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ABSTRACT 

We have studied experimentally self-focusing of light in 

the liquid crystalline medium p-ethoxybenzyldine-p-butylaniline 

(EBBA). By variation of temperature, the response time of the 

field-induced refractive index was adjusted from larger than to 

smaller than the Q-switched laser pulsewidth. Accordingly, self-

focusing varied from transient to quasi-steady-state. The re-

sults agree well with ~xisting theoretical predictions and can 

be qualitatively understood from a simple physical description. 

The induced stimulated Brillouin scattering was also measured 

and was shown to be responsible for the limiting diameter of the 

self-focused beam in the present case. 

Supported by the National Science Foundation Grant No. DMR 76-19843. 
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• I. INTRODUCTIO~: 

Self-focusi~g of light is one of the most complex and interesting 

phenocena in no~linear optics! It is of central importance in the design 

of high-po\-Ter laser acplifiers because of its role in possible laser-in-

duced damages. It is of funda~ental interest as well because of its in-

terplay with nany other nonlinear optical processes. 

tfuile many physical aspects of self-focusing are now well understood, 

a nm~ber of important questions still re~ain, namely, the detailed dyna-

mics of focusing, the limiting focusing diameter, polarization properties, 

etc. In particular, it is not clear how the self-focusing behavior 

changes in accordance with the variation in th~ laser pulsewidth t , re!a
p 

tive to the response time '! of t:1e induced refractive inde:;.;: in the neoi,.u:; .. 

tfuen t >> T, in the so-called quasi-steady-state lioit, the movi~g 
p 
2 

focus model describes the self-focusi:1g behavior very well. This r;:ocel 
., 

"''as first suggested by Lugovo1. ana co-workers,- \-rho realized that a sc:::--

focused beam leads to oae or more sharp focal spots ~hich move along the 

beam axis as the beam power varies during a laser pulse. The model actu-

ally follows closely the earlier theoretical calculation of steady-state 

self-focusing. Experiments performed with ~..-ell-controlled, single trans-

verse mode lasers have confirmed the predictions of the cal~ulations. 

The motion of the focal spot has been observed by ti~e of flight measure-

4 5 6 
D1ents, ' and has been photographo:d directly with a streak camera. It 

explains the observed backward-forward asyn:netry in stimulated Raman scat-

7 8 
tering ' and the time dependence of the stimulated Raman and Brillouin 
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8 9 
pulses under various self-focusinc conditions. ' In addition, it ex-

plains quantitatively the spectral broadening of the self-focused beam 

10 11 resulting from self-phase ~adulation. • Measurements of the self-fa-

~· cusing dynamics in the prefocal region12 also agree well with the theore

tical ~alculations. 13 • 14 

( 
When t >> t , transient response of the medium dominates the self

p 

focusing behavior.. Focusing becomes ouch more gradual and no sharp focal 

spot is formed. ·Transient self-focusing was first discussed by Akhmanov 

15 et al. It was shown that as the laser pulse propagates on in the non'"" 

linear medium, the beam radius would first deform into a horn shape (see 

Sec. II B) and then retains the shape over long distances. This is known 

as dynamic trapping. . 16-18 Numerical calculations yield this same p1cture, 

although they suggested that the neck of the horn might continue to shrink 

i d . h 1 d f . 1 i . 19 n ra 1us as t e pu se propagates on an may even orm s1ngu ar t1es. 

This dynamic trapping model of transient self-focusing has been used to 

semi--quantitatively account for the observed 

spectral broadening of the laser light.
8

• 20 

asymmetric seni-periodic 

Experiments using an isotro-

pic liquid crystalline material with a long relaxation tioe t as the non-

linear mediun have been performed to study this extreme transient self-

f . 21 d OCUS1ng an have confiroed the theoretical predictions. It has 

been sho~~ that the pulse does deform into a horn shape. The diameter 

of the neck of the horn first decreases almost exponentially with increas-

i . d. d 18 d h ng 1nput power, as pre 1cte , an t en approaches a constant when some 

limiting nonlinear process sets in. 

As is described above, the dynamic trapping model for transient self-

focusing (t <~ t), and the moving focus ~ode! for quasi-steady-state 
p 

self~focusing, (t >> t) appear to be very different physically. It is 
p 
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therefore interesting to know how self-focusing would vary as t /t is 
. p 

varied from one limit to the other. This has not been studied either ex-

perimentally or theoretically. Experimentally, difficulty comes in the 

choice of a suitable nonlinear medium with t variable over a wide range 

or a laser with a variable t • ~~ile the former seems easier, in order 
p 

to quantitatively measure the time dependence of the focusing, a laser 

pulse with t of the order of 10 nsec or longer must be used, as limited 
p 

by the response time of ordinary detection systems. These constraints 

rule out the use of conventional Kerr liquids, for which t is in the 1-

100 psec range. 

We have found recently that a nematic liquid crysta~ in the isotro-

pic phase can have a t variable from - 1 nsec to > 100 nsec depending on 

22• 23 
the tenperature.. ' Such a I!ledium also has a large nonline-arity in 

which self-focusing of a Q-switched laser pulse readily occurs. We there-

fore have on hand a p~rfect medium we ~an use to study the entire range 

of self-focusing from the quasi-steady-state to the transient limit. In 

this paper, we discuss in quantitative detail our recent measurements of 

self-focusing in a liquid crystalline mediun with t It varied from << 1 
p 

to >> 1. 

