crystalline material MBBA .-
in iﬁs isotropic phase @bove T, = 42.5°C) as the nonlinear medium. This
material has a large steady-state optical Kerr constant(about 70 times that
of C82 at 50°C) and an orientational relaxation time which varies with

' temperature frém ~ 40 to > 800 nsec.8 It is therefofe ideal for study of
transient seif—focusing with Q-switched laser ﬁulses. dur experimental )
set-up.is shown in Fig. ;. The input singie—mode ruby laser pulse had a
~diameter of 210 Mm, a pulse width W of 10 hsec, and maximum peak p&wer of
50 KW. The beaﬁ was sent through a 9.5 cm cell conﬁaining‘MBBA. The ceil
_was p?mped.under vacuum,.sealed in N2 atmospheré, and‘thermaliy controlled
to +0.03°C in the range between 40 and 53°C. ., The end of the cell was imaged
with a magnification (X50) 6nt6 a plane P. To‘study ;hé variation of beam
size with laSer powér, a Kodak Royal.Pam photographic film &as.place& in the
fplané P to photograph the self-focused beam. To study the on-axis intensit?,
a small pinhole (~0:2 mm) waé placed in the plane P and on the beam axis, and

"a fact ITT F4018 phqqodiode behind the'pinhole was used to measure the on-axis

intensity.
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We used the densitometer traces to measﬁre tﬁe reduced beam diameter
at different input power leveis. The results for MBBA at,50°C aré shown
in Fig. 3 on a‘semilog plot. Wheq the input peak power iﬁcreases, the
beam diameter first decreases almost exponentially aﬁd”then approaches a
limiting diameter. >As seen in Fig. 3, the ﬁéarly exponentiai decrease agrees
very well with thé theoretical curve éxtrapolated_from.the curves calculafed.Q
by Shimizu.6 At P/PC¥ = 20 (PCr = 0.12 kW), some other nonlinear process.
presumably sets in Lé 1im£t the beam.diameter; At this pqwef level, the
peak iqtensity at the focus is several orders of ﬁagnitude below the aVa—r

~lanche breakdown thresholdlg'and therefore breakdown cannot be the limiting

mechanism. We also.found that stimulated Brillouin scattéring and stimulated

Raman scatpering do not appear until the input powef reaches éppreciably
higher values ‘as indicated in Fig. 3, and therefore they also cannot be
responsible for the limiting diameter.ll We suspect that two-photon absorp-
tion is probably the limiting mechanisﬁ in this case ﬁeCause of the near UV
absorption band of MBBA. ‘Anyway, this suggests that‘different.nonlinear
processes must be responsible fo% the Iimitingvdiameter of the seif-focused
beam in different cases. |
The results at different temperatures are nearly the same after thé
correction due to scattering loss. The réason is as fo}ldws. fn our éase,
:W << 71, and hénce from Eq. (2), An(t)E%L: Ano(t')dt'/T in the.first— |
order approximation. Both Ano aﬁd T due to molec;iaf réorientation are
proportional to (T - TC)_l'where TC is the temperaturé.at which a second—
order isotropic-nematic transition would occur.8 As a result, An(t) is
nearly independent of temperature'except for the change of scattéfing loss
Qith temperature. At 50°C or.higher, the effect of SCAttering loés on self—

focusing in our case is negligible.
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We also measured the on-axis intensity.variation of the self-focused
_béam with time at the end of the cell. In Fig. 4;_we show thé results.

As the input power increases, the peak of the output iﬁténéity pulée first
appears (Fib. &4b) appreciably delayed from the peak ofvthe input pulse
(Fig. 4a) and then graduélly moves (Fig. 4¢-e) towards it. At sufficiently
“high inputvpéwer, weak oscillation stérts to develop on the lagging part

of the pulsea(Fig- 4d)‘ar'ld“.gets gradhally more pronounced (Fié. de). At

- even higher input power, stimulated Brillouin scatteriﬁg Bégins to show up.
fhé above resﬁlts_agree Qualitativgly very well with thé predictions
derived physically from Fig. 2, and also with ;he numerical'calculations of -
Refs. 5 and 6 (which also show oscillation in fhe‘éutput'pulseé aé high
‘input.p0wers); Quantitative comparison between théofy'and experiment is
pfesently'not poésible since no numerical calculatibn correéponding té the
experimental parameters wé used is available.

