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SELF-FOCUSING AND SMALL—SCALEFILAMENT OF LIGHT IN LIQUIDS
‘ ' »
Micheel M. T. Loy
'Depa.rtment of Physics, University of California
and

: Inorganic Materia.ls Research Division, Lawrence Radlation Laboratory,
N Berkeley, California

ABSTRACT
Experiments showed that the smé.ll-seaie fil’az_nezits obtained-with.
a single-mode R Q—syitéhed laser were a,ctua.]_ly‘tracks of moving foca’l‘
spots. . We o{served that, ﬁndér appropriate conditions, the_ focal__spof '.
might move forward and heve a velocity faster than the light wfelocitjr
in sgreement with theoretical predictionms. - As a result of its h,igh ‘
intensity, the movizig focal spot leavee behind it a track of field- »
induced refractive index An which lasts over a period of the order of
the rela.xat*on time., Light trailing after the forward-moving focal
spat -can therefore be partially trapped by thls mov-mg optical waveguide.
‘ Due to the time variation of An and the trapping length, light emtted
from the filament is phase-modulated a.nd shows a.‘le.rge spectral .
bmadening; The model is successful in expla.;i;ning many observatione _

on filaments.

T
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I. INTRODUCTION
Among the many non-linear optical effects studied recently, the
Problem of self-focusing and small-scale filaments of light occupies
& special position. It is a fascineting physical phenomena in its
own right. In addition many 1nteresting non—linear processes, such
as stimulated Raman scattering, stimulated Brillouin scatterlng, and -
elf-phase modulation, etc., are known to be 1nduced by the high field
intensity in the filament. A complete understanding of these phenomena
1s not possible w1thout a valid model for the small-scale filaments ’
that initiate them.

2

Askarjan,l Talanov,” and Chiao, Garmire, and Tovnes,3 were the

_first ones to p01nt out the possibility of an intense electromagnetic

.vave forming its own dielectric waveguide in a nonlinear medium with

‘

* the beam power is equal to & threshold value given by P

'.CS

for 1nput power higher than P

analy51s for self—focu51ng.

an 1nten51ty dependent refractive index, n = n, +n IEI They showed

that for a beanm with finite cross section the diffraction effect can

be compensated for by the 1nduced nonlinear refractive index provided

l6ﬂ3n2

= 5. 763
where l is the vavelength of light,C is velocity of light For

Pc = 10 kW. This effect is known as self—trapping. Subsequently,

2,

Kelley,g Talanoir,5 and Akhmanov, Sukhorukov, and Khokhlov6 showed that

> the focu51ng effect from the induced

.refractive index change overcomes the diffraction effect, and self-

focu51ng oceurs.

-9

Experiments were found to largely confirm the above theoretical

It was dlso observed by Chiao,10 et al.

and Brewerll et al. that after.self-focusing has occurred, small dots

.of a few microns in diameter appeared at the exit window of “the liquid

cell, persisting for a large range of cell lengths. The size of these -

~ responsible for the observed small-scale filaments.

" other hand. experiments using single-mode Q-switched laser520

2=

dots eppeared to be a property of the liquid medium, about 5u in CSE.
From the side of the cell, streaks of a few microns in diameter were

also observed-.11
.10

Thése streaks are called small-scale light filasments

by Chiao et al.

ured12

The duration and energy of each filament were meas—

to be about 1 nsec. and about 10 ergs respectively. -
It was suggestedlo-12 that self-trapping as described earlier is
Theoretical attempts

to explain the diameter of the self-trapped filament, however were not

13-15.

successful, and it was not clear how the self-focusing beam can

) 1k,15 16

turn into a filament (or filaments). It was suggested™ that

filament formation might be due to intensity fluctuations of the laser

" beam.

A different model for small—scale filament wes however, proposed
by Lugovoi and Prokhorov,17 who suggested that the small-scale
filaments might simply be tracks .of moving focal spots, in accordence:

with time variation of the inpnt laser intemsity. This moving focus

-model also predicted qualitatively all the filament properties men-

tioned earlier (see Section II for ‘more details)
Experimentally, results from studying frequency broadening of
1ight from filaments produced by multi-mode Q—switched la.sers18 or

19 On the

mode-locked lasers seemed to support the self-trapping model.
definitely
show that filaments are moving focal spots; It was apparent that fila-
ments under.different input conditions have different properties in.
certain respects. If a nodel is correct, it snould be able to take
into accohnt the various input conditions in different experiments.
Recently, we proposed that vwhile self-focusing of an input laser

pulse should indeed Yield a moving focal spotg light diffracting
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after the focal spot can be partially trapped over an apprecigble
length.in the" dielecfric vaveguide established, not by its own pover,
but by the forward moving focal spot with velocity slightly faster
than light velocity.a Ca.loulations based on this picture give pre-

‘dictions in agreement with essentially all observed properties of fila-

ments reported in the llterature mcluding the spectra.l broa.dening of .

'light from filaments at vs.rlous input conditions.

In this work we report the results of our systematlc study of
small-scale filaments. In Section II, the vax-lous theoretica.l descrlp-
tions of filaments are given, and we exa.mine how weu they can explain
the Properties of filaments. We also show how we can obtain spectral v
broadening using the moving focal spot ‘model. In Section IIT, we
describe our experiments using lasers vith'controlled‘ in'out conditions,
and shov that the experimental results can only be explained using
the movmg focal spot model. Discussions and conclusions are presented
in Section IV.

II. THEORETICAL DESCRIPTION OF SMALL~SCALE. FILAMENTS

In this section, we review the theoretical calculations on self-
focusing and see the approxlmations made in them. Then, for the small-
scale flla.ments, we 1ntrodnce ‘the model of sel.f—trapped filament, ang
the model of moving focal spots. We shell discuss how these models
a.ccount for the known properties of flla.ments.

A. Review of Self—Trappmg and Self—Focu%n Nonlinear Medium

l'. Non-llnear Medium

We consider an isotropic medium whose refractive index (or dielec-

tric constant) ,is'intensity-dependent and can be written as

n(E) = n + An

where n is the linear refractive index, E is the electric field; and

' dominates .

T

An is the induced refractive index'change. In the»stesdy state, we

_ have

: 2 v o
fn=pn = n2|E| + oy [E[T + . (1)

vhere the odd power terms vs.nish due to inversion symmetry.
The physical mechanisms behind the field—lnduced refractive in-(
3 19 could de molecula.r re—orientation, electrostriction, deforma-

tion of electron clouds around nuclei and "rocking of molecules. In

' experiments to be discussed in this work where the input pulse duration

is in the range of nanoseconds, molecular reorientation effect often
The megnitude of n2 ranges from 10 R to 10-13 esu.- In
all of the media to be considered in this work An is positive.

If we consider the domirant molecula.r reorientation mechs.nism
only, the non-linear medimn.can be approximated by an ensemhle of
independent &lie;ns.ble symmetric top molecules (such as (S, ), whose,
pola.riza.blllty along the symmetry axis cl is laerger than that noma.l

12-1k

to the axis, o - In the presence of an electric field the mole-

Ucules tend to allgn their axes aJ.orz,s the dlrectlon of the field, and’

) thus increase the average pola.rlzability of the medium, (@) . Using.

this model to calcula.te (a) 1n the presence of an electrlc fleld E,

and the Lorenz-Lorentz relation (n -1)/ (n +2) = § T o ) where N is

. the number of molecules per unit voiume, the steady-state Ano can bc .

obtained,

(n +2)2 | 842 16 3 L
—g—— (—‘ITN) (a“ -2, ) x(r a -7 *1‘75 + ) (2) 

where a = (al -0 )(~1€.’2 ) /2 kT, (E2 ) the time everaged intensity. From
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this expression we can obtmin the steady state non-lineer coefficient
Bys By, D ... in Eq. (1). According to this model, saturation Ofl

the refractive index change occurs when all the molecules are completely
aligned with the field. For CSZ’ this corresponds to An = 0 5.