Section 2 gives a brief review of the theory and physical descr~p-

tion of self-focusing under different conditions. Section 3 summarizes 

our experimental techniques, data analysis and results. Section 4 shows 

how our experimental results agree with a. qualitative united physical 

description of self-focusing in all cases. We also identify the mechan-

ism responsible for the limiting focal diameter in our sample. 
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IL: THEORY 

A. General Formalism 

Consider a medium with a refractive index n D n + 6n(IEI
2>; where 

0 

on is the part induced by the optical field E·. This induced on leads to 

1 
self-focusing which is governed by the wave equation 

2 1 a2 . 
V E 2 - 2 [ (n

0 
+ on)E] = 0. 

c at 
(1) 

For a quasi-monochromatic light beam we can write 

E = A(r,z,~)exp[ikz- iwt + iks(r,z,~)] (2) 

where ~ = t - zn
0
/c is t~e reduced time, and A and s are respectively 

I 

the amplitude and the eikonal (or phase function) of the \o'ave. tie can 

convert Eq. (1) into two coupled equations 

3A + (~)(aA) + ~ (~ +.!. as) = 0 
3z ar ar 2 ar2 r ar 

(3a) 

= 2 on + .!_(a 2 A + 1_ 3A) .. 
n A ~ 2 r ar 

o "r 
(3b) 

In order to solve these equat~ons, we need to know the amplitude and 

phase profile of the input laser pulse. We also need to know the func-

tiona! dependence of on upon the field. ForKer~ liquids, the dominant 

mechanism contributing to on is molecular reorientation. 15 •22- 24 Ito-

beys a relaxation equation 

(4) 
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which yields 

6n(t) = n2 Jt . 2 ( ')/ IE(t')l e- t- t 1 dt, 
1 _... 

(S) 

where n
2 

is a constant coefficient of the medium. Then, in the quasi

steady-state limit (t >> 1)~ 
p 

2 
on(t) = n2 !E(t) I , 

and, in the extreme transient limit (t << -r), 
p 

6n(t) 

(6) 

(7) 

Self-focusing can no~ be described by the solution of the coupled 

equations in Eq. (3) together with Eq. (5). Unfortunately, an analytical 

solution is not generally possible, so these equations have been solved 

numerically. In the quasi-steady-state limit, the calculation predicts 

the appearance of a sharp focal spot at the self-focusing distance14 

zf(i;) 
K 

= 
IP(t:)- 0.858 ;p-. 

cr 

(8) 

2 
(1. 22). ) c 

p 0 0 = .. cr 128n
2 

(9) 

where P is the input laser power, ). and c are the wavelength and the 
0 0 

speed of light in vacuum, K = 0.369 ka
2n-, k = wn /c, and'a is the in-

cr o 

put beam radius. The axial intensity of the self-focused beam is given 

approximately by 
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(10) 

For the transient case, we can discuss self-focusing using the par-

axial approximation. The beam is assuned to have a Gaussian transverse 
. 1 

profile and the \o.'avefronts are assui!led to be paraboloids 

(11) 

( ) (. 1 ( ) 2 s r.;,r,z = ~ r.;,z) + 2 B z,r.; r 

where f(z,r.;) = r (z,r.;)/r (z = O,r.;) is the reduced dimensionless radius. 
0 0 

From Eqs. (3), {5), and (11), we obtain
15 

.!. ()2f(r;) 

f ()z2 

1 ()f 

f oz (r.;) 

3¢(r.;) 
()z 

1 - 2l: lr.; = 
k2a4f4(r.;) 2 • 

n a o 
0 

= 8 (r.;) 

== -

A 
2
(n) 

(n - r.;)/-r d 0 . e 1"1 

f
4

(n) 
(12a) 

(12b) 

(12c) 

In Eq. (12a), the first tern on the right comes from linear diffraction, 

while the second tenn is due to self-focusing. In the transient limit, 

the integral in the, second term builds up. gradually with time. During 

the very first part of the pulse, it is so small that the pulse propaga-

tion is doninated by linear diffraction. In later parts of the pulse, 

2 2 . 
the integral becomes larger and a f/3z becomes negative. This causes 

3f(r.;)/f(r.;)az to become negative, and the beam radius shrinks as the benm 
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propagates on •. Towards the end of the pulse, the integra~ approaches a 

limiting value, while the linear diffraction term becomes stronger as the 

propagating beam shrinks in radius. After a certain propagation distance, 

3f/fdz becomes less and less negative and the radius f approaches a mini-

~ 
mum value. Thus, the longitudinal spatial profile of the pulse gets de-

formed into a horn shape as shown in Fig. lc. The horn-shaped pulse then 

travels on without appreciable change over approximately a diffraction 

length zd = ka2• From Eqs. (11) and (12b), we see .that the eikonal should 

be independent of r in the neck of the horn, where f = constant. This 

h . f b b d . 11 20 as ~n act een o serve cxper~menta y. Also, in the transient limit 

(t << T), Eq. (12) predicts that self-focusing will remain unchanged if 
p 

n2/T remains constant. 