We alsé calculated from Fig. 4 the temporal Variafion of thé self-
focused beam diameter at the end of the cell by assﬁmiﬁg the éhape of the
intensity profile remains nearly unchanged. = The results are sﬁowﬁ iﬁ Fig.
. 5a-d, Whicﬁ correspond to the intensity pulses of Fig.léb—e réspectively..
It is seen thét.the incoming pulse does gradually develop;into‘é horn shape
"~ as described qualipatively iﬁ Fig. 2, 1In parti;ular, the neck diameter of
the horn remains- almost constant over‘a fairly long section, alﬁhough at
high input pdwer, it shows some weak oscillation wﬁiéh.correlates with the
’oscillation on the output intensity pulse. |

ﬁe have also méde measurements af different cell'lengths; The results
are similar tb what we have already described, indicatiﬂg that after the' 

_initiél period of deformation thrbugh self—focusing,fthe deformed horn- _
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shapedpulse does propagate on with littlé'furtherrchange in shape. The
self-focused beam showed practically no spectral broadening sincé the phase
modulation rate here is expected to be small.

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

1
Jayaraman.3 on self-focusing in isotropic MBBA. In analyzing their data,

they have ﬂeglected the facts that self-focusing is tréﬁsient and that the .
scattering loss is non-negligible in their 30 cm. celi,especiaily at'teﬁf'
pératures close to the tfanéition temperatufe.‘ It is also difficult to
understand how they could obtain a self—focusing'.thréshold'Pth (defined

as the input power at which the self-focused beam at‘thé end ofvthe cell

l6.with tempera-

s ; . : 0.
reaches a limiting diameter) which decreases as (T‘— Té)
ture. Our results show that Pth increases as (T - Tc) descreases.  This is

. . ’ . . 14
what” one should expect because the scattering loss increases as
exp[A/(T - TC)].
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

256 The limiting diameter in. the present case ié_

theoretical predictions.
neither due to stimulated Raman and Brillouin scattering nor due to avalanche

breakdown._

-
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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 é 9.5 cm 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
PCr = 0.12 kW. AThe soiid curve is a'theqretical curve .eXtrapolated
from the‘calculations in Ref; 6. The arrowé B and R indicate where
stimulated Brillouin and Raman scatﬁering éetvin.

Fig. 4 On-axis intensity variation with time at thé'end of a 9.5 cvaBBA
cell at 50°C with differént input peak powers: (a) the input“puise;
(b) P = 1.6 ki; (c) P =3 kW; (d) P = 3.2 kil; (e) P = 3.5 kW, I
is in MW/cmz. Note that the baseline is shifted for each pulse.

Fig. 5 Temporal variaﬁion of the self-focused'beam,radius at the end ofl
the cell. (a)-(d) correspond respectively to thé cases (b)—(é) in

Fig. 4. Note the shift of the baseline for differeht cases.,

1
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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 relaxétibn time
long compared to thé 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 beén shown recéntly tha£ at_léast
for nanoseéond pulse ;excitation, moving foci are respdnsible for the
observation of small-scale filaments iﬁ Kerr liquids with orienﬁational

’

relaxation in the picoseconds region. Most observed characteristics

of the filaments can be éxplainéd by the moving focus model. 1In par-

ticular, spectral broadening of light from a filamept can be interpfeted

as due to phaée modulation acquired by the'self—focused light>in
.traversing the nénlinear medium.3 However, no controlled, systematic'
experiment on spectral broadening.has yet been performed to check the
validity of the interpretation. Such.experiment is iﬁpoffant in view
of the fact that spectral broadening has long been used as evidence to

support the self-trapping m‘c'del.l'—6

In this chapter, we wéuld like to
present the results of the first experiment on spéctral broadening with
nanosecond input pulses under controlled input conditions. We show
fhat thefe éxiéts, in féce, semi;quantitative agreement between théory
~and experiment. Inducéd partial trapping or nonlinear diffraction'of
light in a filament can occur,l’3 but its effect is only on the detailed
structure of the broadened spectrum.

