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Study of Self—FOCuéing dnd_Small—Scale Filaments of Light
in Nonlinear Media

M. M. T. Loy' and Y. R. Shen
Department of Physics, University of California
. ) and .
Inorganic Materials Research Division,

Lawrence Berkeley Laboratory,.
Berkeley, California 94720

ABSTRACT

It is shown thatvﬁhe‘small-scale filamentsfgenérated'
by laser pulses in nonlinear media are the natural conse-
quence of moving foci. Many controlled experiments per-

formed with single-mode Q-switched laser pulses are

- described. The results are difficult to be explained by

the self-trapping nodel, but agree very well with the
predictions of the moving focus model. The earlier expéri—

mental results. on filamehts reported.in the literature are

_ shown to be consistent with the moving focus model. It is

seen that the apprdpriatelywmodified moving focus model can
also ekplain qualitatively the observéd filament characteris-
tics in the picosecond case. Many unsolved theoretical and

eXperimental problems on self-focusing and sméll;scale fila-

ments are discussed.



-0 o  LBL-431

I. INTRODUCTION

!

it is well-known that the refractive index of a médium is a function
of the beam intensity. In most media, the refrgctive index increases wibh
the beam inténéity. When an intense lasef beam with a bell-shape spatial
inténSity'profilé‘propagates‘in such a medium, thé céntral part éf the
béam séés'a largér'réfractivé indéi than.thé édgé; and théréfore, travelé
with;a‘siﬁﬁér velocity. Accordingly, the wavefront gets distorféd,.aﬁd
sincé light should ?ropagate’aiong the normels to the wavefront, this
_leéds'to focusing of the beam.. This induced lens effect is known as
self-focusing. However, a beam with a finite'cross—section would normally
diffrdct. It will self—focuS»only if the self-focusing strength due to
the indﬁced refractive indei overcomes the diffraéting strength. In
i#aﬂfféeal case, when the-self—foéusiné strength just balances out the
1 diffracting étrength, the beam should propagate in the medium with its
cross-section-rémainéd unchanged. This is known aé self-trapping.
AAskarjan;l Talanov,2 and Chiao, Garmire,.and Townes,3 were the
first ones to point out the possibility Qf self-trapping of light in a

5

nonlinear medium. Subsequently, Ke:l_ley,)4 Talanov, and Akhmanov et al.

investigated theoretically the dynamics of éelf—focusing. Results of

early experimentsr(“l1 basically agreed with their predictions for

-self-focusing. -

V-Howevef, it was first observed by Chiso et al;l2 that a self-focused

-beam gppears to break into intense streaks after self-focusing. These

streagks are typically several microns in diameter,12’13 and can last
T,14,15

over a distance of a few cm. They were called small-scale

12

filaments by Chiao et al. It was suggested that self-trapping should

be responsible for these stresks, but theoretical attempts using the
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self-trapping model to explain the observations were not Successful.l6_20

In particulér; it was not clear how a self-focused beam can turn into a
self-trapped filament (or filaments)%7-19

) : ' : . 21
A different model was then proposed by Lugovoi and co-workers to

explain.the observed étreaks. They noticed that pulsed lasers were used

in these experiments. As seen from the self-focusing description, the

focal spot resulting from self—focusing of the beém»Should move along

the axis with time in accordance with the time variation of the laser
power during a pulse.22 The streaks observed on time-integrated
photographs should then correspond to the traéks of the moving focai

spots, with their diameters equal to the diameters of the_focal spots.

With;a single-mode lasér»beam, only a single streak is expected, but

with a multi-mode laser beam, many streaks can be the result.

Experimentally, results obtained under different conditions by
different groups are uSually very different. Consequently, inter-

pretations'of the results have also been very different. For example,

results obtained'with multi-mode Q;switched lasersle—ls’?3 or mode-locked
2427 _ ' | e '
lasers were often used to support the self-trapping model. On the

~ 28-30 31-34

other hand, our results, and those of others obtained with

single-mode lasers showed definitely that the streaks were formed by'

moving foci. It is apparent that the streak (or filament) characteristics

must depend critically on the input conditions, bWt a correct médel
should be able to explain all the observations, at least éualitatively.
In this respect, the moving focué model, propefly exténded,.appears
to be rather Succéssful. The purpoée bf this paper isvthreeffold;

. . N » . ) ~
first, to give a more complete account of our experiments on self-

focusing and small-scale filaments; second, ‘to show that both our
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reéults and those of others can be explained by the moving focus model;
and third, to.provide an up=to-date assessment on the problem 'in

general.

In Section II, we give a brief review on the theories of self-focusing:

and small-scale filaments. Then, in Section III, we describe our
experimental investigation on the problem under controlled input
conditions, and show that our results and those of others with nanosecond

laser pulses can be understood with the moving focus model. In

Section IV, we discuss the many unsolved problems on self-focusing and
small-scale filaments with nanosecond input pulses. Finally, in Section
V, we show how the moving focus model, properly mcdified can also explain

qualitatively the experimental results obtained under picosecond pulse

excitation.

IT. REVIEW OF THEORETICAL CALCULATIONS
A. Calculations on Self-Focusing
Let us consider a medium whose refractive index can be written

as
: 2 2
n(|E[7) = n_ + &n (|E[9) (1)
vhere An is the field-induced refractive index. In the steady étate,,

if the field intensity is not too strong, we can expand An = Ano into

a pbwer series of IEIQ.

)
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The physical mechanisms for'An can be liberation of molecules;

molecular reorientation and redistribution, electrostriction, and

: defprmdtion of electronic clouds,3 but for liquids with large Kerr

constants under nanosecond or picosecond excitation, the effect of

molecular reorientation usually dominates.35

In this'paper, unless
Spécified, we shall be dealing with Kerr liquids. We shall assume

for Kerr liquids that An obeys the following relaxation équation.36

[(3/3t) + (1/1)]dn = An /T - - (3)

where T is the relaxation time for molecular orientation and is of
the order of a few picoseconds.

We now consider wave -propagation in such a medium. The wave

‘equation is given by

vVoE - (5°/¢%0t%) [(n +an)%E] = 0. | (4)

We can write E = (1/2) &(r,z,t) exp(ikz -iwt), where &(r,z,t) is a

compiex function and k = wno/c. Then, with the higher-ordetr terms

neglected, Eq. (4) reduces to the form6.’17’3_rr

2 » .
o+ 2.2 4 o5 2 4 pi S 4 D02
2- r or dz n

1& = 0. - (5)
ar_ at S ' . :

If we transform the coordinates (r,z,t) to the moving coordinates

(r, z, £ =t —zno/c), then the equation becomes
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) 19 3 An
'['?+?8—r+2k8_ k°1&(r,2,E) = 0. i (6)
r : %
Correspondingly, Eq.v(B) becomes
[(3/3) + (1/7)1bn = b /7. ()

By writing & = A(r,z,£) expliks(r,z£)], we can also separate Eq. (6)

into two coupled equations for the amplitude A and the phase function s.

9A . ,9s,,0A, . A,3%s . 1 3s, _ '
- .
235y + (B2l L (24,10 (9)
k™A 9dr :

In the steady-state case with a monochromatic wave, we have

An = Ano. Equation (6) or Egs. (8) and (9) can be solved analytically
6,17,37

by the so-called paraxial-ray approximation, but the quantitatively

more correct solution has been obtained numérically. Kelleyl‘L did the

first computer calculation. Subsequentily, Géldberg et al.l8 and

Dawes and Marburgerlg found the numerical solutions for a wide range

of input laser power P. They showed that W1th An ='né!E|2 and for an

input GauSSlan beam with P > 1.5P_, the beam tends to self-focus to -

:

a point at a distance

z = K/ (/P -0.858 /E;;) , o | (10)

_ _ 2 1/2 . . : , _ '
where K = (noa,/h)(c/ng) / » @ is the variance of the Gaussian distribution.
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and p = (l.22ﬂno/k)2(c/8n2) is the critical power at which the beam
er _
- would propagate.in a self—trapped.mode.3 ‘As a result of seif—focusing,

the on-axis field intensity increases as

H2)/1(e) = [1 =(2/s )2T2 ()

i - " with o close to unity. The rapid increase of I as z > 20 indicateé that
the focus%ng is extremeiy'sharp. For this reason, the prediction of Zo

; - - from the calculation should be reaSonably_good even thouéh the aséump—
v : tianAnO’= ﬁ2|El? may not be wvalid in the focus where the field‘intensity

19 glso found that if the profile of the

is high. Dawes and Marburger
- beam is non-Gaussian with a single:maiimum,then Eqs. (10) and (11) still
| hold with K replaéed.by Kf, where f is a dimensionless parameter of
| - the érder of unity, as suggested by Wang.lo The»critical_power for -

self-trapping also increases as f incdreases.

Dyshko et a1.%% also solved Eq. (6) with a Gaussian input beam

using a different numerical computing scheme. They found that for

? > 2PCr,(there exist'glong the axis more than one focal gpot. The
nuﬁber_of ﬁhich increases as\P increases. However, for Pcr <P < éPc%,
~ only one focalvspot'should appear at a.position ﬁﬁich seems to ;grge‘
faiflvaell with z% of Eq. (10). ‘In"our later discuSSion, wershali -
.assumé‘P < éPcr’ and that'thé pgsitionvofbthe focal spot can'be

approximated by

Z =;K7(/§ -bf5~)_ | : ' , fl2)l
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‘where K aﬁd Po are parameters determined directly from'experiments.lo

If the input laser beam“is in the form of a pulse and if the ﬁulse
envelépe does not vary appreciably within a relaxation time T. for
molecﬁlar feorientation,,then we have from Eq.;(?), An = Ano(]E(E)lg).
Consequently, the solution in the form of Egs. (10) - (12) still hblds,
but P is now;affunction of £, and I(z)/I(o) is replééed by I(z,t)/I(0,E).
,If the pulse éh§élope_varies appreciablyrin T, then we must find the
self—focusing solution by solving Egs. (6) and (7) simultaneously.