The paraxial approxioation of Eqs. (11) and (12) does not success-

fully explain the detailed transient self-focusing behavior. To obtairt 

more exact predictions, Eqs. (3) and (5) have been solved numerically for 

. . .. . 17,20,21 N . l l l . 16-18 h h certa1n 1nput cona1t1ons. uoer1ca ca cu at1ons s ow t at 

aberrations in self~focusing are significant. They also predict that the 

pulse is deformed intc an overall horn shape but with weak oscillation in 

the beam radius along tne neck. Aside from the oscillation, the neck ra-

d . min h ld · 1 h 1 1us r , s ou remain near y constant as t e pu se propagates over a 
0 

min 
distance z << zd, but r is supposed to be a strong function of P/P 

o cr 

and t h. 
p 

B. Physical Description 

We have so far described self-focusing in the ~uasi-steady-state li-

mit and in the transient limit in ~ather different physical terms. How-

ever, in varying from one limit to the other, we should expect the self-

focusing behavior to change continuously. We therefore need a unified 
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physical description to describe self-focusin~ throughout the entire 

range. 

In our unified description, we concentrate on how the beam radius of 

different parts of the laser pulse varies as a function of distance as 

the pulse propagates in the medium. In the quasi-steady-state limit, 

self-focusin~ and subsequent diffraction are both abrupt. Thus, each 

small section of the incoming laser pulse self-focuses into a sharp focal 

spot at the self-focusing distance zf given by Eq. (5). We can then 

sketch in Fig. (la)-the evolution of the beam radius and hence the longi-

tudinal pu~e profile along the cell. The pulse enters the sample from 

the left. The radius of each consecutive section of the pulse (A - A, 

B- B, etc.) follows a different trajectory and,reaches a sharp minimum 

at zf(P) according to its instantaneous power P(~) •. For 1 > (zf) . , m1n 

there should be t~o focal spots simultaneously present on the beam axis. 

In practice, the second focal spot is usually prevented from forming by 

depletion of incoming laser power by backward stimulated Raman and Bril-

8 
louin scattering initiated earlier by the first focal spot. ,t.:e expect 

the longitudinal dimension of the focal spot to be about 6~ = •· 

We can similarly sketch the evolution of the beam radius and longi-

tudinal pulse profile for the transient limit. Note however that self-

focusing is now much more gradual and diffraction extremely slow because 

of the transient response of the medium. According to the description in 

Sec. II A, the front part of the pulse hardly self-focuses while the lag-

ging part of the pulse self-focuses gradually to a limiting diameter. 

Then as shown in Fig. lc, the incoming pulse first gets deformed into a 

horn shape and .then propagates.on without much further change. 

Now, for the intermediate range of self-focusing, we should expect 
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the self-focusing and diffraction trajectory to be inter~ediate between 

the two limiting cases. Both self-focusing and diffraction are less 

abrupt than the quasi-steady-state case but also less gradual then the' 

transient limiting case. The middle part of the pulse sees the largest 

6n and ~elf-focuses most strongly, while both the front and the lagging 

"parts of the pulse do not self-focus very much. Following the above des-

cription for the beam trajectory of different parts of the laser pulse, 

we can then sketch again the evolution of the pulse profile for the in-

termediate ·case as shown in Fig. lb. The sketches in Fig. 1 show that 

the evolution of the pulse profile will indeed change continuously as 

self-focusing is varied from the quasi-steady-state to the transient li-

mit. 

C. Effect of Other Nonlinear Processes on the Limiting Diameter 

As the input laser power is increased, the theories discussed in Sec-

tion 2 A would predict that the minimua diameter of the self-focused beam 

should continually become smaller. Experiments however find a limiting 

diameter ~hich appears to be a characteristic of the nonlinear medium. 1 

Numerous explanations have been proposed for this limiting diame-· 

14,25-32 
ter. They generally ass~~e either saturation of 6n or depletion 

of the laser beam. 1 \fhile the pre~breakdown ionization29 which creates 

free electrons to reduce 6n may be the domination ~echanism for limiting 

the focal diameter in self-focusing of picosecond pulses, stimulated Ra-

man and Brillouin scattering appears to b~ the most possible mechanism 

for the cases of longer pulses. A large fraction of the incoming la-

ser power can be depleted by stimulated Raman and Brillouin scattering 

during self-focusing so that the self-focusing strength .is limited. The 

limiting focal dianeter is presumably the result of balancing between in-
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crease of stimulated scattering gain due to self-focusins ahd decrease of 

self-focusing strength due to de~letion of laser ~ower by stimulated scat

tering. Rehn and Maier32 have considered the possibility of forward stirn-

ulated Raman scattering as the mechanism for the liciting diameter. Kelley 

andGustafson31 have considered backward stimulated scattering. llowever, 

in either case, no serious calculation in connection wi~h the real physi-

cal problems ·has been carried out. 

III. EXPERniENT 

Our expericent was designed to check the predictions of the unified 

physical description of self-focusing discussed in the previous section. 