Thls model neglects effects due to Interactions between molecules,
which is dlfflcult to estimate without a proper theory for liquid
structures. . However, it‘g&ves_en order-of-magnitude estimate for
the zeroth and the first orfer terms.

We now assume that An obeys the folloﬁing relaxation ei;ﬁation22

ta_(|&]%)
(o + 3 ale) = 20— (3)

wvhere T is the relaxation‘time aseociated Wwith the randomization of the
molecular orlentatlon after the field is shut off, and An is .given by
Eq. (2), T is roughly proportlonal to the viscosity of the .1iquid.

For C82 and tolueme, T is ~ 2 psec and»~ 10 psec respectively. Egs. (3)

‘and (2) summarize the non<linear properties of the media to be considered.

2. Propagation of Electromagnetic Wave in a Non-Linear Medium

The starting point is the wave equation,

» .

\72;5-%3—2 D = 0. (%)
' €T att ~T o .

In a nonlinear medium described by Egs. (2) and (3), for a linearly

polarized electric field, D= ¢E = (n + An) E, the propagatlon of the

electromagnetlc wave is descr1bed by the set of coupled equation

~6-
2

(V-1 (ta + Pl = 0
-C at
()
3 An
(? ) An(t) = - -

For an 1nput pulse whose duratlon is much longer than T, An(t) =

and Eq. (5) can be solved in quasi-steady state approximation. Thus,

it E= l/2(&(r z)elfk?‘”t) + c.c) and neglecting higher order terms

‘which are small, we have, from Eq: (5), in qyllndrlcal coordinates,

. An _
3 1938 .. 28 S0, 5
'-3r2s+rar+21k5f70k&_o | (6)

Two categories of techniques have been used to solve the noh-linear

" equations, namely, numerical solution uéiﬁg computers, and paraxial-ray-

"coustant‘ehgpe"vapproximation.,

a. BNumerical solutions. Numerlcal techn1qpe vas first used by Chlao

et all3 to obtain the precise pover and spatial distribution needed for

efendy state, self-trapplng beam, assumlng An = n [EI The power

for trapping is given by P = 5. 763 3 apd is independent of the .

16n7n

”size of the beam. Self-trapped eo-utlon gith all orders of the An

13 were also obtained later.

expansion used
Self—focu51ng solution was obtalned by K‘elleyb through solv1ug

Eq. (6) numerically, assuming P ~ 300 P From this numerical solution

and other physical reasonlng, he obtained an appfoximate equation for

self-focusing length Zf (defined as the distance at which the intensitj .

at the axis increases substantially) as a function of input power, P



-z, = K/(/P - /EE) (7a)

)1/2
2

K-(TH (7b)

_ , | o
_(1.220)% . . _
Fer = 7556 B, _ ‘ (Te)

vhere a is the beam radius and P Has' the physical meaning that ‘t'he‘
inimt‘beavm'wi'lJ_. diffract if P < P_, self-traps it P=P ., and self-
focuses if P > P [The discrepancy between Py, and P » Which is
about PT/2, is due to the somewhat arbitrary physical reasoning

L -
used by Kelley to obtain P (see the following paragraph)].

Subsequent numerical solutions of Eq. (6) by Dawes and Marburger,

and Goldberg et al. 15 using a wide range of values of input power P

below and above the threshold showed that for P > 1.5 P

2, =k /(F-088F_) . (8a)

K' = 0.369 ka® Pcrll 0. 25n e (° )1/2 = g (8b)

P! =P =5.763 2 (8¢)

er T ’ 16m°n : <
2

which are quite close to the approxinate expressions of Kelley. These
expressions are for input beam with Gaussian spatial distribution. For
non-Gaussian smooth input beam, it was. found numerically that K' can

be replaced by K'/f for P » P,y Where f is of the order of 1. The

" paremeter f was first introduced by Wa.ng,3 ‘whose experimental resulfs

agreed with these predictions. The value of 'Pér‘ with £ # 1 also

increases as f incresdses.

Eq. (8) are

-8-

Dyshko, et a.l.n‘also solved Eq. (6) mmerically, using a Gaussian

input beam. The numerical'eomputing scheme used was different from

15

that used by Kelley,h Dawes, et al., and Goldberg et al. The

critical power P for self-trapping obtained agrees well with the

3 15

ve.lue P of Chiao, et al. and Dawes et al. For P > P-’cr’ a finite .-

set of intensity maxima were found along the axis, the number of

- wluch increased (at P > P . only one maximum exists) as P increased.
‘The first maximum (the one with shortest focal distance) appears to

coinclde wlth that ca.lcula.ted by Kelley,h Dawes _et al., e.nd ‘Goldberg

15

et al. No analytic relatlons known vere glven for z, vs P.

£
Fieck and Kelleyah solved the time-dependent coupled Eg. (5)
mmerically for P = 12.5 Py, for various pulse widths 8t of the order
of the relaxation time T. They found that even for 6t/T = 1‘t'TS, self-
focuslng still occurs; however, the focusing distance is about four
times that of Gt/ft = o, .
®. Ce.lculations'using the paraxial ray appronimation. This »method_
2,5 '

was first employed by Talanov ~to obtain self-frapping and self-

focusing '_solutions. It was also used by Akhm_anov-, et al. ,6.Wagner,

23

et a.l.,lh and Wang.

mation were found to be in good agreement with results from numerical

solufions of the nonlinea.r equation.

'_Expressions from this approximation corresponding ‘to Eq. (1) end"
14 : '

The analytic solutions obtained in this approxi-‘

o

3!



lwl, .
2 = K"/(P ~ o )12 8, k tand ) | (9a)
K" « Am.n.uvu.mm = 0.52 ka vt 21k (9v)
Pr o= >.mo>wmawnmv = 0.213 B, o ‘ (9¢)

dwmwm & is the Huwdwmk radius om the dmmE and m is the initial diver-"

o
gent angle of the dmma. "This set of expressions is n:wdm close to
that of Eq. (7) and (8). The size of the beam 2 as a function of
uwounmmduov npmambom z, ‘at any input power P wm mw<mb d%

2 H\N
HAHIm.:vllm.nﬂ.fAH...&m.JO nlvu X a . A“_.Ov

o
(10) should be a good approximation so long as the constant-
shape approximation assumed in this method is not drastically dwopwﬁmm.

From these calculations, we can summarize by the following: . (a)

" Steady state self-trapped solutions exist. arm% require the total

pover be precisely equal to nmwdmws values of wnn which wwwmwm on the
input Mbﬁmbmwﬁ% and mumﬁump.nwmwwwvcwHon. For An = bw_m_N the mmwwa.
dWﬂuuwum uoﬂmw,wm Mummvmbmnnw of the beam size (for a fixed spatial

ﬂwmﬁwwdswwosv. (b) When -the input power is higher than the mmwwl

trapping wo#mw a number of pndmumwd% maxima occur along the axis.’

The location of the Tirst maximum (with the shortest focal awm&mbomvrm

as a function of input power can wmvmvwwokwsmdmww given by an expres- '

sion of wwm.wOHB

P

TWEST) L a

-10-
where the exact values of Nm and Amevm depend on the detail input
intensity distribution. Rough estimates and functional dependence

of K and Amowvm can be obtained from Egs. (7), (8), or Amv. The

exact values can be obtained most noudmnwmbdwﬁ,d% experiments similar

to that of tmbm.m

‘In the remaining part of this work, we will drop
the subscript, e, remembering that K and mWﬂ are obtained experimen-
tally rather then from the expressions (7), Amv. or (9).

gonmw on Filaments .