Fleck and Kelley38 did numerical calculation for Pmak'ﬁ 12.5.Pcr and

for various puléeﬁidths 8t of the order of T, assuming Ano = nzlElg.

They found that the self-focusing distance zf'increases with decreasing

St as one would expect. For §t/T = 0.475, fhe self-focusing distance
is about Y4 times that of At/T >> 1.
B. Theoretical Models for Small-Scale Filaments
According tg the early experimental o'bservations,l2’13j’15 a
small-scale filament was a st:eak of intense light with a characteristic
constant diameter, lastiﬁglfor a length of a few cm and fpr a durgtion

of the order of.lOflO sec. The induced refréctive index»An ih the fila-

ment appears to be arouhd 10—3.15 ' )

It was then believed that these filaments.were,the resuit of
self—traﬁping of light prediéted earlier.3 This self-trapping model
could explain, only with the help of further assumptions’, most of

15 For example, the finite length

the observations gqualitatively.
and duration of a filament could be understood if we assume heating

of the medium through stimulated Raman scattering would destruct and

terminate the filament. However, the model fails to explain the
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3,15

observed characteristic diameter of the filaments. Moreover,

17-19

tﬂe éxisting calculations - on self—foéusing have nof been able to
show that a self-focused beam can stabilize into a Self-trapped
filaméﬁt (or‘filamehts). The only solution which ap?roximaﬁes some
kind of stabilization.into a sélf;trappéd'filamént (with the filament
diametér Wéakly 6scillatiﬁg befwéén maiima and minime) is obtained

17_:"91)1140 then the fredicted powef

" in the filament is unreasonsbly high and the predicted filament diameter

unreasonably small. .In fact;'the dbserved‘An ~ lO—3 suggesfs that the
unsaturated expression An = n21El2 may stili be a good.approximation,
even in the filament.

'ff, somehow by some means, a'self;trapped filamentAwith P = Pcf

and An = n2|E]2-wére established, it would still be unstable under

: perturbatioﬁ. A reduction of power by 1% in the filament would make

1T

the filament double its size in a distance of 1 mm through diffraction.
Expériments indicate that enérgy does leak out of the filaments to make
expoSure‘of side-view pictures possible;__In‘additiOn, the various

nonlinegr optical processes‘unavoidable_in the filament would convert )

the field'energyiinto heat. In order to sustain the self-trapped

" filamént, external power of the exact amount must be fed-into the’

 filament to éompensate.the power loss:

A different model wés latér'proposed by Lugovoi and co—workeré -
to explain the observed filaments.o~ They pointed out that if the
input beam is a pulse,'séif—focusing should yield a focus (ér'foci)
which moves along the a)lcis‘.;22 This moviné focus appears‘as'a streak
for filament) on the time—integ?ated photographs. The diameter of ﬁhe

streak is then simply the diameter of the focal spot. .This moving
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focus model does not depend critically on the assumptions, but avoids
the difficulties encountered in the self;trapping model. As we shall
see later, it eiplains essentially all the experimental obsefvatibns
qualitatively, -and in some confroiled experiments even quantitatively.
To have some feeling on how the focal spot moves in time, we
reproduce in Fig. 1 thé.variation of the‘fOCal—spot poéition in a
Kerr 1iquid.as a function of time for a nanosecond input pulse, for

28,39,40

which Eq. (12) is assumed to be valid. (Discussion in pico-
'second input pulses will be postponed until Section V). However, from
the construcfion of the curve (see the figure caption), we réalize that
independent of whethef Eé. &lQ)'is vélid_or not the curve shoﬁs thé
following general characteristics, if the medium is sufficiently long.
(1) The fécal spot first appears inside the medium and immédiately
splits into two. (2) One moves forward along the.uﬁper braﬁch of

the curve with a'velocify always larger thén the light velocity.

(3) The éther moves along the lower branch of the curve, first backward
and then forward. Its forwafd velobity is always smaller than the

light velocity. If the medium is short‘(less than z_ in Fig. 1), then

D
only the lower branch shows up.

" Because of the high laser intensity, stimulated Raman and Brillouin
scattering ié readily inifiated in the focal region along the.path.of
the moving focus. From Fig. 1, it is seen that fhe wavefront of the
backward stimulated radiation should be initiated from the point D
_ dn the U curve, where the slope is equal to —c/no. This backwara

stimulated radiation initiated around D intercepts the incoming laser

beam before the latter self-focuses, and gets amplified under the

3
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latter's expense.ul Then, if the incoming laser is so highly depleted

that 1t no longer has enough power to seif—focus, the lower branch of

28,k2 Also seen. from Fig. 1 is that the

the U curve gets terminated.
total emplification of the Eaekward stiﬁulated radiation should depend
on both the input pulsewidth and the cell length. In addition to a long
cell,‘£he,input pulse shoﬁld be sufficiently loﬁg (a few nsec. for a

30 c¢m cell) in order to haveAlong interaction length for backward

stimulated scattering and consequently large total amplification. On

" the other hand, the upper branch above D should not be affected

ﬂappreciably‘by'stimulated scattefing,.since the incoming laser beam

is not intercepted and is not.appreciabiy depleted by stimulated
scattering before self—foeusing.'
From the above.discussien, we recognize_that the moving focus

model;ie far more definite thsn the self-trapping model. We shall

‘see in the next section that with the moving focu# model, guantitative

comparison between theory. and experiments is now possible if the
experiments are performed under controlled input conditions. With

the self-trapping model, predictions tend to be at best qualitative.‘

ITI. EXPERIMENTS AND INTERPRETATIONS
In this section, we shall limif our discussion fo selféfocueing
of nanosecond inéut.laeer pulses in‘Kerr liquids. We shall first
describe the experiments &é have performed under controlled input
conditioﬁé, and show that‘the fesults agree well with the moviﬁg
focus model. We_shell.then discuss the earlier experiﬁental results
reported)in the_literature ahd show that they are consistent with the

moving focus model.
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A. Experiments Under Controlled Input Conditions

1. General De;cription of the Eiperimentai Apparatus

In most of our experiments; a éingle—mode‘Q—switched ruby laser
was used. A pinhole of about 1 mm in diameter was insérted in the
lasér'cayity to insure spatial homogeneity of the output beam. The
laser waéxQ;switched by'cryptocyanine in methanol. The output was 4
smoofh ﬁuiéé with a duration of about 8-nsec. full width at half
maximum. The.corrésponding épectral width was less than 0.01 cm—l,
as measured by a Fabry-Perot interferometer. The maximum peak power
of the laser pulse was about 200 KW.

Thé advantage of having a single-mode laser for the experiments
is obvious. When the laser beam was sent into & cell of CS,, or

2
e-15 only one

toluene, instead of tens or hundreds of filaments,l
filament waé cbserved in the self-focused beam. It was then possible
for us to study the propeftiesvof the filament as a function of the
input conditions, rather thaﬁ the.average’properties of many filaments .

| For the detection of pulses, we used an ITT F-4018 fast photodiode
in combination wiﬁh a Tektronix 519 oscilloscope. The overall time
constant of such a deﬁeEtor‘system was about 0.4 nsec. We found that
for accurate pulse measureﬁents it was necessary to calibrate the
linearity of" the oscil%oséépe.\

2. Characteristics of Small-Scale Filaments

In all our experiments, Kerr liquidé were used as the self-focusing
medium. To observe the filaments, we took magnified (100x%) pictures
of the beam profile. at the end of the liquid cell. The film used was

either Polaroid Type 47 or Kodak Royal Pan Sheet film from which

re
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densitometer traées can be ob#ained to measure the sizes of filémqnts;
We fir;t investigated how the beam cross-section at the end of the
cell variés'with thé'input léser power.for a constant cell léngth.
Exbefimentally, we define thé sélf-focuéing threshold as the

ﬁower a£ whiéhxstimulated Raman or Brilioﬁin radiation generated in
the'self—focuséd beam has feabhéd‘a détéctablé levéi. Wé féund that
wheﬁ-the peak‘power of thé iﬁput pglse is below thfeshdld,'the beam
cross-section was roughly the size of the input beam (-~ 750(u). At

threshold, a bright spot of dbout 50 p in diameter appeared. Then,

-8lightly gbove threshold, the beam quickly shrank to a more or less

limiting size, which seems to be a characteristic of the medium.

" Further increase of the input power did not change the size, but the

enefgy content in the bright dot appeared to decrease. This energy

content was measured by a calibrated photodetector and calibrated

photographic technique. It was found to be about 30 ergs for toluene

and 8 ergs for CS

X with an energy density of about U joules/cmg.

Such a high energy density, compared with the energy density of 0.l
joulé/cme'of the laser pulse, was the reason why even Witﬁout blocking .
the background light the filament;dot could'still show .up so clearl&
on the end—viéw picture. | |

Similar results were obtained if we kept thé‘input laser power

constant, but gradually increased the cell length, After the beam had

\

shrunk to the limiting size, further increase of the cell 1ehgth only

n a very long
cell (> 100 cm), the filament seemed to disappear.

In each liquid, the filament has a characteristic limiting size.

Figure 2 shows a typical densitometer trace of the radial profile of
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& filament in C82; from which we measure a filament diameter of 5.6 um

&

(full width at half maximum). We found from our measurements that the

limiting diameter of filaments in CS toluene, and nitrobenzene were

’
r 2

5%1 mﬁ, 10 £ 2 mu; and 20 * 2 mu.résbectively. "The filament diameter |
séemed.to havg_np temperaturé dependénéé. In CSQ, it remained unchanged
up to the boiiiﬁg témperature. |

In liquid'mixtures, the filamen£ diameter vériéd smoothlyvfrom
one limiting value to the other as the éompositidn of the mixtures
- changed from one limit to.the other. A typical example is shown in
Fig. 3 for mixtures of_082 and nitrobenzene.