We wanted to obtain the results quantitatively so that the data can be 

used to compare with available or possible numerical calculations. 

We used the respons~ time T of the medium as a varying parameter to 

vary self-focusing from the quasi-steady-state limit to the transient li-

mit. In order to compare our results with the sketches in Fig. 1, we 

should have measured the beam radius ~ (z,~) defined, for example, as 
0 

(13) 

for a given input laser pulse of power P(t). (For'a Gaussian beam, 

r (z,~) defined in Eq. (3) is the beam radius at the 1/e points.) How
o 

ever, this is not practically feasible. Instead, we varied the input 

peak power P and measured r (z = l,~) at the end of the sample. Exami-
o 0 

nation of the self-focusing equation in Sec. II A shows that the evolu-

tion of r
0

(z = i,~) with increasing peak in~ut power should appear quali

tatively the same as the evolution of r (i,~) along z with constant P . 
0 . 0 

A. The Nonlinear Medium 
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We used the liquid crystalline material p-~thoxy-bcnzylidene-p-

butylaniline (EBBA) in its isotropic liquid pha~e as our self-focusing 

medium. This material is known to have a large nonlinear refractive in-

dex and a long relaxation time. 
22 In addition, both n

2 
and have a 1 

strong pretransitional temperature dependence in the range above the ne-

. b . 22 matic-isotropic transition temperature TK. They can e wr1tten as 

6.35 -9 x 10 esu OK 
n2 = 

* (T - T ) 
(14) 

2800° K/T 7.0 X 
-11 OK e 10 ·nsec -

'{ = 
* (T - T ) 

* where T = TK - 1.0° K is a ficticious second-order transition tempera-

ture. Over the temperature range we used, n
2 

varieq by a factor of 20, 

while 't varied by a factor of 50 (see Table I). 

We used in our self-focusing experiment EBBA purchased from Vari-

light Corporation without further purification. The sample was placed in 

a 10-cm fused-quartz optical cell, and evacuated for several hours to re-

move any H
2

0 or 0
2

. After evacuation, the cell was sealed under vacuuo. 

The sample then had a sharp isotropic-nematic transition at TK = 78.0° C. 

This TK ~as constant to within 0.1° C throughout the experiment, indica

ting that no degradation of the sample had occured. In our experiment, 

the sample cell was held inside an oven which had a temperature stability 

of better than 0.1° C, and a uniformity of better than 0.2° C throughout 

the cell. 

B. Experimental Technique 

These experiments were performed with a ruby laser, Q-switched by 

cryptocyanine in methanol, wltich gave a ~mooth output pulse having a dur-
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ation approxi~atcly 15 nsec full width at half maximum. Oscillation on a 

single transverse·mode was insured by placing an 0.8 mm diameter pinhole 

in the laser cavity. The laser power was varied using neutral density 

filters outside the cavity. After collimation by lensen Ll and 12 (see 

Fig. 2) the beac entered the sample with a 1/e intensity radius ~f 130 ~m. 

The time dependence of the input power was monitored by D2 (ITT-F4018 bi-

planar vacuum photodiode) and by Scope A (Tek. 519). 

After the beam excited the sample c~ll, measurements were made on it 

to observe the effects of self-focusing. First, a magnified image of the 

exit plane of the sample was formed using imaging lenses, and the actual 

measureillents ~ere performed on the magnified image. An image of any 

plane inside the sample would be distorted by gradients in 6n inside the 

··-
sample. This is the reason we made all measurements ~. = c9nstant. 

To obtain the most complete information, we made three different 

measure~ents si~ultaneously, each using a separate magnified image of ·the 

exit plane of the sample. The first image was formed on a ground glass 

plane by light passing through lenses 13 and 14. This image had a magni-

fication of 85 x and a resoiution corresponding to 5 ~m in the exit plane 

of the sample. This image was photographed with the streak ~amera (TruJ 

.· 
model lD lcage Converter Camera, with model 7B streaking plug-in) at a 

streak rate of 1 ns/r..~. The camera magnification was 0.5 x, The camera 

was triggered by an electrical pulse from D- 1 (ITT-F4000 photodiode). 

Because of the triggering delay of the streak camera electronics, a fixed 

optical delay line (2.7. 5 meters) was used before the streak camera. ·The 

reference monitor pulse fr~m the streaking plug-in was displayed on scope 

A to monitor the exact time delay before jnitiation of the streak for 

each laser shot. This w.:ts necessary, as the jitter in the triggering time -.;.·as 
. . 
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of the order of 10 nsec. 

The second image was formed on the plane of the pinhole Pl with light 

reflected by beamsplitter B4 (reflectivity= 50%). This image, formed by 

lenses L3 and LS, had a magnification of 71 x and a resolution of better 

than 5 ~m in the exit plane of the sample. The image was centered on the 

0. 5 mm diameter pinhole, so that light which passed through the pinhole 

driginated in a 7 pm diameter region centered on the be~m axis in the exit 

plane of the sample. This light was detected by D4 (ITT-F4018 photodiode) 

and displayed on Scope B (Tek 7904, with 7B92 time base and 7Al9 vertical 

amplifier). This oscilloscope was triggered externally by the trigger 

output pulse from Scope A. In this way, the absolute time delay between 

signals on Scope A and Scope B could be compared. 