In this section we shall nmmowudm the proposed models for WHHml

ments. We shall examine how mﬁoommmmsw they are in explaining the

observed facts mvo:d,wwpmsundm mentioned in Section HL aummmw

10-12

include: (1) the appearance of dots of roughly constant size in

the end view picture taken at various cell lengths, (2) the character-~

istic sizes of this dot wow.nuﬂwmwmbd liquid media, (3) the duration
of the filament, Arv observation of wupn Streaks from the side view,
and Amv the energy content of the filament of the order of a wmu owmm
in’ nmm and in toluene.

1. Model of Self-Trapped Filaments (STF)

This model was first proposes by Brewer, et mH.HN In this model,
the filament is vwodszw as a mmﬁwnsmmbwmwbwum vaveguide of constant

diameter satisfying the conditions for the mmHW|debwwbm mowﬁﬂwob of

the bonlpuummw equations described earlier,

It is obvious ﬁwww this model can explain uﬂowmﬂdwmm AHv and (L)
listed mdo<m. For property (2), &um characteristic munmm wow different
prnwmm were not explained in this model. For (3), it was deHw<mem
that the destruction ow filament after about HoJHo seconds nomcpﬁm.\
from heating, possibly wnos the <demawoswp.muoqm% mw<ms.ﬁm,dum

molecules @vﬂozmw the stimulated Raman effect nou<mﬂnm@.wndo ¢Hdﬂnawo=mp
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energy. Heating gives rise to expansion and decrease of refractive-
index and hence destruction of filament. The time required for this
destruction process was .estimated to be about 1 nsec, somewhat longer
than the experimenfal value of 0.1 nsec, »As for (5), the self-
trapping solution requires the power content of a self-trapped beam
to be P.ps 8iven by Eq. (8c ). The predicted value of P "is about
10 kw, which roughly agrees with the measured power energy of a few
ergs divided by the pulse width of -~ 0.1 nsec ‘of the filament.
The firsr question concerns ihe establishment of these self-

1011 (learly indicatea that filaments

trapped waveguides., Experiments
appeared after the laser beam has self-focused. On the other hand,
celculations outline& above show that, for An = Z’E, s if the laser .
besm initially has a power level higher than P to~start self-focusing,
the self-focused beam will not stabilize into tne self—trapping mode,

In order to attain an approximately trapped solution (beam diameter

oscillating between maximm and minimm) with an initial conditién of

P>p saturation of the nonlinear refractive index is required (i. e.,.

cr

including the higher-order tanms in the An expansion of Eq. (1)).
Using the value of An in Eq, (2), the predicted beam diameter of
& self-trapped filament at the saturation region is less than the

lsavelength of light, 13-15

-compared with the observed diemeter of a

few microns. Further, the predicted power_and'index,change.is

sereral orders-of magnitude higher than the observed values. 18,30
If one concludes that the field in the filament is not in the

>auuratlon region the more serious question of stability of the

self-trapped solution arises. The self-trapped solution with

Ano = n']El requires that the total pover equals to P prec1sely

for a given spatial distribution. We can see the critical requirement

-12-

on power from the following estimate. Suppose we have & beam of ;

5 microns in diameter initially in the self-trapping mode. Let

us see what happens if it suffers a loss of povwer, whatever the

cause might be, of 1% at some point 2 = zo. Using Eq. (10) we can -
estimate the diameter of the beam at z = ] cm, assuming no external

pover being fed in:

d = ao;:\/(l -PL) -;—6z§+ 1= 8oou
vhere d, =54, k = 10° en™L, 2 = 1em, and P =99 P_,6 =0. On the
other hand, if P = 1.01 P_, i.e. 1f above the required power, the
diameter of the beam would reduce to half the- size in a distance ‘of
.05 cm. This instability can also be deduced from numerical solutions
(see, for example Fig. 1 of Dawes and Marburgerls). Experiments

3

indicated that energy does leak out of the filament. to make it possible R

" to obtain side-view pictures. 7’11 While it is possible that external -
' power be fed into the waveguide, it seems very unlikely that no more

and no less than the exact amount needed be transferred in all the

time to maintain such a fine balance

Due to these questions alternative models have been proposed 25

- Among them is the model of mov1ng focal spots which we shall describe

next. We shall see later that this model rather than the seif-

trapping model, is the more- appropriate description of filaments. -

2. Model of Moving Focal Spots (MFS).

This model was first proposed by Lugovoi and Prokhorov, 17 who

‘ pointed out that in all of the experiments where filaments have been

observed, pulsed lasers were used. Due to the time variation of the

input power, according to Eq. (11 ), the self-focusing distance, or o



the upper trace the focal spot p051t10n vs tlme. At time t,,
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the position of the focal spot, will also vary with time. This

" focal spot motion along the axis, could account for the observed

---aments

Let us see how the properties of filaments listed before can
be explained by this model. Property (1) is correctly predicted.
From Eq. (11), we see that if the incoming pulse has peak power
?mam > ?cr;’for any cell length longer than the minimum length of -

= K/(lf;;x - /5:;'), a focal spot-will appear at that focusing
length. This focal spot is the dot seen at end view picturee taken -
at various cell lengths. Property (4) is also accounted for since
on & time-integrated side view picture, the moving focal spot will

appear as a thin streak. For property (5), we expect'fhe power of

- the focal spot to be slightly higher than Pcr' This agrees with the

observed result within the experimental uncertainty. For prdperty-(3),

the duration of the observed filament pulse should equAl to the
duration, with which the focal spot sweeps through the exit plane ”

of the cell. We shall see later (Sectlon ITI) that the experimental

. results agree with the theoretical predicticns. “Finally, for property

(2), the characteristic size of the filament should‘be simply the
size of the focal spot. " However, no theoretical calculation on
self-focusing has been extended to the focal region to yield the

dimensions of the focal spot. Thus, we see that this model is

qmalitatively superior to the trapping model, at least for the case

of nanosecond input laser pulses we are here interested in.
Let us develop the moving focal spot model (MFS) further to see
hov the focal spot moves in time for a given input pulse.26’27 In

?ig. 1 we plot in the lower trace the 1ncoming pover vs time and in

A

 the time (DAE).
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the beam with poﬁer PA enters the cell at z = 0, It then travelg at
velocity of light in the medium indicated by the dotted line, until
it reaches the self—fccusing distance determined from Eq. (11). At

am earlier time, the laser power is lower. Because of the lower power,

~ the light now self-focuses at a larger distance. Thus, point by point,

we can plot out the emtire curve of the focal-spot trajectory. Here,

_we have used the steady state expression for the focal distanceias

a function of power. For input pulses with nanosecbnd'duration, this

should be an excellent approximation since typical relaxation time

~ for crientational.Kerrbeffect,’vhich is the dominant mechanism for

nanosecond input pulse, is of the order of 10 picoseconds. We shoﬁld
emphesize that in this construction, the quantities P(t) P and K
can all be obtalned experimentally The paremeters P and K can be
determined experimentally by measuring the self—focusing threshold as

a function of cell length. Once these are determined, and P(t)

‘mbnitored on the oscilloscope (in terms of Pcr,.since absolute values

are not necessary), the focal epot motion in time angd space is uniquely
defined.
This curve has many interesting features._ If the cell length is