We also tried to measure the light pulse emitﬁed through diffraction
from the filament near the end of thé cell. We used the optical o -
arrangement shoﬁn in Fig. lkg. vLens Ll imaged the exit plane of the
cell E to the plane A. A disk of 1 mm in diameter was inserted Jjust

' somewhat beyond the focus of L It was used to block effectively the

1

non-diffracted laser light. A second magnifying'lens L. after the disk

2
ensured that only light diffracted from the filament within a few cm

near the end of the cell could be collected by-the detector as shown

schematically in Fig. 4b. For example, if we assume that light were

2

uniformly emitted along a filament into a cone of 4 x 107° rad., then

with the setup 1in Fig. La, the peréentage of light emitted at a
distance 4 away from E and collecfed by the detector would be gi&en by
the solid cur&e in Fig. Le., As a comparison, the dashed curve in

Fig. 3c Correspondsvto the case without the lens L2 and with the
detector located at A. With this fwo—lens system, we found that when

the input peak power was below the self—focusihg threshold, no light
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signal reached the detector. At threshold, a pﬁlse of 1 nsec. or
longer appearéd. Above thréshold,_as thé input'powér increased, the
pulsé dﬁration dééréaSed to about'200,§séc. when the filament diameter
aﬁprbached thé iimiting_éize, and then-éontiﬁued to'shorten.to leés
than -100 pséc. with the péak power of thé pulsé reméining roughly
unchanged. Heré;'the deconvolufion téchniqﬁeh3 was used to‘méasﬁre
pulse duration less than 1 nsec.

TheSé results on thé filament charaétéristics largelybconfirmed
the earlier results obtained with multimodé-Q—swikcﬁed lasers,le_ls
and.can be understood from the moving focus model. Below the éelf-
focusing threshold, the results agree quantitatively with the self-
focusing theory as shown by Maier et.al.uev-Above threshold, self-

i .
focusing should continuously reduce the observed beam cross-section

appearing at fhe»éggﬁupiahe, ﬁhtii-fhe fééﬁé iébf;;;ééi”mThéAazgﬁgig?mgf
'ghe focus ﬁould depend on the_incomingrbeam power if no ofheyvnohlinear
process were present duriﬁg self-focusing. HQWeVér, because of the-high .
‘ inténsityrin the ‘focal regioh, nqnlineaf processes suchias.stimulated
scattering'and mulfiphoton‘ionization actually happen. They can stop
sélf—focuéing and give the focus a limiting diameter. Therefore, above
threshéld, the obsefved beam crd%s—section should appear toihave a
limiting size, which essentially corresponds to thé size of thebmoving
focus or the size of the filament. At very long cell length, the beam
power which leads to self-focusing at the end of the ceil is very close
to the‘critical powér for éélf-trapping, We then éxpect.tbaﬁ éelfefocusing
..at a long distanée sﬁould be more gradual- and morevsuéceptible to the

influence of other nonlinear processes. Consequently, the:diameter_of
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thgffocal spot near the end of the long cell can become much'larger;
.éincé the observed filament correspohds to the stresak described’by the
moving focus with the consﬁant limiting diamétér, it would seem to have
_disappgared near the end of the long cell;

Wé npticéjffbm Fig. 1 that just above the self-focusing threshold,
the cell iengtﬂrié only élightly lérger thén the minimum self-focusing
distancé Zgys and thermovingvfocus épendé a relatively long time at
the end of the cell,‘leading to the observation of the brightest
filament d@t and the rélatively'léng filament pulse. for longer
cells or higher input peak power, the moving focus then spends less

“time at the end of thé cell. The filament pulse duration and hence
the brightness of tﬁe observed filamenﬁ dot should decrease acéordingly
as we have observed.hh Here, no quantitative correlation between

" theory and expefiments is attempted, since stimulated scattering
affected the observed filament propertiés and compiicated the probiem:

So far, there has been no reasonable calculation on the dimension

) .
of thé moving focus; From the éxperimental observations on the
filament sizes'in liquid mixturés;_we can concludé that the geometric
parameters of the focﬁs should dépend on thé linear and nonlineér
refractive indicés of thé médium. Théy may also weakly depend on the
parameters of thé input lasér béém, but Vé havé not yet founa éonclusive

evidence.
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Wé also measured the sPéctrum bf light emitted from the filament,
but we shall postpone the discussion to a later section. More observa-.
tions oﬁ the filament properties in‘conneciion with‘stimulatedvRaman
and Brillouin scattéringhwill.alsovbe discussed in a later section. We
also fried to take the‘side—viewﬂpictﬁre of thé filament, but our attémpt
was not successful. It could be that the ihténsity'of the séatteréa
radiation frdm the filament was too weak to be seen in our‘case.l3’lh

The above discussion showsvthat thé moving fécus model is able to
Vgive a natural déscription'of the obsérved filament, in contrast fo the

‘self-trapping model.l_3

We shall now see that more definite evidences
of a moving focus can be obtained in some controlled experiments.

3. Evidences of a Moving Focus

The first indication of the existence of a moving focus came from
the'obsérVatioﬁ of a bubble of about 100 u.in diametef initiated from
the filament at the end of‘thé cell when énd only.when‘the cell iength
was about equal to the minimum seif-focusing distanée;28 It would
take a fgw ergs to.éreate such a bubble by vaporiéation of tolueﬁe,
and therefore'it would require a focus with po&er of 30 KW to stay aﬁ

a 100 p local region over 10 pseé, As,shpwn in Fig. l,.thisrwould
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happen when the focus is moving around the minimum self-focusing

distance z_. If the cell lehgthfis larger than z then as we

B B?

mentioned earlier, self-focusing is terminated by the backward

Consequently,

stimulated scattering before the focus reaches Zg-

B

If the moving focus model is correct, we should expect to see

no bubbyeiéan be observed at z

g_cleaf image of the focus by focusing thé camers on a plane inside
the cell. On the other hand, for a self-trapped filament, we should
expect to see a ﬁlurred defocused image of the fialemnt. Photographs -
taken by focusing fhe camera into the cell.at a-fewvcm from the exit

- window supported the moving focus model. The image of the focus Wés;
however, not as bright as that at the end of the éell. This was
believéd to be due to depletion by stimulated scattering invthe‘focal
region. The above experiment ‘was performed in a 33 -cm. toluene cell,
with a laser béam of 750 ﬁm in diameter and.a peak power of 200 KW,
so that according to Eq. (10), the focus should first appear at the
end of the cell and move backward. -

We tried the same experiment with the laser beam diameter
telescoped down to 300 ﬁm, so that towards the end of the cell, the
focus would move in the forward direction according to Eq. (10).

We found'no clear image of the laser focus wheﬁ the camera was focused
into the cell. ' There were two possible ekplanations; The self-focused
light after passing through tﬁe focal region could'be trapbed in the

29’¥5' Alternatively,

vdielectric wavegulde created by the moving focus.
the laser light at the focus could be converted into Raman radiation

at such a high rate that littlé was left ?o be detected on the
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photographs over the backérouna.

__To see whether it was dué to trapping, we inserted»a lFmﬁ glass .
slide into the cell at 2 or 3 mm agpart from the éxi£ window. This
%lass slidé should bé efféctive in bréaking,a trapped filament through
diffraction. If light was indeed trappéd in a filamént.mﬁéh longer
thén 2 mm; thén insértion of thé‘glass slidé woﬁld drastically reduce
the brightness of the filament iﬁage at the exit‘window unless the

diffracted 1light from the glass slide could be refdcused in a 2-mm

distance{ Our experiments showed'that the image at the exit window was

not appreciably»affected by the insertion of the glass slide. Further-
mofe, a clear image of the focus was obserVéd.when the camera was
focused on the entrance side of the glass slide, ruling out the
possibility of refocusing of the diffraéted light (since refécuSing
would distort fhe'image of .the focus). We therefore concluded that
there was no substantial trapping in the filamént. |

We théh suspecfed that laser. light passing tﬁrougﬁ the focus was
largely ¢onverted to forward ahd backward Raman_radiation} The:
forward ﬁaman radiation'shou1d appearvdiffractea from the focal1region.
By focusing the éamera into the.cell, Wevfound indeed & clear imagé'
of the focus at the Ramén‘freéuency.’ Sincé ﬁe expected that th;
Ramag light should be generated all aléng the path Qf the moving
focus, if we arrange the optical system in Figs.i# so as tp deﬁect
light emitted from a longer-section'of the filament, we should find
a Raman pulse .of longer duration. Experimeﬁtal results showed thgt
it was indeéd thé casé.

We also rearranged the optical system in Fig. 4 such that the

’
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detector could collect laser light emitted aloﬁg the filament over

~ 15 cm from the éxit window, vAt thé'self-focusing fhreshold, we
fouqd.thé‘samé relativély\long pﬁléé we méntioned earlier. This was
expégféd sihcé'the'focal spot shoﬁld-not appéar far from the exit
‘window. Howévér, at sufficiéntly_high inpﬁt power, another short
pulse, in addition fo the first pulsé coming from the region near
the exit window was observed, ﬁith a time delay of a few tenths of
a nanosecond between the two. FromvK;(12) and from'the measured
.time delay, we realized that the second pulse must havé come frpm the
region.where.the focus should be moving‘backward. This was just the
region where g clear’imagé of the focus was observed with the camera
focused into the cell. Between this regidn and the region near the
exit window, the'laser light must have been‘laréely.converted.to
Raman light at the focus.

One may ask why the Raman conversion WaS'mofe efficient when the
focus 1is ﬁovinglforward. It is possiblé that the longitudinal dimension
of the moving focus may vary with the fQC&l;SpOt movemeﬁt. For
example, diffraction of light from a focal spot should be more
gradual if difffacted light sees a longer dielectric channél established

29,15 Thus, the

in front of,it by the focus that'appeéred earlier.
éffective focal regibn cpﬁid‘be loﬁger for the forward moving focﬁs,
and consequently,vthe Ramen conversion is higher. At the exit window,
Raﬁan éonversion.is limited since the window intercepts thé focal spot,
and hence the focus is observable at the laser frequency. No theo-

retical calculation is yet available for such an argument.