The third image (magnification also equal to 71 x) was formed on the 

film plane of_ a camera to monitor the tine-integrated laser intensity in 

the exit plane of the sample. The light for this image was reflected oy 

B4 and BS (reflectivity= 30%). 

Photodiode D3 (ITT-FiJ114A) monitored the presence of any bacb:ard 

stimulated Brillouin light. Aperture Al blocked specular reflections 

from the sample cell windows because the input ruby beam ente=ed the cell 

at a slight angl~ to the windov normal. A coaxial delay cable delayed 

the signal from D3 so it appeared after the signal from D4 on Scope B. 

C. Data Analysis 

To calibrate the absolute power in our laser beam, we used the known 

self-focusing properties of cs
2

, for which Per= SkU. A 19 em long cs
2 

cell was inserted in place of the·EBBA cell, and the radius at the exit 

plane of the sample was monitored using the techniques discussed above. 

Then using Eqs. (8), (9), and (10), the absolute value of P(z;) was deter-
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mined. 

To calibrate the axial intensity monitored by D4, pinhole Pl was re-

moved, and the signals from D4 and D2 were measured with laser pulses at 

least ten tines below the self-focusing threshold. At the sane time, pho-

todiode D3 was calibrated by removing aperture Al and allowing the specu-

lar reflections from the sample windows to enter DJ. 

Knowjng the calibrations, we could determine the absolute stimulated 

Brillouin power generated in the backward direction for each laser shot. 

We could also deter~inethe absolute axial intensity at the exit plane of 

the sample I (~). 
ax 

Then we could deduce the characteristic radius at the exit plane 

r (~) using 
0 

where the bean po~er at the exit plane is 

(15) 

(16) 

Here Eq. (16) takes account of the depletion of the input power P(~) by 

the power fed into the Brillouin scattered beam PSBS(~) if any. Eq. {15) 

will provide a useful characteristic radius unless the stimulated Brillouin 

' 
scattering is so strong that it substantially changes the transverse pro-

file of the beam. In our experiment, such substantial changes in the beam 

profile occured only at the very highest input powers used. 

If the tr~nsverse profile of the beam is Gaussian, then from Eq. (15), 

we have 

• 

- . 



0 0 ~ ,.1 
!'$ v 

I (r, zJ 

··' l .,, 
0 e 

-16-

= I (r;) e 
ax 

'7 9 6 
LBL-6084 

.. (17) 

In our analysis, we assumed the profile was Gaussian, and used Eq. (17) 

to compare our measurements of I (t) to the streak photographs and the 
ax 

time-integrated photographs. l-le found good agreement, except for those 

cases having very strong stimulated Brillouin scattering. This was not 

surprising. It is known that the number of focal spots observed at the 

exit plane of a self-focusing sample is very sensitive to the spatial 

4 33 mode structure of the laser beam. ' Because we consistently observed 

only one focal spot, we knew our beam must have a near Gaussian single 

transverse mode. Transient self-focusing experioents have shown that the 

20 34 
focal spots have a near Gaussian profile around their center. ' Cal-

1 . f b h . d 3 ' d . 21 lf f . h cu at~ons or ot quas~-stea y-state an · trans~ent se - ocus~ng s ow 

that the off-axis parts of the beam should have more power than would be 

expected for a Gaussian profile. Thus F.q. (17) may overestinate the pm-:er 

near the axis, and underestinate the po~er far from the axis. Of course, 

it will be exactly correct for the power right on the axis. 

D. Results 

We made a series of measurements with different input laser powers 

for five values of t /1 listed in Table I. In Fig. 3, we present a typi
p 

cal set of results showing self-focusing for three clearly different cases: 

(I) near quasi-steady-state limit, t h = 11. 3; (II) the intermediate 
p 

case, t h = 5.2; and (III) near transien.t limit, t 1-r 0.21. Figures 
p . p 

3(a) and 3(b) show respectively the input laser pulses P(t) and the axial 

intensity pulses I (~).measured by the fast detectors D2 and D4 in Fig. ax 

2. Each pulse is plotted with its .leading edge at the right. Using 

Eq. (15) we could deduce the temporal variation of the beam radius r (r;) 
0 



0 7 7 
-17- LBL-6084 

~t the end of the cell as shown in Fig. 3(d), and COQpared it directly 

with the observed streak camera picture in Fig. 3(e). We found the agree-

ment in all cases was ex~ellent. Note however that in the near quasi-

steady-state case, only the leading part of the pulse can be seen because 

backvard stimulated Brillouin scattering actually depletes the lagging 

part of the pulse and prevents it from self-focusing. 

We present more extensive results showing I (~)·for a wide range of 
ax 

input laser powers in Fig. 4. For these sane input powers, we show r (s) 
0 

in Fig. 5 as determined from Eq. (15). Of all these shots, the peak of 

the axial intensity was substantially depleted by Brillouin scattering in 

only two shots, (c)(v) and (d)(v). This depletion caused Eq. (15) to give 

a minimum r (~) which was-about 307. larger than the minimum r (s) which 
0 0 

was deduced from the streak photograph. For these two shots only, the 

r (~) shoY-rn in Fig. 5 is deduced from the streak photograph rather than 
0 

from Eq. (15). In Fig. 6 we ~how t~e corresponding strea~ photographs. 