1ess than ZD but larger than the minimum focal dlstance z_, the focal

B’
spot will first appear at the end of the cell moving inward toward
the laser until it reeches the point B. It then moves out again. 'The
turning point B corresponds to»the peak of the input pulse. If
the_cell length is lcnger than Zps the focal spct will first appear
somevhere inside the cell (at point D) and then immediately splits -
into two branches, one mov1ng inward toward the laser 1n1t1ally and
then away from it (branch DBC) the other branch moving forward all ‘

Slnce this is a plot of position vs tlme the slope
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of the curve indicates the "velocity" of the focal spot, which is
plotted in Fig, 2 as a function of Zo and t. TFor example ‘the region
around B has slope close to zero, which means that the focal spot
moves very slowly as it tnrns around. Consequently, if the cell length
is close to zB, the filament pulse emltted at the exlt end should
become correspondingly longer. Another striking feature is’that the
velccity‘of the focal spot along the curve DAE is elways larger than
‘the light velocity in the medium, This, of course, does not violate_
the principle of relativity since thls is simply a sequesce of focal
spots forming at different times~and at different places. We shall
see that experiments confirmed these predlctlons and showed clearly
that filaments are moving focal spots. Other propertles derived from
this curve will be discussed in later sectlons.

From the discussion. sbove, we see that the MFS model is far more
deflnlte than the STF model. Quantitative comparisons with experiments
are possible for the MFS model once the input conditionsvere known;
while for the STF model, since we do not know how the filament Iz es-
tablished, predictions tend to be af best cualitatife.. The uncertain-

ties in the model ‘itself coupled with the largely unknown effects of

the stlmulated Processes, which we will discuss next, very often makes
it impossible to deduce even qualitative predictlons from the STF
model .

C. Effects of Stimulated Processes

In our discussion of self-focusing and the two models for fila-

rents, we have assumed that the intensity-dependent ‘nonlinear refractive

‘ndex is the only relevant nonllnearlty in the problem.. This might be
dastified in the initial stage of self-focusing where the 1ntens1ty of

the laser beam is low. But in the high 1ntensxty region of the focal
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spot or in the filament, many nonlinear processes, especially the

stimulated scattering'processes, are induced, and they can affect
strongly the appearance of the filament.17’26’28’29 What is observed
experimentally is therefore the result of a coupling of all the
1nteractlgg nonllnear effects. The proper model for filament should
1nclude all these effects. This clearly is an extremely dlfflcult, :
if not imp0551ble theoretical task, 15

In the absence of a complete model, to gain understanding of the_
problem, the approach've took was to rely on cur pPhysical judgment. to
see in what ways the models could be implemenfed iﬁ the presence of
other nonlineef processes. Whether the physical Judgments are ap- .
propriate and the deducfions.are correct can then be checked by
Proper experiments. More of these will be discussed in the experimental
section later. .

Although the detail'interaction between the many noﬁlinear
processes is very complicated, nevertheless by keeping track of fhe
space-time causality relations betveen ‘these- processes, we can make
certain predictions for the MFS model. The moving~focal spots
generate, among other effects, stimulated Raman'and Brillouin scattering
processes. These frequency shifte@vlight signals can propagate in-
either the forward or backward directions, at velocity of light in
the medium. The forward propagating signal affects only the portion
of the laser pulse that generates it and propagates tegether with it._
On the other hand, the backward signal sees the entire leter-part of
the incoming laser pulse and gets amplified at its expense, as has
been confirmed by exper:'._ments.z8 The question we wish to answer is
to what extent the focal spot moticn will be changed as a result of

laser depletion by stimulated processes. In Fig. 3 the focal spot
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meet the focal spot motion curve.

. pot present.
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motion curve is shown; the'dotted lines have slope -C/no indicating
the peths of the focusing laser beam and the backward stimulated
radiation which originates from the points where the dotted lines
'Tne point A, where the inspan—
tanecus velocity of the focal spot is —C'/nd,seperates the curve into
tv0~parts. For the upper portion of the curve (ABC), the incoming.
laser power does not see any backward 501ng stimulated signal before
focusing 1nto ‘a spot (the forward light path does not 1ntersect any
‘backward llght paths). For this portion of the curve, the self-
focusing process should not be affected by the backward stlmulated
processes..

- Stimulated radlatlon in the forward direction will deplete

power from the self-focused laser beem only near the focal region

_where the beam intensity is high. Therefore, it will not affect the

position of the focal spot significantly, altheugh it eould be the

cause for the limiting size of the focal spot. We can then . conclude
that the portion ef_focal spot motion curve ABC snould not be affected»

much by the etimulated processes, and can be calculated as if they were

-gain is so low in the filament.

This is a very important'conclusion and is the.reason
vhy quantitative comparison v1th experiment is p0551b1e even though
we do not understand completely how the stlmulated processes affect
the fllament formetlon.

.For the lower portion-of the curve (ADE), the situation is quite

different. The incoming laser light, before reaching the self-focusxng

.vdistance,'ls 1ntercepted by the backward propagating stimulated signals

generated eerller by the preceding focal spots. It is well known,

both theoreticelly end experimentally;ea that the backward propagafing
signal will grow at the expense of the 1ncom1ng laser llght This

‘exponential growth of the stimulated scattering processes eventually
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depletes the incoming laser power to such an extent that the

self-focusing process is terminated. Based on this, we should expect

the focal spot motion curve to terminate not much further than the

" point A.

These predictions are in agreement witn experiment as we shall
see later.

If we now consider the STF;model in the presence of stimulatedﬂ
processes, the most natural question one would ask is why the Ranan
For a self-trapped filament with
peak power of tens of Gw/cmg, its power shenld be depleted by‘Ramanr
scattering in less than a few millimeters. Thus, little laser light
should be seen at the end of a trepped filament of 1 cm long contrary
to what is observed experimentally.. It was suggested that the answer
to this question was in the frequency spreading of radiation in~the

filament. This broedening effect makes the intensity per frequency

_ bandwldth sufficiently small that the Raman gain is appreciably reduced.

Let us now discuss the frequency broadening effect using these two
different_models and see which one is more appropriate.

D. Frequencx,Broadening of Light in the Filament

. Frequency broadenlng of light in the filament is another non-

llneer effect observed in connection with the fllament nght emerging

from the filament was shown to be broadened hundreds to thousands of

wave numbers,3l

Although frequency broadening would not affect
either self-focusing or self-trepping, it is important in helping the
understanding of filaments. Frequency broadenlng is one of the very
few observed facts people used as evidence for the existence of

self—trapped filaments. For this reason, we will discuss this in some

- detail.
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Frequency broadening of light arises because the light is phase

modulated in time,>% If & _light wave E(t)e Yot propagates through
a slab of material with a refractive index n + An(z,t), the phase

increment acquired due to the induced An(z,t) is given by

W, Z, | :
a9Tt)= 2 [ “An(z,t)az ' (12)

where the integration is along a light path from'zl to zz.l'If An varies
with time or the path length changes with time, A¢ would also vary with

time. The spectrum of such a phase-modulated light wave is given by

its Fourier transform

-0 i :
Blw) = -l—-fm E(t)e 1t elA¢ethdt
21

= ;l_.f“ E(t) ei(Amt+A¢)dt (13)
vhere Aw = w-w_. . : , _
If the amplitude variation of E(t) with time is sufficiently slow,

then the maximum frequency shift can be approxihated by the expression

,Awlmax - '8% l

(%)

Let us now apply this to the‘pfoblem of filament. We firet con=-
sidef calculations based on the STF model. Two.closely related cal-
culations have been given, namely,.that of Cheung, et 31;32 and that
of Shimizu31 and Gustafson et al.33 In both calculatiops, the length
of the filament (the region where An is non-zero) is.aesumed to be

constant, independent of time. From Eq. (12) we thus have,
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w
Ap(t) 2 An(t)e . {15a)
and hence o _ i
!Aw] 'aAn(t L ' .(15b)
max max ,

where L. is the length of the filament. - The time variation ef-A¢ comes -

from the exp11c1t time dependence of An(t) only. In the calculation

by Cheung et al., it was assumed that the 1n1t1al optlcal fleld con-

tains two frequency components one at the 1nput laser frequency, m .

and the other at ml = w + w » the origin of vhich was not understood.