All the above experimental results support strongly the movihg
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focus modei. They would be very’difficuit to be explained ﬁy the
selfftrapbing model. However, fheSe e#periments all tend to be
qualitative; In order to be more convineing, we must demoﬁstrate»the
-focaléspo£ movement directly‘and qﬁantitatively. For this purpose, we
perforﬁedLa'time—of-flight.e#periment on the"moving foeus;
fThe7input'laser beam we USed for this experiment had a diameter
of 300 ﬁ-and'e peak power of 100 KW. Using the method of Wang,lo we

found experimentally, for this beam propagating in toluene

k/p /% = 4.33 em ana P = 30 KW in Eq. (12). Knowing K/Pol/g, and
o . : ) .

P(t)/PO for a given input pulse, we then plotted the‘corresponding U -
- curve for the moving focus as shown ihiFié. 5. | |
~ For the time—of—flightvmeasﬁrements, we used e 36~cm tolﬁene cell,
.and inserted a beem splitter (an‘anti—reflectioﬁrcoated microslide |
of 100 ﬁm tﬂick) in the cell'at'e disfanee d from the‘windew. We
waﬁted to see whether thé time at which the foeus arrived at d with
respect fo the focus at the exiﬁ window wes correctly predicted by
the’curve.in Fig. 5; The eXperimental'éétup: was also shown in Fig; 5.
Focal spots of about lb um in diameter Were observed both aﬁ the beam
splitter.and et the exit window. The diffracted light.from both focal
épets was coilected with appro?riate optieal de;ayvby'the same fast
photodiode, and two pulses with duration less t@an 0.1 nsec. showed ﬁp
on the oeeilloscope. The time difference eetween the two pelées ceh
‘be measured to within an accuracy of 0.08.nsec. The iﬁput laser pulse
was also monitored simultaneously by a separatebfast detection syetem.
We found that for 4 = 6.5 cm. and 15 cm., the time delays At |

between the two pulses were Q.08 nsec. and 0.25 nsec. respectively.
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These meaéufed tiﬁe delays agree well with‘the predicted yalues obtained
from the'U)curVé as shown in Fig. 5. I fhe’two pulses had come from
a éhort light pulse propagating with velocity‘of light in a trapped .
filament, we would havé found At = 0.32 nsec. and 0.75 nsec,. respectively
for the two cases. Therefore, this éxperihent proved quﬁﬁtitatively

that thé mé?ing focus model gave_the‘corréct déscription of the filament.
It_also.shéwéd that the forward moving‘focus indeed traveléd faster

than light.

' We did not manage ﬁo obfain more data points ih tﬁis experiment
because we were afraid that insertion of many beam splitters in the
liquid céll might affect self-focusing of thé beaﬁ and the intensity
fluctuations of the léser pulses from shot to shbt were nbrmélly
lérger than a few pércent} In the next section, we shall describe
another fime—of-flight'experimént. There, many data points were taken
to show thevfull agreement Bétween theory and experiment.

4. Correlation Between Self-Focusing and Stimulated Scattering

It has been known for a long time that stimulated Raman and

-9

Brillouin scattering in a Kerr liquid is initiated by self-focusing.
However, little detail is understood, because of our limited knowledge
on thevsmali—scale filaments.

We have performed experiments to correlate, as much as we can,
the generation of stimulated Raman and Brillouin radiation with the
filament formation through self—focusingf' In one of fhe experiments,
we simultaneously monitored the input léser pulse, the laser and the
Raman-Stokés pulses diffracted from thé axial region within ~ 2 cm
from the-exit'window, the backward Raman-Stokes and‘Brilloﬁin pulses,

and the image of the beam cross-section at the exit window. The
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experimehtal setup is shown.in Fig.é6. The' Kerr liquid used in this
case Was toluene{

With the input laser power’ 1ncrea81ng from below to above the
self—focus1ng threshold the follow1ng sequence of 1nformat10n was
obtained} A typical set of data is shown in Fig. T
(a) Below the self—focu51ng threshold no stlmulated Rerian and Brillouin :
scatterlng was detectable (by our earller deflnltlon) (Fig. Ta).

(b) At the self—focu51ng~threshold,vthe beam dlameter reduced to about
50 ﬁm; the diffracted laser'pulse had a duration of about 1 ﬁsec;

the backward Brillouin pulse,appeared; bﬁt both forward and backward
Raman“radiatioﬁ:was below fheedetectable-level (Fig. Tb). |
(c) fSlightlj above threshéld, the beam diameter réduée& to within
e_fector'of 2 of‘the limiting sizé'(; 10 um)s the duration of the
diffracted‘laser pulsevdecreased to less than.l hsec; the backward
Brillouin pulse remained nearly unchahgedg.the backward Ramanvpulse
ﬁow-appeared; vhile the'forward Raman pulse, theﬁgh also present, was -
very'weak by comparlson (Flg. 7c) » |

(a) With hlgher input power, the ‘beam shrank to its llmltlng sizey -
the'duration of the'laser pulse &iffracted,from the'filament»reduced-
‘tb‘aboﬁt.QOQgpsec;theferward Ramanvpﬁlses Beeeme much stronger, while
the backward Reman and Brillouin pulses remained rcughly the same
(Fig. 7®; | | |

(e)' Further 1ncrease of the input power reduced the duratlon of the
1ﬂd1ffracted laser pulse to less than lOO psec w1thoUt affectlng theA
llmltlng size- of the fllament the energy content 1n the’ pulse was

- about 30 ergs;' The st;mulated.Reman”pulseS'Wlth;pulse:duratlon less
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than lOO,psec.'appeared roughly unchanged.‘ The energy contents in
the forward and the'backward Raman pﬁlses‘were dbout:lO'ergs and 100
ergs resﬁectively. The backward Brilloﬁin pulse had a longer duration
for a higher input power. Typically, it wes a few ﬁsec. long with a
-peak powé§$bf about 10 KW (Fig. Tel. -

Simi&;f results were obtained by Maier_et"al.h2 on CSQ. ‘These

results can elso,be understood with»the'ﬁoving focus model. BSelf-
focusing initiates,both stimulated Raman and stimélated Brillouin
scattering. Since the‘response time of the Raman process is about a
_few psec.,, the Raman radiation . | grows~dlmost instantaneously
'fo its steedy—stete value. .On the other hahd, the response time of
the Brillouin process is-much‘eIOWer (~ 10 nsec.), and theiBrilleuin
radiation can only grow With a transient gain. Then, as expléined
by Maier et al.,l,‘2 although the Brillouin build-up is transient,

its gain is still large, and the generated Brillouin signal may reach
the.detection th}eshold sooner than the Raman signals. In that case,
the‘Raman eigﬁal will show up at somewhat highef input power. As
mentioned eérlier in Seetion II, the backward Raman radiation has its
wavefront initiated from A (or beloW.A if the eell length is shorter
Avthan zA) on the U curve in Fig. 1. It intercepts the incoming ffesh
laser light and gets highly amplified into an uitréshorf pﬁlse.hl
However, 'as seen from Fig. 1, if the input laser power is higher
(corresponding to a lower U curve), the active_path for the backward .
Raman amplification will not be any longer,fand therefore the back-
wafd Ramaﬁ pﬁlsejshQUld'remain roughly'unehanged. The backwara

Raman and Brillouin scattering depletes the laser light effectively,
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as can be seen by comparing'the'tranémitted'laser pulse with the input
pulse. A typical e#emple from our eiperiment is shown in Fig. 8.‘>
The forward'Raman radiation is.generatedlmainly in the focus all
along the axis. The'pulse'we detected'Came from the last 2 cm towards
the exit ﬁindow; and therefOre a; sﬁfficiently'high input power,
should have a short duration Just as the laser filament pulse (light
diffracted froﬁ the filament near fhe ekit winccw) and should be
nearly independent of the inpﬁt pcwer. We found_thaﬁ this.forward
Raman pulse was always coincident in time with the laser’filament'
pulse. |

Knowing where the'laser'filament pulse and the backwerd Raman
pulse come‘from. we canvperfcrm another tlme—of—fllght experlment to

check the moving focus model quantltatlvely 30

We simply measure the
time correlation betveen the'two pulses and coﬁpare.the reeult with
the prediction obtained from the'U curve ., The ekperimental setup is
shown in Fig. 9. 'wé detected'the two pulses simultaneously by the
same fast detector with approprlate optlcal delay From.the time
dlfference between the two pulses, we could calculate the dlstance d
between the focus and the'posltion of the backward Ramdn pulse when
the focus Jjust reaches the end of the cell. The experimental results
are shown in:Fig.lO,'with'd plotted as a functioc of theﬂinputzpeak
poWer‘for focr different cell lengths“'On the'cther hend; we obtained

a U curve for each input laser pulse from Eq. (12);with z, as a func-

‘tion of P/Po? Wwhere KO/PO / was found experimentally, using the method

10 v . . _ S : -
of Wang, to be 2.8 cm for our laser beéam with a diameter of 300um.
From the U curves, we were able to calculate the curves of d as

a functlon of. the input- peak power for dlfferent cell lengths. They

are shown as solid curves in Fig. 10.
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Figure 10 shows that the quantitati?e agreément between the
expeff@éptal data obtainéd directly from time correlation measurements
and %ﬁéﬁﬁurvés calculatéd from the'mdving focus model is very good
indééa.' This proves that thé’moving focus model correctly describes
the observed filamént3 and in particular; thebforwérd moving focus has
é velocity fastér tﬁan the vélocity of light. It also confirmé ouf
assertion on the position where the backward Rgman'pulse should be

initiated.