IV. DISCUSSIO~~ 

A. Agree!!lent with Theoretical ~·fodels 

The radial profiles of the self-focused laser pulse in Fig. 3(c) can 

now be ~ompared with those in Fig. 1. They clearly have the same quali-

tative features, which shows that our un{fied physical deseription in Fig. 

1 is a valid description. In the transient limit the pulse had a horn 

shape with weak oscillations along the neck region~ as predicted by the 

17 18 
theory. ' As t /-r was increased by decreasing t, the axial intensity 

p 

pulse decreased in length, and the radius started to diverge at the end 

of the pulse. In the quasi~steady-state limit (t It >> 1) the radius 
. p 

showed a localized focal spot, and the axial intensity pulse length was 

fh d f . hh . 11 o t e or er o t, ~n agreement wit t eoretical predictions. 
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We can see the effect of varying input power in Fig. 5. The dcforma-

tion of t-fe longitudinal pulse profile is strikingly dependent on tp/t at 

all power levels investigated. As an example, let us examine the pulse 

deformation right at the self-focusing threshold. These low input power 

pulses are shown in Fig. S(i). In the. quasi-steady-state limit (see Fig. 

Sa(i)), the tail of the pulse was focused no more strongly than was the 

leading edge of the pulse. The peak of the pulse was focused most strong-

ly. and r (~) was nearly symmetrical about ~ = 0. As t /t decreased (see 
0 . . p 

Fig. Sb(i) and Sc(i)), the tail of the pulse was affected more and more 

by the onset of self-focusing. In the transient limit (see Fig. Sd(i)), 

the tail of the pulse was focused more strongly than any preceding part 

of the pulse. This behavior is in good agreement with the predictions of 

Fig. 1. 

Another qualitative aspect of self-focusing one can deduce from Fig. 

1 is that near the self-focusing threshold, the peak of the axial inten-

sity pulse should be delayed from the peak of the input laser pulse if 

the transient effect is appreciable. For the transient cases, the self-· 

focusing threshold is higher and the delay is longer. As the input power 

increases and the beam self-focuses more strongly, the peak of the axial 

intensity pulse will first move back\.;ard in time until the self-focused 

beam reaches its limiting diameter, and then it will move forward toward 

the peak of the input pulse. These features are what we actually observed 
\ 

in our experiment as sho"'rn in Fig. 7. For comparison, we include in Fig. 

7 a theoretical curve (a) calculated using the quasi-steady-state formula 

Eq. (8) with the actual time dependence of the laser pulses we used in 

these measurem~nts. The results in Fig. 7 indicate that even with 

t It ~ 11.3, the trahsient effect on self-focusing is still quite apprep 
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ciable. For the more transient cases, the delay of the axial intensity 

pulse appro~ched ·~ - 0.3 t • 
0 p 

This is in good agreement with the delay 

d.i d . . 1 1 1 . 17 , 18 pre etc 1n numer1ca .ca cu at~ons. 

In Fig. 8, we show the observed minimum radius of the sel~-focused 

I 
beam at the end of the cell R . = r i /r . as a function of the m1n o,m n o,1nput 

normalized input peak power P/P for the vafious cases. The theoretical 
cr 

curve (a). for the quasi-steady-state limit is also plotted for compari-

14 son. Curve (b) shows again that with t /t = 11.3, self-focusing is 
p 

still somewhat transieni... For the more transient cases; the minimum ra-

dius R . of the self-focused beam shrank more gradually with increasing 
m1.n 

input power. Towards the transient limit, curves (e) and (f), R . deml.n 
. 18 19 

pended only on the quantity(Pt /P t), as predicted by theory. ' 
. p cr 

Points of equal R . on curves (e) and (f) occur at powers P/P differ-
C1n cr 

ing by a factor equal to the ratio of T for the two curves. Curves (g) 

and (h) in Fig. 8 show the theoretical predictions for t /T = 0.47 and 
p 

t ft = 0.21, based upon interpolation of the numerical results of Shimi
p . 

21 
zu. Pr~sumably because of the onset of stimulated Brillouin scattering, 

our r~sults deviate from the theoretical predictions as the limiting di-

ameter is reached. 

In Fig. 9, we show R . as a function 
m1n 

response time T = 2 sec. \.[i th t h = 7. 5 
p 

of P/P for cs
2

, which has a 
cr 

x 103 , this is the true quasi-

steady-state limiting case. As expected, the solid theoretical curve 

for the quasi-steady-state limit agrees well with our experimental results 

dot..'U to the .limiting value. 

B. Limiting Mechanisms 

In all cases, the R i in F.ig. 8 approached a limiting value at high m n 

P. As discussed in Section II, numerous ·mechanisms h.:1ve been proposed 
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for this behavior. Here, let us estimate the effects of some of these 

mechanisms. 