The amplitudes of these electric field components-were assumed to be

constant in time, but the beating between the two frequenc1es w, and
wy w1ll modulate the index of refraction An at a frequency w whlch

gives the time varying Ad(t). - For the calculation by.Gustafson et al.,
instead of assumlng the additlonal frequency camponent it was assumed

that the- fllament {and thus the reglon of non-zero An) has a short

duration,-TP and that .’

. - . " Mn = nelE]Z(t)

or for medium_with finite relaxation time T for the refractive index

_change

: =1t 1|2 -(t -t')/t at'.
+ An(t) = ?-fdm nzlE(t )l» e
This time-dependeece of An which exists for a duration of the order
Ofva + T, yields the phese modulation A¢(t). Note that the assumption
of a short pulse duratlon TP gives a band of frequencies extendlng to

w, 3 l/T Therefore when l/T is chosen to be ug the spectra s
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predicted by these two calculations are very similar, as shown in
Fig. 4 together with the experimental spectrum. Typical values of

ws and TP are a few cm-1 and a few psec, respectively.

The agreement between the theoretical calculations and the experi-

mental results ontfrequency broadeniog32-3h was used as the proof that
the observed filaments are indeed the self-trapped filaments. ‘Based
bon toe extent of the frequency shift observed, it was alsovconoluded
that the filament observeo can be trapped for centimeters.;s-

However, we shall now show that by extending'the MFS model to
include the finite relaxation time of An, we can also obtain frequency
broadening for light emitted from the filament under appropriate
conditions. vDepenoing on the input conditions, the extent of fre-
quency broadeniné varies. The tﬁeoretical calculations appear to
have semi-quantitative agreement with the observed results. Let us
- first present a qualitative pietufe of'our theory. If an intense focal
spot moves in a nonlinear medium, it should leave behind it a track
of field—induced iefractive iodex, An, which-lasts at least over a
"period of the order of the relaxation time T for the}refractive index -
. ehange._ We can tﬁerefore tioture tiat there is a. leaky optieal'
vavegulde of finite length moving along with the focal spot. Part of
‘therself-focused light then gets trapped temporarily in this wavegulde.
Ifr the ‘focal spot is moving in the forward direction with s veloc1ty
close to the veloclty of light, then the trapped light can remain
trapped over a long dlstance until it runs out of step with the
.moving wavegu1de. As a result of the induced An, the self-focused:
llght traver51ng the medium acquires an. increment of phase A¢. Since

the focal spot moves with time, A¢ appears as & function of tlme t.

A rapld ‘Phase. modulation Ad(t) would then lead to a broadened spectrum 31
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This would happen if, towards the end of the nonlinear medium, the
focal_spot moveo with a velocity close to the light velocity. -

From our earlier discussion, we see that we can use .the stationary
theory of self-focusxng to calculate the position and velocity of the
focal spot, as shown in Figs. 1 and 2. We see that if the variation
of P(t) w1th t is sufficiently fast then the focal spot will 1ndeed
move with a veloc1ty close to the light veloclty ¢’,  This situation is
most easily realized from short 1nput pulses. |

As to the varlatzons of lE(r t)l and An(T »t) in the focal region,
one must solve for the detalled self-focusing dynamlcs. In particular,
even though the statlonary theory of large-scale self-focu51ng predicts
the position of the focal spot fairly well for a long input pulse, it
would not describe correctly IE(;,t)l in the small-scale focal region

since here, An is not likely to respond instantaneously to the variatior

" of lE(r t)l 8s a result of the focal-spot motion. The transient

response of An, together with diffraction and various types of losses,

" would make self-focusing of the beam more gradusl in the focal region;

and eventually overcome by diffraction. However, for our qualitative

discussion later, an exact soluticn of IE(;,t)[2 will not be necessary.

Let us consider for the moment self-focusing of the leading part of the

pulse (as discussed in the last section, due to backward stimulated

~radiation, the trailing part of input power is depleted and wiil not

self-focus) and consider only |E(z, t)l around the focusing axis. We
simply assume that as a beam self-focuses, IE(z,t)l increases linearly
in the pre-focal region over a distance &, remains constant over the
longitudinal dimension ét of the focal spot, and then as.a result of
partial trappingbor noolinear dlffraction, decreases slowly and ex-:

ponentially.to zero. Then, at a fixed z, if we heglect the small
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curvature of the‘U curve around z in Fig. 1, we would have

. 2 _ . ‘ N
. IE(z,fz)I = Alt-{t -T) -T,)] for t -(T)+T,) <t <t - T,
= AT - fort.zv-‘T2<t<tz+T2
= -t - ) .
Ml,«exp[ (t t, Tz)/'r ] for t> t, * ?2
with
_ 2
A =16 Pfed” T,
'I'i = a(v-c')/ve'
T, = b(v-c')/ve!' : (16)

where tz is the.time when the focal»épot appears at z; f is the igput
1§ser ﬁower.at (tz -z/c‘), 4 is the diameter of the focal spot, and v

is the velocity of ﬁhe focal spot-at‘z. As one would expéct,.the )

. parameteré a, b,_énd~d should gengrally depend on P(t), fhe diémeter,
and the spatial distribution of -the input beam, and on the propertieé of
the medium. -

We should eﬁphasize that Eq. (16) is only meaﬁt to be a crude ap~ - .

.proximatioﬁ of the true pulsé. However, our quﬁiitative‘diécussion Se-

low will not be affected by the detailed pulse Shapg as we shall see.

There is some arbitrariness in choosing the values for T andA'l'2 (or a o

1

and b), but in ordinery liquids (Tl + T2) mst be of the order of the :e- 

laxation time T (~ a few psec. for orientational relaxation) for An.

(correct value of Tl and T2'can be obtained only by solving the de-

tailed self-focusing dynamics.) It cannot be much smaller since, from
12,30 '

éxperimental observamions, we know that thé maximum An(t) at z

: experimeht526 that the focal spots are usually well defined, suggesting

.} .
on the axis is not much less than Ano(z) - (1/2)_n2[E(z,t)|igx. The
value of (Tl + T2) cannot‘be much larger either sincef if (Tl + Té) > T,
we would expept the stationary self-focusing theory fo be valid even
in the focal region, but we know that vhen:the stationa:y_self—fogusing

‘ ‘ : b
theory holds the focal spots would be sharp with (Tl + T2) <.T,h’2

contradictory to the origigal assumption. Also, we noticed in our

1

that (Tl + T2).cannot be much larger than T. There is also afbitrari-
néés in choosing a value for T' in Eq. (16). A'larger T' corresponds
to trapping of light over a longer Quration. Self—trapping of light
(i.e., trapping of'light by its own iﬁstantaneous power in a nonlinea;
medium)3 occurs as T' becomes infinite.