'5; Sﬁéétféi’BrOadgging Iﬁdﬁééd;§y’a MovingﬁFocus’

' Spectral broadéning’bf light emittéd frdm a‘filament was always
fuséd?as : évidénéé to support the Selfetrapping model.23’ 46-50
However, in a recént theoretical';_;aper,l‘t5 we showéd that'because Qf
ﬁhe appréciablé An({,t)'induced by thé'moving focus, the self—focuséd
" light traversing the niedium cah,acquiré a phase modulation whigh leads
to the brb&dened»épectrum.sl There is more Eroadening if towards the
end of the cell, the velocity of the forward mbving focus is closer‘to
the light velocity. Then, after fassing through the focus, the
defocused light would see the chaﬁnél of An moving in front of it,
and Woula therefore be nonlinearly diffracted (or éaftially trapped>
'in’the channel fdr some distaﬁce.hs | “ | | , a

For the experimentsal coﬁditions in Fig. 5, the theéry predicted
a spectral broadéning of sbout .0.5 cm'—l forvthe laser light emitted
from the filament at the end of the toluene celi. " Such a broadening

should be observable since the spectral width of the input laser was

only 0.0l_cmfl. To check this, we used a Fabry-Perot with a free
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spectral range of 1 cm—l. The experimental arrangement is shown in
'Fig. 11g. As before, the 0pti¢al system only allowed light'emitted
from the filament at the exit window to go into the Fabry-Perot. The

results are shown in Fig. 1lb. A spectral width of about 0.3 em™t

was seen, and is slightly more for higher input power aS'prediéfed.

To see a broadening of the order of 100 cm_l, as observed commonly
‘ Lo-bg . T :

the theory requires the focus to approach
‘ 45

wifh.multimode lasérs,
the'ékit window with a velocity equal to aboﬁt 1.1 c/no. With the
same laser beam used in Fig. ll' this‘reqﬁires a toluene cell of more
'thanleO em long. If, hoﬁever, the duration Qf_the‘input laSer

pulse is reducéd to 1.5 nsec., then only a 35-cm cell is needed.

The above prediction was verified by using a weakly modé—locked
lasef with a single transverse mode.29 The laser beam had a dlameter
6f 250 ﬁm, and a makimum peak péwéf of 120 KW. Thé'pulse width of each
mode~locked pﬁlse was 1.6 nsec. A set of spectra teken with a Jérfel-.
Ash 1.5-m. Fastie spéctrograpﬁ is shown in fig.'l2. They corresponded
to mode-locked pulses with peak power.iérger than 100 KW. For lbwer
peak power, the observed broadening was iess. This semi—quantiﬂati&e
agreement between theory and experiments on spectral broadening is
“another stroﬁg pféof for thefmoving focus model.

» However, each observed spectrum in Fig.i2 was in fact a
supefposition of the spectra of sévera; filaments created consecuﬁively
by sevefal pulses in the m@de—lbcked train. This was evident from the
oscilloscope ﬁracés of the filament pglses (as an exampie,'séé‘Fig. 13).
It.maae Quantitativé_coﬁparison between theory and expériments difficult,

since we were unable to.separate the contributions of individual
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pﬁlsesito,theﬁSpectrum;' In order.to obtain more_meaningfui results,
one must‘repeat the exﬁeriments by switching out a single pulse in the
mode—locked tfain; so that only a single filament is present. Such

an experiment has been performed with results in good agreement with
tﬁe}%heoretical pred‘ictions;52

 :fiMost of thevekpe?imental results reported in this section were
obtained.with toluéne., We have perfOrmed similar-experiments on CSQ.
There was no qualitative differenee between the two cases.. We can.

"~ conclude from these .results that, at least for nanosecond input pulses

the observed small—scale filaments were ac¢tually composed of moving
fqdi.VVWe shall see in the following section thet fhe moving focgs
model caﬁ also‘describe satisfactorily the earlier experimentel resﬁlts
on small-scale filaménts obtained by others with Q—éwitehed lasers.
B. Interpretations of Earlier Experimental Results |
vThere have been mahy;observations on small-scale filaments repdrted

in the 1iterature; Some ef them confirm the moving focus model,.but
othéers. have been ueed to support the self—trapping model. We shall
.noW re—examine these eiperiments and show that the moving focus model
can explain at-least qualitatively all the oBservafiens. In this section,
we shallllimit our-discussionvto experiments with nanosecond input
pﬁlses. | | - | | |

A number of experiments were performed with a single-mode laser
beam which upon self-focusing, gave rise to a single filament.28—3h’hl’b'2’53
The properties of the filaments reported there agfeed well with our

observations. The few seeminglyedifferent observations can be traced

back to the difference in the input conditions such as the input beam
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cross-section, the input‘pﬁlse duration, the celi'leﬁgth, ete.,

For exémple; Korobkin et al.32 observed with a streak camera only
the backward motion of the focus. In their expéfiment, the laser peam
'had a pulsewidth of 15 nsec., a peak péwer of 1.5 MW, and a beam diameter

of aboutl;25 mm. The medium was a CS_. cell of 10 cm long. Then,

2
according to Eq. (10) and what we discussed in Section IIB, the fécus
should firétvappear at the end of the cell énd move backward. This is
also the case in thé experiment of Maier et‘al.,hl who used a laser
beam with a pulse duration of .15 nsec., a maximum peak power of 1 MW,

and é beam'diaﬁetef of 600 um ih a;CS2 cell of 30 cm. As a consequence ,
their results, from the‘measufeménts of-corfelétion between the
backward Raman pulse and the filament pulée similar td‘ours (section IIIA3), .
showed that the.backward Raman pulse was initiated at the end of fhe
cell, appéariﬁg to be quite different froﬁ ours.

Tﬁe experimental results of Maierbet‘al.h2 on the relation between
self—focusing and.stimulated scattering agree wélllwith our observations.
The laser beam used for their experiment had a pulsewidth ofv25.nsec.,
a peék power var&ing between 50 KW and lSO_KW, and a 5eam diamefer

of 435 u. In a CS, cell of 30 cm long, the moving focus should always

2
appear first at the end of the cell according to Eq. (lC);3 It is’
éasily_seenvthat their results Wére_consistegf with thé méving focus
model (see Sections IIB éﬁd IIIA3). They uséd the_péak transmitted
laser power ﬁo calculate the diameter of the.fécused beam. Tﬁis.was
cdrrect in»their case. However, in'general, the'peak transmitted laéer

power corresponds closely‘to'the value at which backward'stimﬁléted

Raman scattering is first initiated (see Fig. 1, rememberihgvthat'after
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the Raman pulse is initiéted, the incoming lasér power is quickly
depleted to a level below Pcr), énd may not bé.réiated fo the power
which determines the diameter of the foCﬁsed beam.

'f—tIn most of the earlier experiments,’multimode.lasérs were used.l2—15
.Iﬁétéad of a singlé filament, tens or even hundreds of.filaments were
obéerved in one shot. In some cases, the Qutput of a pulSe laser méy
‘consist of mainlyfTEMOO/mode with only a few percent admixturé 6f
higherQorder ﬁodes. .Such a beam_will appear to be diffréction limited
for all practical purposes, and in-fact for many lower-order nonlinear
optical experimeﬂts éanvbe taken as TEMoo mode invthe énélysis_without
noticeable error. This is, hbwever, not.the case for Self—foéusing
study. As showﬁ by Bespalov andvTalanov,go é beam with a’power‘aensity
F in a nonlinear medium with n = n + nZ,Elglis gnétable against

spatial intensity fluctuations with a characteristic size

A= 01/2/(167m02n21~")1/2 - (13)

where Ao is the laser wavelength. For F = 50 MW/cm2, 1, ~ lO-ll esu,

we have A ~ lOOum. Therefore; a small hump of this size in the intensify
distributioﬁ may cause the 1oéal‘part of the Beam to self-focus independently
of the rest of the beam.‘ In addition, the local intensity may show narrow.
spikes in time, although the total powér of the Wﬁole beam has a smooth
variation. Theée gre the reasons for the observation of many filaments

54

with an apparently single-~mode laser. Recently, Abbi>and Mahr have
1dbtainéd direct evidence of the correlation between filaments and

iﬁtensity spikes.
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With the appearance of many filaments, one would loée all informa-
tion about the input conditions fof the formation of individual fila~
ments. Anﬁ Quahtitative>comparison between theory and experiménts would
tﬁén be impossible. However, the qualitativ¢ features of the results
on filaments can still be described fairly wéll by the mbving focus
model. |

It was observed that even a Q;switcﬂed laser bean yielded filaments

~with appreciable spectral broadeﬁing. This was used as é strong argument

23,46-50

for fhe self-trapping model. We now understand that-in.thdse
experiments the laser beam was multimoded;land must have contained
narrow spikes of the ordéfiof 1 nseé.’orvless.sh As we Shoﬁed in .
Section III'AS,»these spikes were respbnsible for the obsérved filaments
with broadened spectra, buﬁ these filaments were actually composed of J
'Vmoving foci.

| Tﬁe experimental results'wﬁich have most‘oftenfbeen used as argu-
ment for the self-trapping model are fhoéé of'Dénarieszoberge and
Taran.23 However, their results can be'éxplained quite satisfaetbri;y
by the moving focus model. They found that filaments were stili present
after the laser beam Pasééd through a screén with 30 um holeé, and the
number of filaments decreases:by a'factor of 3 when a glaéé slide of
_ iﬁm thick was inserted in the liguid aﬁ 1.3 em froh the eiit ﬁindow.
Since about 50 filaments were observed with a laser beam of 500 um in
diametér in their expériments, it was clearly\poésible that local.
iﬁtensity humps of.30 Hm or_less.in diametér éould govthroughvthe holes
on the screen and Self—focus_to form filaments of moviﬁg foel after the

screen. On the other hand, the small local humps in the beam'profile .
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and the filament already formed would be smoothed out by diffraétibn

in passing through thé 1-mm giass slide and woﬁld not have enough
strength to'self—foéus intd filaments in thelrest'l.S cm disﬁande;
Therefofg, the number of filaments after the>gléss'slide should decrease.