Iﬁ our.experiment, we used a single-mode rubyriaser buise switched

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

arrangement is shown in Fig. 1. The ﬁulse'width was about 1.2 nsec, the
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beam diameter was about 300 pm,'and the maximum péak power used.in.the
experiment was about 40 kW in CS2 and 120 kW in toluené. Such a.phlse
consistently yielded a siﬁgle filament in self—fodusing. Thé spectrum df
liight emitted from avfilament at the end‘of the Celi.was observediby
imaging ;he filament with a 10* magnification onto fhe widely opened entrance
slit of‘a'Jarreil—Ash 1.5 m Fastic spéctrograph; Kbdak 1-N plates were.
used to record the spectra. For each shot, we mbniﬁdred simultaneousiy-
the input iaser pulse by an ITT F4018 fast photodefector in connection
with a Tektrpnix 159 oscilloscope. Figure 2 shoW§ tﬁe_typical input
pﬁlse'and eradéned spectrum. o |

We ﬂavé performed the experiment at various input power leVéls on

CS. with four different cell lengths, 5, 10, 15 and 20 cm, and on toluene

2
with two different cell lengths, 10 and 15 cm. The results are shown iﬁg
Figs. 3 and 4 és discrete data points. We plot in.Fig. 3 the extent of
spectral ﬁroqdening onvthe Stokes éide; Aémax’ as a fgnction.of.thé input_
peak power far two different cell lengthslin C82 and in toluene, and iu’
Fig. 4, (Aw)max as a function of the cell length fof an inpu; peak power
of about 28 kW in CSZ; We also show.in Fig,.Sé a: typical spectrum of a
filament obﬁained in our experiment; | |
Acddrding to tHe mo?ing focﬁs model,3 spectral broadening on the

Stokes side is given approximately by

M= @ /) /e - /)7 @k ), (1)

where wo is the incoming laser frequency, c is the light veloéity in’
vacuum, v is the velocity of the moving focus at'the'end of the cell -

. L _ v . -
(z = %), n is the refractive index of the medium, and (Anmax)2 is the



maximum effective field-induced refractive index at the end of the

cell.7

We can determine v in Eq. (1) from measurements as follows. We assume
that for nanosecond input pulses in Kerr liquids, the position of the

moving focus obeys the equation

1/2
cr

20 (©) = /BBy e cnp O - e

with t' = t - nzf(t)/c, where P(t) is the power of the input pulse
varying with time, and K and Pér are coefficients which depend on the

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

1/2
cr

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

our experiment, we found K/Piiz
K/Pl/z
cr

= 2.2 cm and P = 8 kW in.CS s and
cr 2
= 2.0 cm and P = 30 kW in toluene. Xnowing K and Pcr’ we can
'plot'zf.Vs t from Eq. (2). The resulting U curve déscribes &ery‘well
the motion of the focus as has been' shown experimentally.l _Then,“frbm
(Bzflat)z=2, 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.
* o Tk v
It is more difficult to find (4n ), since (An ), depends not
‘ : max’ L M max’ R i
only on the actual intensity of the focus as z = 2, but also on the
detailed focusing geometry. However, from the moving - focus mode1;3.
we expect that as long as the focus is moving towards the end of the
% ' . _ -
cell, (Anmax)Q should decrease with the cell length since the beam self-
focused at a longer distance has a smaller power, but for a fixed cell
length, (Anméx)Q is nearly independent of the input peak power. If we
assume instantaneous response of the medium to thé'field, then the

field-induced refractive index at the focus is Ano = (8/ca2) n2P where



20 cm, the corresponding input power P(zf

~51-.

" where a is the (1/e) radius of the focus, and n, = 'l.1><10-—11 esu for

2

cs, and 2.5%10 1% esu for toluene. For P = 10 kW in Cs,, we have

-3 . : ' .

n = 2.5%10 ©. Experimental measurements suggested that the induced
. . ) -310 .
refractive index in the focus should be around 1-2x10 ~.7" Since the
response of a medium is never instantaneous, and we do not expéct all
the powerbin the beam to self-focus into a filament, the quantity

* ' : . : .
@nmax)l’ which also contains a negative contribution from diffraction,

should certainly be smaller than the maximum Ano at z = . 1In our

experiment, when the cell length £ of CS2 was increased from Svcm to

) which focused at & changed

(2.4 - 8.5%10722) x 107 for

L]

from 16 kW to 9.8 kW. 'We assume (&n_ )
: ' : ‘ ‘max’.