We now assuﬁe that An bbeys the simple relaxation equation

* 3(m)/t + B/t = (/) B2 (an

where n, is the nonlinear refractive index. With ]E(z,t).l2 given by

 Eq. (16) we can then solve for .An(z,t) around the focusing axis. Let

us again refer back to Fig. 1. Ccasider the laser iightventering the

t_ne_d.iumv at t,
of fhe'induced,An; the part of the self-focused light which trails the

moving focal spot along the axis acquires a. phase increment A at z = &
given by

Beleet,He/et) = fﬁ(w/c)An(z,t-=tA+z/¢r‘)dz; " (18)

and propagafing»in the medium along AA‘ in Fig. 1. Because

gl
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. with a certain definite length.

broadened spectra corresponding to T'
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1/2

Fram the Fourier transform of Py exp[-iwt+iAd], where

po) -

P, = (d c/16) E(E),t » We can obtain the power spectrum of the 1light

. Pulse emitted from the small-scale filament at the end of the medium.

As an example, we consider the case of propagating the - l-nsec

lsser pulse of Fig. 1 into a 052 cell 22.5 cm. long. We assume T

l=
157 (a = 0.50 em.), T, = 0.157 (b = 0.05 cm.), 4= 5 im, n, = 10 ey,
=2 x 10712 sec., and T' = 3 x 1072 sec. In Figs. 5a and Sb we have

plotted Pf(t), and A¢(t) as functions of t, and in Fig. 5c, the corre-

sponding power spectrum. It is seen that the output filament pulse is

about U4 psec. long, and its power spectrum has the characteristic

Spectral broadenlng and seml—perlodlc structure observed 1n experi~

31- =33

ments. Theeasymmet:y of the ¢(t) curve is reflected by the Stokes-

anti~Stokee asymmetry in the spectrum. Such a spectral broadening was

earlier explained by assuming the existence of a self—trapped‘filament.
31-33

© order to explain the observed spectral broadening in 082 using the self-

trapping model, Gustafson et al.33

nad fo assune s filament pulse with
a-puisewidfhvof a fen psec., which is ‘about equal to the filament
nulsewidth we obtained.from our calculation. To see theAeffect of
partial trapping on specﬁral broadening, we show in Fige. 6 and 7 the

= 37 and T' = 5T respectively,

‘vith all the other parameters kept unchanged. We also show in Fig. 8

the spectrum for the spec1al case where we assume no trapping at all.

(The corresponding filament pulse has the exponential decay replaced by
A[Tl —V(t—tz—T2)] ),ItAis-seen that trapping affects only the detailed
strueture of the broadened spectrum, But it does not change appreciabl&

the extent of spectral broadening on the Stokes side. In particular,

broadened spectrum is largely smeared out.

. glven approximately by Aw

' propegating along AA' in Fig. 1 reaches z =2 at the time t = t, +

It is interesting to note that in
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vith no trapping (Fig. 8), the semi-periodic structure in the

On the anti-Stokes side,

however, there is more broadening if the trapping duration is longer.

We have also tried other values of T, and T, Qualitatively, the phase

1 2’

modulation is stronger for larger values of Tl and.T2 and, hence, the

spectrum shows more broadening.

In fact, the extent of spectral broadenlng on the - Stokes side is
-(3A¢/3t; » when the inverse of the
duration of the fllament pulse is small compared with Aw . To flnd

(3a¢/at) = L, we can approximate the upper branch of the U curve

in Fig. 1 by a straight line in the range of interest. Then, the light

2
(2 -2z )(1/c' - 1/v) where tZ is the time when the center of the focal

spot appears at z = £. From Eq. (18) we now have

(080/2%) = (1/e" - 1) (3/0s, ) 7t

(a*b)(m/c)An(z z, )dz (19)

where the integration is along the path AAl, Since the input laser

power is essentially constant for the small duration of the filament

' pulse, An is essentially independent of zA. We then have

| by = -[(3a¢/at)

z=£]max
(20)

- Qe - Y wle) (b, ),y
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In Eq. (20), (An ) _, is the only quantity vhich depends on the

detailed self-focusing dynamics, but as we mentioned earlier, (An a.x)z-l

should not be much less than 'An which can be

12 30

= (1/2)112]1~*,(2,1;)lma_x
estimated from measurements Spectral broadening should become
more appreciable when, towards the end of the medium, the velocity v of
. ' N . . " ' X -3 .
the focal spot approaches the light velocity c¢'. For ,Anm ~ 10 B
v =1.01 c', we would have (Am /w) ~ 0.1, The above approximation

breaks down if the curvature of the U curve becomes important in

calculating 3A¢/9t. This happens: only when the input laser pulse has a

pulsewidth comparable with T. Note that in our case, as a result of
focal-spot ﬁovement, spectfal broadening arises because the length of
the optical path in which An # 0 varies with time. In therearlier .
calculations,”*10 the optical path with An # 0. wés assumed to have a
constant length, and it is through the expllcit dependence of An on
time that spectral broadening comes in.

From the model discussed here, we expect to find small-scale
filaments of different characteristics under different experimental
ccnditions. This explains the many different results reported in the
literature on thevsubject.v Fig. 1 suggests that, in general we should
expect to see three different types of small-scale filaments depending
on the 1nput conditions. '

(1) If the length of the medium % (relative to the input laser
pulse) is small such that 2p ‘f2‘< zD in Fig. 1, then the filament is
camposed of a moving focal spot which moves from the end of the
medium inward to zg and then moves_out again;_assuming'that-selff
focueing is.not affectedAby stimulated scatteringo Little trapping -

would exist and essehtially no spcetral broadening of light emitted

-

from the small-scale filement should be observed.
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- )" IT 2 > z;, but not excessively large, the focal spot first
appears at’ ZD and subsequently splits into two one moving forward
“and the other flrst_moving backward to Zg and then moving out again -
(see Fig. 1). In this case, since the forward-moving focal spot ﬁas

a velocity much faster than c', light cannot be trapped over any

i appreclable distance. The spectrum of the filament pulse emitted

at the exit end, vould have no appreciable broadening. The spectral

’ Hidth does, however, 1ncrease somewhat w1th the length of the medium.

"~ Again, these predlctlons were confirmed by the experimental results

-obtained from a single-mode, Q-switched laser.26 [see Section I1I(C).]
(3)7 If £ >. Z,s 8O that the velocity of the moving focal spot

epproaches c¢' towards the end of the medium, then part of the self%

focused light tralllng after the focal spot can be. trapped over a

long dlstance. The filament pulse emitted from the medlum would

.. brobably have a duratlon of the order of T. Its spectrum should now

' have ‘appreciable b;oadening which increases as the'length A increases,l8

since the velocity v of the focal spot approaches ¢! as & increases
(see Fig. 2). In usualvexperiments with a reasoeable’length L, vthis
situatlon is most ea51ly realized ty a short input laser’ pulse. We:
notlce that fllaments wlth large spectral broadenlng were observed
only when a mode-locked laserl9 or a multimode, Q-switched laser18’32

was used.
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III. ‘EXPERIMENTS AND RESULTS

In this chaptef, we shall describe the experiments and discuss
the results obtained. we divide the experiments into three general
groups. The first group is primarily to obtain the propertles of
filaments under controlled Anput condltlons the second group to
study the relation between filaments and the various stimulated
processes, and the third group to. 1nvest1gate whlch of the two -
proposed models is the correct one.