23

Denériez—RQberge aqd Taran®> also showed that the observed.spectral

_ bfoadening};ﬁéfeases with the length of a filamenﬁ; According to the
moving focus model (Secﬁion‘IIB), a longer filament corresponds to a
higher input laser péwef-or a lénger cell length. 1In both cases, from

L5

our analysis on spectral broadening, - we should expect to see a

broader spectrum. This was confirmed in our recent experiments with

| | 52

weekly mode-locked pulses.
Thus, so far as we know, there has been no experimental results

which are inconsistent with the moving focus model, at least for the

case of nanosecond input pulses. Some obsérvatiorislh on the filaments

reported in the literature seemed to be anomalous, but those results

were difficult to reproduce guantitatively, and were also difficult to

analyze without knowing their input conditions.
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JIV. .UNSOLVED PROBLEMS OF SMALL-SCALE FILAMENTS
Quite a feﬁ teéhnical difficulties exist in thé:éxpe;imental study

héf self-focusing aﬁd small-scale filaments,qeven'for~the caée of |
nanosecond input pulses. In_order to measure characteristics of
self-focusing and filaments, one would like to have in addition to a
well-controlled, high-poﬁer sinéle-mode lasef; detection systems of
varioﬁs forms which have both high sensitivity and fast fesponse time
with time-resolving po%er, hopéfully in the picosecdnd range. While
some of them may be available, others are not,ﬂas iimited by our
bfesent—day technolégy. Consequently, we have no£ yet been able to
obtain quaﬁtitative information for all filament,properfies,

| One of the most important propertieé yét.to be measured quantita-
tively is the duration and pulse shape of the filament pulse emitted
from the filament near the exit Window. Theoreticaily, from the'moving
focus model, this'pulse duration in the limit of high input‘power should
be of ‘the order of the relaxation Fimé for molecular reofientation,AS
and if nonlinear di ffraction (or partialvtrapping) of light.occurs‘in
‘the channel of induced refractiﬁe index 4n, the.pulse shoﬁldvappear'

L5

with a longer trailing edge. Measurements of pulse duration and

pulse-shape asva function of'input laser poWef_and cell length will
give us not only another check on the_moving focué mbdel, but also
informaﬁion on how the light is diffracted froﬁ.the focﬁs. In this
- respect,vwé wduld also like to khdw the angular distribution of fhe
filament pulse. Unfortunately, the filament pulse is weak (~ 10 ergs),

the' filament dimension is small (~ 10 pm), and hence, with the presently

'avaiiable detection scheme, measurements of the filament pulse duration
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have nét been able to go belowblOO psec.l5’§3.

In the experiments bn small-scale filaments, i# would always be
moré gratifying if one could observe the whole length of a filament
from the side.' One would then be éble to see how the length of the
filament varies with the inpﬁt power, and‘which section of thé‘filament
has the laser light converted to Raman radiation. This information
will also be of?é%eat’help to the understanding of the problem. In
fact, it wou1a bé;even more\desirable if we could'obéerve how the
beam profile changes with time over the entire ceil length.v Howbver,
the measurements are e#tremely‘difficult, Although side-view pictures
of filaments have been taken, suéh measurements under controlled
input conditions have not yet been reported.

We would also like to know An(f,t) over the‘entire celi, from
which we can map out the field inteﬁsity distribution as a fumction
of time and hencé,_gain infqrmationEOnfthe dynamics of selfjfocusing

55

and filament formation. Shimizu and Stoicheff ‘have tried to measure

a An averaged over a transverse cross-section by using a probing beam
from thé side. Carman et al.56 have used esseﬁtialiy the same
technique in tﬁe picosecond case. However, the-resolution‘of their
technique in space and time is still low and.the'accuracy is poor.
Theoretically, there are computatiqnal difficultie; in the
self-focusing problem. In principle,‘the'problem.is éimple“since one

only has to solve the wave equation (5) together with the relaxation

equation (7) for An. Unfortunately, the solution of such a set of

coupled nonlinear differential équations is a major problem even on a
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-big computer. Calculation of self-focusing in the pre-focus region '

,3,18,19,38 but no one has yet been successful in extending

the caiculgtion into and beyond the focal region; Such a calculation
could give us the dimensions of the moving focus and in‘particular,
the detailed geometry. of focusingvand diffraction of light in the
focal region.,_From the success of the moving focus model, we can
almost be certain that the observed filément size should c¢orrespond

to the diamgter'bf the moving focus. We'aiso believe that the geometry
df focusing and defégusing depends on the input power and the position

2 However, it is likely that both the size of the

of the focus.
focus and the focusing geometry are thé results of interplay between
selfafOQusing and stimuiated scattering and other nonliﬁeér processes.
Inclusion of stimulated‘scattering in the self—focusing‘calgulation
will certainly mske the calculation even much'more complicated, and
reasonable approximation must be used before one‘attempts to solve the
set of coubled.equations._ It would, of course, siﬁplify the problem
a great deal if one could suppress the stimulated scattefing processes
by some appropriate means. The simplest cgse of Self—focusing is
pfobably»thé casé of self-focusing in a monoatomic gas,58 where An
arises froﬁ satufation of the refractive indeg in the anémalous disper-

59

sion region. There, not only stimulated sc¢attering does not occur,

but also since An is an electronic effect, it responds to the field
instantaneously. In additioh, the focusing does not seem to be as

sharp as in the case of liquids,58 The calculation of self—fdcusing

can therefore be greatly simplified. Another way of suppressing the

stimulated scattering processes is to use ultfashort'pulses.v However,
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even with picosecond pulses, one.cannot sgppress_the stimulated Raman
scattering completely.60 As a mattef of.fact, the-_picosecoﬁdvcase has
édditional complication;'resulting from transient fesponse of An in the
pre-focusing region. It happens that bepausé of the transient‘response
of An, self—fpcusing of a picosecond pqlse is not very sharp,38 and
therefore, céﬁ@iete numerical solﬁtioﬁ,of this picosecond problem
should be poésible with the available qomputers;6l In thé néxt section,
we shali discuss only Qualitatively\the problem of self;focusing df‘

picosecond pulses. -
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V. SELF-FOCUSING OF PICOSECOND‘PULSES

We have shown that we caﬁ successfully explain the’observed fila-
ments with fhe moving focus modelvfor‘thé case of nanosecond input
pulses. Now, we want to show that by properly modifyiné the moving
‘focus model, we can aisq9explain‘thevobsefved filaments in ﬁhe picosecond
case.

The problem of self-focusing of picosecond pulses in Kerr liquidé
is different frém the nanosecohd case in two respects. 1) The spatial
extent of a picosecond pulse iﬁ the propagation direction is only of
the order of a mm. 2) The picosecond puisewidth is éf the»order of
the relaxatibn time of fhe orientational Kerr effect, and thereforé " the
field—induced An due to molecular reorientation cannot respond instanta-
neously to the varying field. This makes‘selfefocﬁsing of the beam much
more gradual,

The major difficulty of this picosecond problem at present is, however,
not theoretical butvexperimentai. It is difficult to make a mode-locked
laser lase in a single transierse mode. Consequently; in the self-focusing
experiments with picosecond mode-locked pﬁlses, one uéually_observes
many filaments in éach shot. In addition; because of lack of proper
detectors, one cannot obtain detailed quantitative knowledge aboutkthe
temporal and spatial distribution of a picosecond pﬁlse. Thus, without

»knowing quantitétively the input conditiéné, our interpretétidn of
the experimental results can at most be qﬁalitative. This lack of
 information about the input pulses is also the reasdn for the apparent
differences in the observed characteristics of tﬁe filaménts reported

by different research groups.
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Generally speaking, the filaments observed with picosecond pulses
are quite similar to those generated by nanosecond pulses. There are
many reports on‘the observation of filements in Kerr liquias with pico-

25,27,56 The results obtained by Svelto and ¢o—workef825’27

second pulses.
are probably among the best and have Been mosﬁ carefully analyzed. Their
results -and also those of othérs56 show thaﬁ the filaments have the
following general characteristics. 1) The filaments are a few microhs:
iﬁ diameter.»f§§ :The filamént_rédiation show large spectral broadening
with semi—periadic structure. In some cases; the extent of broadening
on the Stokes and the“anti—Stokes sides are’neafiy equél. 3) .The
spectral broadenfng appears to have no radial depéndence over the main
cross-section of a filament. L) The extent of spéctral broadening
inqreaseé with the input peék power- and the length of the liquid medium.

Svelto et al.25’27

used the self-trapping mddel to explain their |
results. They ghowed that for successful interprefation of the results,
there“should exist a ﬁhysical meéhanism whichvcontriButes non-negligibly
to An and has a relaxation time in the-éub;picosécond rénge. They
suggested that rocking of molecules céuld be‘thé mechanism. They also
deduced from théir analysis cher conclusions which, however, appear to
be physically unreasonable. ‘In this section, we shali show that their
results_can also be explained by the ﬁodifiéd moving focus model. It
is not necessary to introduce rocking of moleéules as an imporﬁant
mechanism for An.in Kerr liquids. The unreasonable concluéions can also
be avoided.