CSZ. We can then calculate from Eq. (1) the spectral broadehiég'ﬂw

b * :
using this expression of (Anmax)l

max.

as well 'as the value of v obtaired from
Eq. (2);with tge experimentally measured-in?ut laser pulse; Tﬁe rééults
are shown és solid curves in Figs. 3 and 4. Theyvappear‘to fit ﬁhé
experimental data points faifly well. We élsp assﬁme for toiuene

An;ax,= 4*10_4Aand 2.5><10"4 for £ = 10 and:lS cm reéPectively. The

calculated curves of Awma# vs the input peak power for two different

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

'We noticed that the typical speétrum of é filamentlwe obtained in odr
experiment hadfa strong central peak superimposed onbthe'rElatively weak
éemipériodic broadenedlstructure, as shown in Fig. 5a. THis central peak
shows that parﬁ of the light emitted from the filament has experienced
little phase modulation. In the actual self—focusing procesé, the

portion'of;light coming from the periphery of the beam selfffocusés and

diffracts abruptly, and'isfessentially,phase—unmoduléted_because of its

Lot
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short path in the region with large 4An. The central portion of the
beam, on the other hand, stays in the region of large An much longér 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-unmodulated 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 fise.to"a étronger phase
modulatiqﬁ; Ip-thé limit of'total trépping,'oné would expect to see
only the broadened, éémiperiodic spectrum without the céntral peak.
Thus, we»believe that light emitted froﬁ-thé_filameﬁt is a coherent
supefpositién of é phase-modulated part and a phaée—unmddulaﬁed part:

i8¢ (t)

i¢0"‘ivw0’t

E= [£(t) e +E&,()] e (3

where é& and é; are the amplitudes of the fields With and Without phase
modulation respectively. As long as the spectral widfhs of éa(t)'and
E;(t) are much less than Awméx’ the extent of the spectral 5roadeniné
is essentially'independent of éa(t) énd é}(t).' However, the detailed .
.structure 6% the broadened spectrum is actually‘go&éfnéd By the functions
é}(t) and é}(t), which can onlyvbe determined frémf;he aétual self~-
focusing dynamics.v

| As an example, we have shown in Fig. 5b a power’Spectrum calculated

from Eq. (3) by assuming
| /2

él(t) c(t/1/6)t for 0 <t < 1.6

= C for 1.6 €t < 3.2.
C exp[-(t - 3.2)/11.2] for t 9\3.2

3

It
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with the corresponding A®(t) evaluated as in réfefenéeVB, and.

8;(;) ='C' exp[-(t - 2.4)/0.8], where C/C' = 1/3°éhd't is in psec. The

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

better approximation of'éa(t) and'€;(t) is necessary in order to achieve

a more quantitative agreement.

In qonclusion; we ‘should mention that>Denarieszoberge.aﬁd Taran5
have pefformed a somewhat similar ekperiment; HoWéQér,_they used in
their expgriment a multimode Q-switched ruby lasér; and more than 50
filaments appeared in'eagh shot. Consequently, théy were not abie 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‘assuﬁptions on,the‘input’conditions, we

can also interpret their results with the movingvfoﬁus model (which allows-
induced,partial trapping as we have suggested).3 'Ciearly,'for the results’
to be quantitatiyely meaningful, experiments with ¢§ntrolled’input
conditions are necessa;y. The seminuantitative agreémént of our
experimental results with the théoretiéal predicﬁions gives us yet

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

input pulses.
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FIGURE CAPTIONS

Experimental arrangement for observing spectral broadening.

M,M'mirrors; P linear polarizerj P. C. Pockel_Cell; L,L' lenses.

(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.singlé<1.2 ns laser pulse.

Time scale is 5 ns/div. (c) Typical observed spectrum.
Maximum Stokes broadening VSvinput peakvbower for given cell

lengths. C-15 cm of CSZ;“A—lO cm of Cs 'A—lS cm of tolueme;

Vo3

[10 cm of toluene. The solid curves are calculated from Eq. (1)

_with an input pUlsevof 1.2 nsec full width at 1/e points, and

with (An~ ) = (2.4 - 8.5 10°22) x 1073 for CS. and
max o 2 _

* -
(46n )y = (7 - 0.32) X 10 4 for toluene.

max : .
Maximum Stokes broadening vs cell length.of cs, for an input
peak ﬁower of about 28 kW. Each point is an avefage of three to
four shots. The solid curve is calculated from Eq.f(l) with an
input pulse of 1.2 nsec. full width at 1l/e points and with

. v o3 ‘

= EX X X

(Anmax)2 (2.4 - 8.5%10 %) 10 ~.
(a) Micro-densitometer trace of a typiCal observed spectrum of
light emitted from a filament corresponding to a CSZ'cell length
of 10 cm and an input peak power of 27ka. (b)'Correspondingv

o i
calculated spectrum (see the text).
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