The li~iting focal diameter could be due to saturation of ~n Fesult-

ing from high degrees of molecular alignment in a Kerr liquid. In our 

experiments, however, we estimated the maximum ~n using Eqs. (5) and (15) 

and the measured axial intensities in Fig. 4. We found ~n = .007. max 

For full~ aligned EBBA with an order parameter of unity, ~n should be a-

ro.und 0.35. So, the maximum ordering in our sample is only 0.02. This 

is more than an order of magnitude less than the ordering present in the 

nematic phase, and is theretore far from saturation. From the known re

sults on the optical field-induced refractive index in EBBA,
22 

there 

should also be no steric or compressional effects
28 

which could introduce 

saturation in ~n at our level of laser intensities. 

Another possible mechanism of limiting the focal diameter is the 

. f f 1 . b kd . . . 29 
generat1on o ree e ectrons 1n pre- rea· o~~ 10n1zat1on. This \>.'Ould 

,., 2 
require an electron density of n = me~ I /e P so that the plasma fre-

quency is wp "w!n
0
n2 1EI 2 jV,. The total ::quire:rnumber of free electrons 

for an appreciable reduction of ~n would then be N = 5 x 1013 P/P . Fro2 
cr 

Fig. 8, we see that N =·1o15 
However, our input pulse contained at most 

15 
5 x 10 photons, and th~ quantum yield of photoris into free elettrons 

was certainly significantly less than 1. It could not create a sufficie;;-:t 

electron density to reduce ~n appreciably unless virtually the whole bean 

were depleted. This means that any effect of pre-breakdotvn ionization 

wo~ld be from depletion of laser power rather than from its effect upon 

6n. In our experiment, we did not sec any evidence of depletion of the 

laser beam below the stimulated Brillouin scattering threshold. As a re-
. 

sult the limiting value of R i could not be due to laser depletion from 
m n 
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pre-breakdov..'I1 ionization, or multiphoton absorption. 

We have monitored in our experiment stimulated Raman and Brillouin 

scattering under all conditions. No stimulated Raman scattering was ob-

served until the input power is substantially higher than the level at 

I I 
which the limiting diameter is reached. On the other hand, backward stim-

ulated Brillouin scattering wa~ always observed before the limiting diame-

ter was reached. In Fig. 8, the stimulated Brillouin scattering threshold 

is marked by an arrow for each set of data. We see that in each case, 

the limiting value of R . is reached at power slightly above the stimu
m~n 

lated Brillouin threshold. We can therefore conclude that in our experi-

ment stimulated Brillouih sc~ttering must be the mechanism responsible 

for the limiting diameter. 

31 Kelley and Gustafson have pointed out that stimulate~ Brillo~in ' 

scattering could not be the limiting mechanism in cs2 or toluene because 

its response time was so much longer than the response time of 6n. In 

our experimerit, the situation is different. We can estimate the acoustic 

response time in EBBA based upon measurements made on other organic li

quids. For example, in toluene the response time is 0.3 nsec35 and in a 

36 mixture of cholesteric liquid crystals, it is 0.6 nsec. We infer that 

in EBBA, this response time should be less than 1 nsec. In our experi-

ment~ this means that the orientation relaxation time T was always great-

er than the Brillouin response time. As a result, the Brillouin gain can 

more or less follow the variations of the self~focused laser beam inten-

sity. Since the steady-state gain is higher for Brillouin scattering 

than for Raman scattering, we would expect Brillouin scattering to be 

dominant in out experiment. 

In Fig. 8, we see tl1at stimulated Brillouin scattering set in more 
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abruptly in the steady-state case, and thus stopped the shrinking beam 

radius more readily. For laser pulses well above the Brillouin threshold, 

ve observed Brillouin depletion in excess of half of the beam power. 

Since the gain is highest on the beam axis, the most intense axial part 

of the beam was preferentially depleted, and 6n. dropped along the beam 

axis. The light somewhat off the beam axis was much less depleted. So, 

6n. was higher off of the beam axis than it is on the axis. This should 

lead to a defocusing of the axial rays. A dynamic equilibrium was expect-

ed to set up: any tendency of the beam to further self-focus would result 

in an increased stimulated Brillouin scattering and the resulting addition-

al depletion of laser power would oppose the tendency of the beam to fur-

ther self-focus. 

In Fig. 10~ we show the variation of the peak Brillouin output power 

as a function of input power for the cases studied. Again, we sec that 

the growth of the Brillouin power is c~early the most abrupt in the most 

steady-state case as expected. 

V. CONCLVSIO~ 

Using the temperature dependence of the relaxation time T in an iso-

tropic liquid crystalline material, we have studied the variation of self-

focusing from the quasi-steady-state to the transient limits. In all 

cases, our quantitative oeasurements of the time variation of the laser 

pulse radius strongly support the unified qualitative description of self-

focusing in Fig. 1. We see that there is no abrupt change in the charac-

ter of the self-focusing as tp/T is varied, but rather there is a smooth 

variation from one limit to the other. Our measurements are in good qual-

itativc agreement witlt availnblc theoretical predictions. Unforttlnately, 

because numerical calculations of self-focusing for our cases do not ex-
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ist at present, we have not yet been able to nake quantitative comparison 

between theory and experiment over the entire range. 