Theoreﬁically, selfFfbéusing of a picésecond pulse is also governed

by the set of Egs. (7) - (9).‘ If the pulsewidth is comparable with
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the Kerr relaxation time 7, then the quasi-steady-state épproximation
ié no longer valid, and self—focusing of the latef part of the beam °
now depends on how the leading part_interacts with the mediﬁm. While .
analytical solution of Egs. (7) - (9) is difficult to obtain, numerical

sOlution'has.been attempted by Fleck and Kelley,38

and more recenﬁly
extended by Shimizu and Courtens.62 Here, we shall only describe the
solution qualitétively. |

‘From‘EQ. (7), we find An(z,§) = (l/T)f%w'Ano(Ag(é,n)je_(g-n)/rdn.
Therefore, if the pplsewidth of the input pulse is‘short or comparable
with the relaxation time T, then propégating iﬁ thé medium, thgrlast
pgrt of the pulse should alwayé see a larger An and consequentl&,should
focus earlief. Thus,lwe would find that the propagating pulse first
gets deformed through self-focusing into a horn shape with
the broad face corresponding to the leading edge (see Fig. 1h).62
Because of the transient response of An, this self~focﬁsing is much
more gradual compared withvthe quasiésteady—state cése.38 Then, for
the same reaéon, this horn-shape pulse éan travel a long distance in

62,63 In this region,

the medium without toobmuqh change in its shépe.
the self-focusing action of the pulse (except the leading edge) is
roughly balaﬁced,ﬁy' diffractioﬁ.‘ However, since the leading edge
“'keeps on diffractiﬁg, the entire horn-shape pulsé should evenfually
diffract accordingly;r | |

Let us look at the propagation of differéht parts‘of_the ﬁulse

. _ 6L v v . .
separately. h_ The front part sees little An and therefore keeps on

diffracting. The middle part sees a An induced by the front part. It
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.f%rst self-focuses and then gradually diffracts as An decreases follow-
ing the diffraction of the front part. Because of the relatively small
An it sees, the diameter‘bf the-fdcal'spot can be.fairly 1érge. .Also,
because of the transient response of An and the slow diffraction after
focusing, the focal region can‘bévvéry lbng as éompared to the quasi-
steady—staie case. Similar description apﬁlies to the last part of

the pulse‘eXCéﬁf that it sees a larger An.and thérefore focuses to a
smaller diameter. The focal region can still bérexténded over many
cms.62 Comparing with the.quasi;steadyestate case, we realize that

the differences are only in the dimensions of the.focal region and in
the detailed geometry of fécusing and difffaction{ 'ih the quasi-steady- -
state case, focusing ié mﬁcﬁ sharper'and the longitudinal dimension

of the focal region much.smaller.

We shail now discuss how the above physical picture'can>explain
the observed charactéristics of filaments produced by picosecond
pulses. First, as the horn-shape pulse propagates in the medium, the
étreak described by the neck of the horn corresponds to fhe filament.
Then, as the hérn;shape pulse diffracts, the neck of the horn increases
in diameter proportionally, and eventually the‘filament appears'to be
terminated, aé observed by Carmen et 51.56 We recognize.that the
diameter of tﬁé neck should correspond to the diameter of the filament.
However, numérical calculations of Shimizu and Coﬁrtens62 indicate
that céntrary to the experimenfal ébservation, the diametér of the
ﬁeck should aepend quite sensitiveiy on the peak power of the input
pulse. It is believedvthaf some highly nonlinear bpticalvproceéses

could stop the focusing action and hence 1limit the diameter of the
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focal region.62 For example, multi-photon ionization could haﬁpen in
the focal region and regulate the beam diameter.

It is probébly more important tp explain the obéerﬁéd characteristic
spectral broadening. From what we have learned in the nanosecond case,
we know th;t spectral bfoadening isvmaigly due to phase mbdulation, and
that the qﬁalifative feature of the semiperiodic bfoadening does not
aepend crifically on the final pulse shape. 'we éhallibe interested only
in the spectral broadening of radiation from thejfilament; As an
‘apprbximation, we can assume that the phase modplation in'the region
_before the pulse more or less stabilizés_into a horn shapebcan be
neglected since An in this region 1is relétively sﬁéll. Théh;Athé
overall phase modulation arises simply_from the result of the horn-shape
pulse propagating in thé noniinear medium. We shall also assume that
diffraction of the hornfshape puise can be neglected. This is true
ove; a 1imitéd distance. As we mentioned earlier, at long distanceé,
diffraction becomés appreciable and the filamen£ finally disappears.
Althoﬁgh phase mbdulation may still pefsist, the spectral intensity
should greatly reduce. | |

To illustrate spectrél'brOadening due to phase modulation in this_

case, let us assume that the horn-shape pulse propagating in the medium
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. . 2 2 2_ 2,.2 v)]
‘has the intensity distributlon given by Ao expl-& /tp 2% /ro(g

with ro(g)/a =}} if £ < t%-
= (1-A)e'(g'tl)/Tl + 4 - irt, SE<t,
= (1—A)é'(t2'tl)/Tl + A | ‘if. _ £ > t,

iy .

‘ t | t coefficients. We choose,
where tp’ a?.tl, t2, Ty and A are constan

=27, T, = 1, and A = 0.05,

as an example, £, = 1.25 T, t; = 2.5 T, t, 1

2, 22 L
' i = 40,
with T taken to be 2 psec for CSQ.- We also assume.AO/(2n2/no)K a
These values are chosen to approximate the calculations in Fig. 1 of

- » )
Ref. 38. From the given intensity distribution AT(&,z), we can cglcu

-

: - _ . 5 .
late An(£,z) from Eq. (7) by assuming Ano = n A", From Eq. (9), we

fina at r = 0,
35(E,2)/02 = (bn/n_) - ( 2/K°To(E)) aw)

, _ ‘ e L = .2 _ .
from which we obtain s(£,z) ~ (08s/dz)z. Knowing A~ and's, we can then
calculaté from Fourier'transform.the'corresponding spectral distribution.

The results for z = 0.15 kag are shown in Fig. 15.

The spectrum in Fig. 15 has indeed the semiperiodic structure
with Stokes and anti-Stokes broadening nearly equal, although the
- Stokes side is more intense. This agrees with the experimenﬁal
25,27,56 |

observation. Numerical calculations of Shimizu and Courtens62

yield a similar spectrum. We realize from Fig. 15> that only the neck
portiohs of the horn-shape pulse is responsible‘for'the énti—Stokes

broadening. while the'fést of the pulse is responsible for the Stokes
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broadening. The Stokes-anti-Stokes symmetry in the present case arises
‘from the fact that the time dependence in Ad = ks comes solely from the

o ' 2 2 : '
f/no = (An/no) - ( 2/k ro), and that the fast

time dependence in Ahef
reduction of ry near the end of the pulse makes rise and fall of An
' appear more symmetric. Withoutthe diffraction term (2/k2r§), we would

find Anef more asymmetric because of the relaxation of An. This is

f
quite different from the nanosecond casé;’ There, because of the rapid
motion of the sharp focal spot, the time.dependence in A¢ is mainly

due ‘to the change of the effective integration length with time.h5’52»

Consequently, with or without the diffraction térm (2/k2r§), the Stokes-
anti-Stokes asymmetry remains nearly the same. If in the picosebond
case, the pulsewidth is either much longer or much shorter than the

relaxation time T, then the An appears less symmetric and the anti-

eff
Stokes broadening would be less than the Stokes broadening. As seen
from Eq. (14), the phase modulation, and hence the spectral broadening,

should increase with the distance the horn-shape pulse travels or with

the peak power of the input pulse.. _
" In the above discussion, we have neglected the dispersive effect of
the medium. Dispersion may be important if spectral broadening extends

65

beyond several hundred cm—l. However, we'believe that it will not

change the qualitative feature of the épeétral broadening appreciably.
'Wé can also find the broadened spectrum at r # 0 from a.similar.

calculation. Since the horn-shape pulSe>is sﬁpposea'to propagate é long

distance without too much change in its shape, the phase functidn s

should be nearly independent of r. This is particularly true for very
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small r. Therefofe, we expect to find little»radié; dependence-in'

the spectral'bfoadening of the filament. De£aiiéd numerica} calculatiéns

of Shimizu and Courténs62 leédbto the.samevCOnéiusiong This was actually’
observed expérimentally, ana was inntéd‘out emphatically by

Cubbedu et al.27 In Eq. (9), the weak dependehcevof s on r at small r means

that'theygédial dependence of the An term is nearly cancelled by that
‘ : i

of the diffraction term at small r.

Cubbedu et a1.25’27 used the self-trapping model to explain their

results. Héfe, a sélf—trapped filamént corrésponds to a shortjpulse of
constant diameter propagating in the medium. In order to explain the
observatian that the‘spectralwbroadéningmef ﬁ filament is-independent --
of r, they arrivéd'at thé conclﬁsion that An mﬁst Have the féfm

An = Anl (r) + Ang(z,t). The appearance of the time-independent An, is,

howavér, é direct conséquence ofltheirnassumpﬁion of a self—trapped fila-
ment. The second part qudepending on the fiéld'intgnsity was responsible
for the phase modulation and hencé the spectral broadening. This separation
df.An inﬁo two parts apﬁears rather unnaturalband.contradicts our physical

intuition. As we have seen, the above conclusion can be avoided in our

P

model. Cubbedu et al.2' derived the values of Ani and An, from their

spectral broadening data using the self-trapping model and Eq. (9), but

were not able 'to eXplain the existence of An which appeared even before

1

the pulse was present in the médium in their analysis. In fact, their
spectral analysis, if properly done, only allows them to deduce An to

within a time-independent constant, and hence An (r) is indeterminable

1

from the experimental spectra in their model. .
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Polloni et'al.25 argued that from the maximum extent of the
anti-Stokes broadening,vas and the nﬁmber of minima m in the.anti—Stokes
side of the spectrum, one can set an upper’limit equal to m/\)aS for
Ithe relaxatioqvtime T. ©Since their experimental databshowed m/vas_
in the suﬁpicosecond range, they suggested that vibration or rocking of
molecules ma& be ihe physical mechanism reéponsiblévfor the spectral
broadening. This is however not quite trug. First from Eq. (9), wé
realize that m/vas‘is;actually the upper.limit of the fall time of s
which should appeaf to déc&y'faster than An becauée of tﬁe;effect of
diffraction. Then, more impqrtantly, one should not expect to sée all.
fhe minima in a spectrum clearly separated. It is possible that in

¢

the actual spectrum, severai peaks are‘lumped together to form a broad
péék;- For“examplé,'if dA@/é% remains roughly constant around |
(dA¢/dt)maxjwhile A¢ = ks changes over 6W; then the;iast‘peak in the
spectrum is éctuéliy the superposition of four individual peaks.
Thérefore, the total number of minima m observed is always less than
the actual number of miniﬁa m given by ~ (A¢)m§%/2ﬁ where (A¢)maxbis
the maximum phase change. Théﬁ, we must use mo/vas instead of m/\)as
as the ﬁpper limit of the relaxation time. Sihée m >‘m, this upper
limit can be longer than the one»givenrby'?olloni et.al.g5 However,

without knowing the detailed variation of A¢(t), it is nOt'péssible

to estimate the value of mo'
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‘Because df the transient response of An;“the thresholdvintensity
for géneration of filaments in the picosecond éése'is.muéh higher
than that in the nanosecond case. Then, aCcdrding‘f6 Eq. (13) shown
by Bespalov and Talanbv,go the beam should be more unstable against

intensity _ _ ' :
spatial/fluctuations and consequently, it is more likely to generate
mény filéméﬁts if the beam does not have a peffect:TEMoo_mode. Experi-
mentally, 6ne usually finds. several or.many filaments in eaéh shot
when the picosecond mode-locked pulses are used. .’