We use & water—cooled-ruby laser, pumped by a 1ineaf flash-lamp -
in an ellipficel cavity. To obtain maximum spatial homogeneity for

the output beam,.a'high quality ruby rod (Union Cerﬁide Select

.Grade)vwas used, and a pinhole of about 1 mm diemeter was put inside
the laser cavity. ‘The.laser is Q-switched by cryptocyenine in
methanol to yield a smooth pulse with duration about 8 neec full
vidth at half maximum (FWHM), as measuredzby a fast pﬁotodiede in
combination with a Tektronix model 519 oscilloscope (overall time
constant is about .4 nsec).. The spectral content of the pulse is

measured using Fabry-Perot interferometer and is shown to be

A typical laser pulse and its Fabry-Perot pattern are shown in Fig. g,

When the output of ‘this laser was sent into a 1iquid cell con-
taining CS2 or‘tdluene, the advantage of this system compared to a
miltimode laser is evident. For each laser shot, inétead of seeing
tens and ﬁundredé of filamenté,lo-;e only one filament was observed.
It is thus p0551ble to study vhat is the relation between the input
power and the propertles of that one filament, rather than»the

average of many filaments.

< .01 cm‘l. The maximum peak powier of the laser beam is about 200kw.

-30-

A. Experiments to Study the Properties' of Filaments Under Controlled

;gpgt Conditions

SIZE: The experimental setup is shown in Fig. 10a. Typical lengths

of the cell containing the nonlinear medium ranged from lO cm to

50 cm. To observe the size of the fllament we took magnified (100 X)
pictures of the beam cross section at the exit window of the cell.
The film used was either Polaroid Type h7,tor‘Kodak Royal Pan Sheet

Film from which densitometer traces can be performed to oﬁtain

quantitative measurement of the sizes of the filament.

Fig.]i)shows_our experimental results of the beam cross sections
at a constant cell length.as the input laser power was increased
from below to above threshold for self—focu51ng Below threshold,

[Fig lOb] the beam .cross section was roughly the size of the input

. beam, in this case ~ 750 M. As the input pover was increased to

what we would define as threshold value, a bright spot of about 50 p
in -diameter eppeered [Fig.10c]. with further increase of input
power, the bright spot shrank to a more or less llmitlng filament .
size [Fig.104]. Further 1ncrease of power above this value did

not change the size, but the energy content appeared to decrease.
Fig. 10e shows a collection of fllaments with this characterlstlc
limiting size.

Similar results were obteinedehen we kept the input power constant,
but gradually increased the cell length. The shrinking of beam
cross. section to the'limiting Size_was seen. After the limiting size
was reached, further increase of cell length did not change the size,
but decreased the eneréy conteet. When the cell length was much
longer than the threshold length (~ 20 cm longer) the dot diffused

into the background and became difflcult to observe.
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For each liquid, there is & charactéristic limiting‘size. Fig. 11
shows a typical densitometer trace of a 052 filament. ' The full -
width at half maximum (FWHM) was measured to be 5.6 miéronsvfér this

~case. In general, the limiting sizes of filaments measured for
CSa, toluene, and nitrobenzene were 5 * 1 W, 10 + 2u, and 20 * 2y
_ réépectively.. | |
: This limiting siée appeared to be independent.of.temperaﬁure»
of the iiquid. In CSz, when the température of the liquid was A
raised to 48°C (close to the boiling point), the size of the
. filament remained unchanged. .

In liquid mixturés, the limiting size of the filament smoothly
varied from one limit to the other as the‘mixtnré content changed
from one liquid to the other. Typical re#ult is shown in Fig. 12

" for C5,-nitrobenzene mixture.

DURATION: To measure the duration of the filamgnt, one must somehow
block off the unfocused background laser light. This blockiﬁé mhsf
be carefully done in view of the fact that the energy content §f
the iniut laser beam is of the order of‘loh érgs while the energy
content of the filament is of the order of 10'ergs;, The property
nsgd in diffefentiating the filament from the background is the
large diffracting angle of the filement at the exit window.of the
‘cell. A typical setup is shown in Fig. 13(s). Lens L, images thé
end of theicell E to the plane A. A disc D of 1 mmAdiameter was put
in betw_eea L, and A, slightly beyo’na the focus f’l of the lens, to
block off the unfocused background léser light emerging from the

: celi at smali divergenf angle. The exact pésition of the disc was
adjusted experiméntally to aliow maximum amount of filament light in

while completely blocking the background light. To'miniQize
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scattered laser light by impurities, dust particles, ete., L2 is
used to magnify the image at A so that only a small area arqund the
filament is seen by the detector at plane B. From Fig. 13(b) we

see that besides blocking light with small_divergent angle, thisb'

-setup also discriminated against light diverging from deep inside

the cell. For a light source at a distancé_d from the end of the

cell emitting light within a cone angle of 90 =4 x 10-2 radian in .

‘air (we assume constant ligpt intensity within the cone, and zero

intensity outside), the percentagé of iight éignal that will reach -
a‘detector»of 2.5 cm diameter at B is shown‘in Fig. 13c. Thg dotted
line represeﬁts ﬁhe case wpen L2 is taken away and the detector is
placed at the pléne A. VWe thus see that with the two-lens system,
fhe detector wéuld only see light diverginé from>vithin a few éenti-
meters from the end of the cell. .

Fig. 1k shows:a typical‘set of data for a constant cell length,

as the input power was increased from below to above threshold. Below

v threshold, (Fig. lha) the laser beam was completely blocked by the.

_ dise. When the input power reached threshold, a pulse of 1 nsec or

longer appeared (Fig. 1kb). For higher power; the filament pulse
duration'decreased to about .5"nsec; énd eventﬁally down to’less
than .1 nsec (Fig..lkc,d). |

For pulse width léss than .5 nsec, it was necessary to use the
convolufiqn technique to deduce the true pulse duration. The
essence of the technique is to extract the pulse signal S(t) from
the convolufion integral R(t) = ffms (t) g (t -t)at vhere R(t) and

'g(t) are the observed pulse from the detection system and the response

. function to a & function (approximated by a mode-locked laser pulse

of about 10 psec as measured by‘two-photon fluorescence measurement),
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respectively. Allowing the possibility of different pulse shapes,

we were able to measure the pulse width with an accuracy of * 30 psec

for a 200 psec pulse and of * 60 psec for a 100 psec pulse. In Fig. 15

we show the functions g {t), R(t) end S(t) for two different

pulses. For a roﬁgh estimate of the pulse width, we note that if

the oscilloscope trace returns closervto the bese line after the

first peak, fhen the pulse duration is correépoﬁdinglj shorter. This

technique has a practicsl limit of about 100 psec, below which ve

canhot resolve. Othervteconiques commonly used for picosecond

measurements, such as two photon fluorescence and harmonic-correlation

measurements, either require a large number of identical pulses or

an intense beam. of fairly iarge cross sectioﬁ,'both of which are not

| available in the cése' of filaments. A
Simultaneous measurement of size and duration correleted the

50 py dot with the 1 nsec pulse. When the limiting 31ze was reached,

the duration decreased to about 200 psec, and then as the size remalned

unchanged the pulse durabion continued to shorten to less than

lOO psec, with the peak pover remeining roughly unchanged.

ENERGY AND POWER CONTENT OF THE FILAMENT: The energy of the filament

can be measured elther by photographlc technlque or by.calibrated
photodiode. For a filament that has already reached the limiting
size, the peak power was estimated to be about 30 kw for toluene and
8 kw for CS,. 1In both cases, within the experimental uncertainfy,
at the limiting size, the peak powef seemed to be independent of
the pulse duration. For a 30 kw toluene fllament of 10 microns |
1asting 100 psec, the energy den51ty is about 4 Joules/cm while the
incoming laser. energy -density (v1th an 8 nsec pulse Vldth) is about

.4 Joules/cm . Thus, the filament cen. show up clearly on time-

integrated pictures.

SIDE VIEW OF THE FILAMENT: Side view picture of the filament has

‘been obtained by Brewer and Lifsitz,ll and Brewer and Townes.