We acknowledge the use of facilities in the Materials and Molecular Re-. 
search Division of Lawrence Berkeley Laboratory. 
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FIGUP£ CAPTIO~S 

Fig. 1. Schenatic drawing showing how an imput pulse gets deformed 

through self-focusing (a) in the quasi-steady-state limit, 

(b) in an intern:ediate case, and (c) in the transient limit. 

Here the pulse is sho~~ as viewed from the side in a series of 

snapshots. 

Fig. 2. Experimental arrangement for observing self-focusing. Bl, B2, 

B3, B4, B5, beamsplitters; Ll, L2, L3, L4, LS, lenses;· Dl, D2, 

D3, D4, biplanar vacuum photodiocles; Al, aperature; Pl, pinhole. 

Fig. 3. Typical .sets of results showing (a) input laser pulses, (b) on-

axis intensity pulses, (c) radial profiles of the self-focused 

pulses, (d) intensity contours of the self~focused pulses, and 

(e} streak photographs. In each case the horizontal axis is 

the local tirne t· The int~nsity contour map shows the intensity 

as a function of transverse coordinate and time. Contours shovm 

are I = 0.30 I and I = 0.03 I For t f, = 11.3, the input 
r max max 

peak pow~r is p 7.9 kh'' P/P = 5.5, and the on-axis peak;in-
cr 

tensity is I 0. 77 Gl~/ em 
2 

For 1-r. 5.2: p 5.2 Hl, = . t = = 
max p 

P/P 
cr 

P/P 
cr 

2 = 5.6, and I = 0.75 GW/cm . 
max 

= 61, and I = 0.54 ·c\~/cm2 . 
max 

For t ;, ~ 0.21: P = 4.4 
p 

Fig. 4. kxial intensity pulses. 

(a) t 1-i = 11. 3: 
p 

(o) input pulse, (i) P = 3.66 kW, I = 38 
o ax 

}fli/ cm
2 

(ii) P 
0 

4.42 kW, I = 75.5 l·f..J/cm2 (iii) P = 5.17 
ax o 

kW, I 
ax 

= 431 r-r..r/cm
2 

(iv) P = 7.86 kt-1, I 
o ax 

<v > P = 9.18 kl~, I = 705 't:M/cm2 
o ax 

2 
= 768 HiJ I cru 
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? 

(b) t /T = 5.2: (o) input pulse, (i) p = 2.58 kW, I = 28.8 r-~..:1 em ... 
p 0 ax 

-
304 (ii)' p "' 3.58 89.7 (iii) 4.07 

0 

(iv) 5.17 753 (v) 6.15 864 

(c) t /T. 
p 

= 2.07: (i) 1.21 8.0 

(ii) 2.27 3.52 (iii) 3.65 481 

(iv) 4.33' 560 (v) 6.80 348 

(d) t 1-r p 
= 0.21: (i) 0.99 6.4 

(ii) 1.93 102 (iii) 2.44 150 

(iv) 4.35 544 (v) 7.41 538 

Fig. 5. Pulse radius at exit plane of cell, for the same pulses as in 

Fig. 4. 

Fig. 6. Streak photographs, for the same pulses as in Fig. 4. 

Fig. 7. Peak position of the on-axis intensity pulse of the self-focused 

beam as a function of normalized input peak power in different 

cases: (a) t /T. -+ Q), (a theoretical 
p 

(c) t /T = 5.2, (d) t /T = 2.07, and p . p 

curve), (b) t /T . p 

(e) t 1-r = 0.47. 
p 

= 11.3, 

Curve (a) 

is calculated from Eq. (8), which bives zf = 10 em for P 2.97 

p 
cr 

Fig. 8. Reduced mininum radius of the self-focused beam at the end of 

the cell as a function of normalized input peak power.in various 

cases: (a) t /T. -+ Q) (a theoretical curve froo Ref. 13), (b) 
p 

t /T. = 11.3, (c) t /T = 5.2, (d) t /T = 2.07, (e) t /T = 0.47, 
p p . p p . 

(f) t /T. = 0.21, (g) t /T = 0.47 (a theoretical curve fron Ref. 
p p • 

21), and (h) tIT= 0.21 (a theoretical curve from ref. 21). p . 

Fig. 9. Reduced minimum radius of the self-focused beam at the end of 

·the cell as a function of normalized input peak power for cs
2

. 

Here the solid curve is calculated from Eqs. (8), (10), and (13) 
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u~ing z = 19 em. 

Fig. 10. Peak output power of the backward stimulated Brillouin pulse, 

as a function of the normalized input power in the variO\IS 

cases studied. 

c 
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TABLE CAPTIONS 

Tab~e I Characteristic parameters of EBBA (TK = 78°) used as a self-

focusing medium, with laser pulses having a full width at half 

maximum t 
p 

I 

= 15 nsec. 
I 



0,' 0; - {) 

T 

nsec 

79.7 72.5 

82.7 32.1 

96.0 7.25 

112.0 2.87 

130.8 1.33 

. -31-

TABLE 1 

t h 
p 

0.21 

0.47 

2.07 

5.2 

11.3 

n2 

-11 (10 esu) 

237 

111 

33.4 

18.2 

11.8 

p 
cr 

(kW) 

0.071 

0.151 

0.503 

0.926 

1.420 
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