"From what we have discussed, we can conclude.that the modified
moving focus model can indeed explain successfullyvthe experimental
results of filaments generated b& a picosecond pulse. More quantitative -
interpretation shduldﬁcome from the ﬁumerical solution of Egs. (7) - (9)
with éppropriate input conditions, as has been attempted by Shimizu
and Courtens.62 However, in the'calculations, it is also important to
incorporate the appropriate nonlinear processeé which control tﬁg final
geoﬁetry of focusingf It is‘of'coursé more important to have controllable
experiments on filaments in fhe picoéecond case. Without knowing
exactly the ihput conditions in tﬂé experiments, the results can‘at
most be interpretedVQualitatively. .

Finally, we should discuss briefly self;chﬁsingbof a picosecond
pulse in a medium where electronié'contributionifo nonlinearity is
dominant. This has been the subject of many expérimental reports,Eh,26,65_
all of Which havevuséd the self-trapping.modei'to eXplain the observations.>
However, from our previous discussion, it is_clear.that the moving focus

model should be more appropriate for this case. In faét, since thé
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>

electronic relaxation time is of the order of lO—l sec., which is much

shorter than a picosecond, the quasi-steady-state approximation of

s

-gelf-focusing applies here. We can therefore again_draw a U curve to

describe the'moving'focus;.but the Vidth of the U curve is oniy a few

2 ' :
9,45 the output filament

picoseconds. -As we mentioned earlier,
pulse should have a characteristic width of the order of the relaxation
time, and hence in the present case, it should have a width of about

10712

sec. This is the shortest opticél pulse one can genefate in
any nonlinear optical experiment. Because of the short filaméht
pulsewidth, the corresponding spectrum should.have a large'sméared
broadening, while broadéning due to phase modulation becémeS‘less
important. Experimentally, no clear'semi—periodic structure was

26

observed in the broadened spectrum.



~h8- - LBL-L31

VI. CONCLUSIONS

We have shown that the moving focus model givés a natural description
of the smail—scale filaments generatéd by lasef pﬁlées'invnéﬁlinear
media. The model éxplains qualitatively all the previously reported
experimentalvfesults onbfilaments. However, we reélize tha£ in order
to prove definitely the‘moVing focus model, we must khbﬁ the input
conditions of the experiments. Only then, the.results can be subject
to detailed analysis. Controlled experiments with known inpﬁt conditions
have been carried out with single-mode Q-switched pulses. The results
are very.well explained by the moving fpcus model. In some cases, even
gquantitative agreement between theory and experimenté.have-been'obtained.
We can therefore éonclude fhat moving foci are indeed respoﬁéibié
for thé observed‘gméll—scale filaments. The moVihg focﬁs hodel, properly
modified, can also explain the observed filaments generated by picosecond
'pulses.r In this case, however, bécéuée of the transient response of
An, focusing aﬂd diffraction aré Qerylgradual, and the dimensions of
the focal regions for different parté of £he pulse can be very different.
As a result, the pulse appears to stabiliée through self—focusing'into
a horn shape and propagate over maﬁy centimefers_without too much
change in its shapef‘ Wé show that in oraer to explain the;observed
.broadenéd épectra; it is not necéssary to assume moiécular libration
as an important mechanism for An as suggéstéd by Polloni.ét 51,25 We
have also briéfly‘discussed the many unsolvéd probléms relatéd to
sélf—focusing and small-scale filaménts. | 1
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FIGURE CAPTIONS

1. TLower trace describes the input power P(t) as a function of
time t. Peak power is 42.5 kW and the half-width at the et

point is 1 nséc; Upper trace, calculated from Eq. (12), describes
thé posifioh of the focal spot as a function of time. Values of

PO and K used aré 8 kW and ll.6zcm;(kW)l/?, respectively, which
correspond roughly to an input beam of hOO>ﬁ in diameter propagating
in CSQQ The dottéd lines, with the siope equdl td the light velocity -
in CSQ, indicaté how thé'light propagates iﬁ the med;um along the z
axis at varioﬁs’t&més. -
2. Densitometer trace of a filament in CS,.

3. Average dismeter of a filament in CSe—hitrobenzene mixture. The

" diameter.is obtained_from'the width at half maxima of the densitometer

trace of a filament. Each point on the curve is an average of five
measurements.
4. (a) Experimental setup to measure radiation from the filament,

néar.the end of the cell. The unfocused and the nonfdivergent back-

,13 2’

‘ ground light is blocked_by'a small disk at D. (L., L converging

lenses; E, exit plane of the cell; A, image plane of E; B, detector.)

(b) Schematic drawing to show that the setup‘discriminates

against diverging light from deep inside the. cell.

(c) Percentage of light reaching the detector from a source’
inside the cell at a distance 4 away‘frOm E. The distances from

E to L, from L, to L,, and from L to B are 11.5, 2L.5, and 41 cm

2 2

respectively. The focal lengths of L. and L_ are 7.5 and 2.5 cm

1 2

respectively.  The detector has a diameter of 2.5 cm. Light
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. . ' =2
intensity is assumed to be constant within a cone of 4 X 10 rad

" and zero outside. The dotted curve represents the case where L2

is removed and the detéctor is placed qt A.

5. Timé—Of—flight'experimeﬁt on thé‘focal spot;" The expérimental
setup’is shown‘on:thé'léftx Thevacufve‘on the right.was obtained
from Eq. (12) using expériméntally détérmined parameﬁers K, PO,
and P(t). The dots with the error barg at 21 and 29.5 cm are
results obtainéd fromvthé time—of—flightvmeasﬁrements with respect
to the focal spot at the end of thé 36—cm.céll.'rThe dashed line

with a slope equal to the light velocity is shown for comparison.

6. Experimental setup with which the input power (P), the backward

Raman pulse (BR), backward Brillouin pulse (B), forward Raman pulse
(FR), filament pulse (F), and filament picture (Fp) can be simul-

taneously recorded. D D2, D3, and Dh are fast detectors.

10
T. A tjpigal set of oscilloscope tracés bbtained with the setup

shown in Fig. 6. for different inputvlaser'powers; 'A toluene cell

of 32.5 cm long waélused in the experiment. See the text for mOre‘
detail (Traces on the left, 5 nsec/div.; traces on the right,

2 nsec/div.). |

8. O;éilloscope‘traces (5 nsec/div.) of incident (P,) and transmitted
(Pt) lasef pulses through a 26 cm toluene cell. |

(a) Below threshold, laser power is not depleted.

(b) Above threshold, laser power is depleted by the backward
stimulated scattering. | | ‘

9. (a) Schematic diagram showing the relative positions of the

backward Raman'pulsevinitiated at A and the filament pulse. The
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ceéll) is defined as a. .

pulse separation at t (when the. focal spot is at the end of_the

!
}

10.. Pulsé Séparation d; as a fﬁnction of input peak poWer for four
different cell lengths. Tgé’solid curves are theoretical predictions4
calculated from the U cﬁrvés détérmined by Eq.A(lQ), using experi-
mentally_d;termined valués of Po and K.

11. (a) Eipériméntal sétup'for méasufing theispectrum of radiation
from a filament using a Fabry-Perot interférométer}

(b) Fabry—Pérbt pattéfné of radiation from a filament for the
casé wheré.sélf-focusing of a Q;switchéd pulsebyields a focal spot
With_a'velocity‘séveral times 1érgér than thevlight velocity near
thé'end of the celi.’ Thé-ffée spectral raﬁgé of the‘Fabry-Perot is
1 cm_l. The oscilloscope tracés (iO nséc/div.) shbwvthe cbfresponding
input laser pulsés and thé sharp backward Raman pulses. It is seen
thattspectral broadeniﬁg increases with the inpuf laser power.

12. A sét of typiéal léser and Raman Stokes speétra of a filament

created by self—foéusing of 1.6 néec mode-locked pulées'iﬁ a 37 cm

toluenelcell, taken Wifh the spectrograph focused at the end of the

cell;bthe laser spectra are on the left with the.slit images centered

at 14402 em™T and the Stokes speétra'bn'thé right with the slit

imagés centered'af‘l3h00 cm—l. | | | |

13. (a) Interleafed input laser pulse traiﬁ and filament pﬁlses.

The.laser pﬁlsés weré optically delayed by 6&n$ec with respect to

the filameﬁt pulses. Three filament’pulsés appeared in phis shpt.
(b).'interleaféd input lasér'pulsé train (optiCally'delayed

by 6 nsec) and Raman Stokes pulses from the filaments recorded
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simultaneously with (a).

(c) Interleafed input'aﬁd transmitted laser:pulse trains
showing deplétion of laser'énéréy; The input pﬁlses weré optically
delayéd'by'é nséc with respéct to the transmitted pulses. They
corréspond fo the train with lower amplitude.

Fig. 14. (a) Profile and intensity distribution in the local coordinate

£=t -zno/c of a picosecond pulsé propagating in space.
(b) Profile and intensity distribution in the local coordinate
E =t -zno/c of a picosecond pulse which has become quasi-stabilized

through self-focusing in a Kerr liquid.

Hi

Fig. 15. (a) Normalized square amplitude Pf 'A2 of the filament output

. 2 : 22 3y
vs time. (Amax/(an/no)k a” = 4.7 x 10 )f

bl

(b) Field-induced phase change Ad in the filament (A¢max = 225 rad.)

(c) Power spectrum of the filament output obtained from Fourier

transform of A exp(ilAg).
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