Qur attempt to see this was not successful. The cause of this
could be due fo either mis-focusing or optieal setup (we had only
one filament to foous on) or that.the side scattering of the filament
oﬁserved by Brewer et al. was not present in our case.

These results ehoﬁed severgl pointsi ‘First, our data on various
filamenﬁ properties (after the limiting size has been reached)

largely confirmed the earller results measured with multi-mode

lasers.lq =12 This is important because it showed that, although the

input conditions might be quite different; the filament we were

studying was the same as the filamen;s observed by other workers.
The.fact that tens end hundrede of filements per shot observed
earlierlo'must be the eonsequence of inhomogeneity and hot spots in
the input.beam, rather than an intrinsic property of the filament.

Second from the consistencj of.our experimental data from shot
to shot, and the fact that only one filament appeared per shot, s Ve
see the p0531b111ty to compare in a quantitative manner w1th- the
predlct;ons of the model, especially the MFS model.

Thlrd we see that, although for each liquld there exists a

limiting size for the filament, yet before this is reached, there is

a regime where the duration and the size is dependent on the input
pover. For the size varlatlon the analy51s of Maier, Wendl, and
Kaiser29 showed that the phenomenon can be described very well by
the steady-state self-focusing theory. For the change in duration
of the filament as a function of input power, the observed result )

agreed with the prediction of the MFS model. Below threshold for
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self-focusing, the entire beam should be'blocked.by the disc, as
seen in Fig. 4a, At threshold pover, the turning point of the
focal spot motion curve (fig. l) is close to the end of the cell.
"Since the detector collects light emitted from a few cm region near
tne end of the cell, we expect to see a long pulse, as predicted
from Fig. 16 (curve for P.). At higher input power, the time that
the focal spot spends in the few cm region monitored by the, detector
decreases correspondlngly (curve for P ) and therefore we should.
expect the duration of thé filament pulse to decrease, in agreement
vith the experimental date (Fig. lhc,d).
The observation of only one short pulse (corresponding to one

focal spot) is consistent with the theoretical ‘calculation of Dyshko

et al.17 For our laser power P - 3 P re 8 beam radius a of 250 u,

L
and cell length Z of 32.5 cm, the parameters £ = 3= 0.5, and

ka
= 2(p/P, )l/2
27
[see Fig. 2 of Abramov et al.].
This set of experimental results gave the first indication that

the MFS model is correct.

B. Experiments to Study the Correlations Between Filaments and

Stimulated Scattering Processes

1. Since stimulated scattering processes always appear together
vith fialments, it is helpful to know as much as we can sbout these -
scattering processes in connection with the filament formation. ' In
thls experiment we simultanecusly monitor the incoming light pulse,
the pulse emitted from the filament at the end of the cell, the for-‘
ward Raman pulSe the backward Raman pulse, the backward Brillouin )
pulse, and the filament picture. The experimental setup is shown in

Fig. 17. The liquid used in this case vas toluene.

3.5, and the predicted number of focal spots is one.
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A typical set of data is shown in Fig. 17. As the input laser

pulse increased from below to above  threshold, the following sequence

of events happened.

(a) Below threshold for self—focu51ng, no stimulated scattering
occurred [Flg. 1Ta].

(b) When the input power is close to threshold value the beam

' cross sectlon shrank to about 50 microns the filament pulse was '

about 1 nsec; backward Brlllouin scatterlng was present, but both

backward and forward Reman signals were absent IFig. 17v].

() With slightly higher power, the filament size shrank to w1th1n
a factor of 2 of the limiting size; the duration of the filament pulse
decreased to less than 1 nsec; backward Brillouin light remained
unchanged backward Raman appeared while forward Raman though
present, was very wesk in inten31ty [Fig. 1Te].

» (d) With higher pover, the size of the filament reached its
limiting ralue; the duration decreased to abcut 200 psec; forward
Raman 1lght increased substantlally while backward Raman and Brillouin .
light remained roughly the same [Flg 174].

(e) Further increase of laser power reduced the duration of bhe
filament bo less‘tnan 100 bsec The size of the fllament and the
stimulated scattering signal 1nten51t1es remalned roughly unchanged
[Fig. 1Te]. . |

The typical peak powers of these stimulated processes were 10 kw ‘
for backward Brillouin, about 10 kw for forward Ramen and about 100 kv
for‘backward Raman, compared to about 30 kw for the filament pulse.

The duration.of the backward Brillouin pulse was about 1 - 2 nsec,
while bhe duration of the Raman pulses were less than .1 nsec,

These results indicate that the self-focusing process initiates
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first the stlmulated Brillouin process, and subsequently the stimuleted
forward and backward Raman scatterings. From the intensity and energy
content of the backward Raman and Brillouin processes, we can conclude
that the laser power is depleted. This'is also shown clearly by the
trensmitted laser pulseushape, shown in Fig. 18. Similar'results:in
-CSzlheve been reported by‘Maier, et 31.29 ‘ |

v2. In this experiment we measured the time correlation .of the

filsment pulse with the forward and backward Raman pulses to see

when and where are these processes 1n1t1ated "~ From the above experl-

ments we know that the duration of these pulses are less than 100 psec.

By measuring the time correlations we can obtain their relative posi-
vtlons to better than 2 cm.

The experimental setup is very simple. The pulses with known
optical or elect#ical delay, are displayed on s Tektronlx Model 519‘
oscilloscope.’ The linearity of the sweep rate was calibrated to
within 1.5%; Further, the true absolute sweep rate was checked by
measurlng the velocity of a short light pulse Propagating in air.

Frcm the 0501lloscope trace, the tlme correlation of the pulses can
be ea51ly obtained. . (Measurement ol the pulse separation on the
oscllloscope trace photograph was done u51ng a measuring microscope
v1tp an-accuracy of * 1 .p.) -

Experlmental results showed that the forward Ramsn pulse is always
c01nc1dent in tlme with the laser filsment pulse independent of input
power level Slmultaneous end view plctures at Raman and laser fre-
quenc1es showed that spetially the Raman 51gnal appeared as an 1ntense
dot at the same pos1t10n vwhere the laser filament spot is. We ¢an thus

conclude that the forward Raman pulse is generated from the filament .

reglon

experlmental setup together with a focal spot motion curve. At

~38-

A more interesting case was the correlation between the backward
Raman pulse and the laser filament pulse. In contrast to earlier
experimental results?Swhich indicated that the backward Raman light
was initlafed by. the filament.et the end offthe cell, independent of

input condition, we found that the backward Raman pulse was not

,necessarlly 1n1tlated at the exit end of the cell and that the time

separation between the two pulses’ was not constant for dlfferent ‘input -
power.

These results are actually natural consequences of the moving
focal spot model. Let us again consider the focal spot motion curve.

As discussed earlier due to the high intensity, Raman light is

generated everywhere along this curve when.and where focal spots appear.

If all these signals uere amplified equally, we would see a long
Raman pulse. However, as shown by the calculation of Maier, et al.28
the leading edge of the Raman pulse is more strongly amplified, since
it alweys sees un—depleted.incoming laser light and eventually v
becomes ; short spike, as is observed in experiments. From Fig. 3, .
since the Raman signal generated at A (where the instantaneous slope is
-¢' = ~¢/n) precedes Raman 51gnals generated elsewhere, from the
argument given above, the backward Raman spike observed in our
experiments must originate from the fecal spot at A. To see the
physical picture of the time correlation between the filament pulse
and the backward Raman pulse more clearly, we show in Fig. 19a the
l’.
the focal spot at zp (t ) (vhere the instantaneous velocity is -c/n)

generates the Raman signal, while the forward going focal spof is at

-zF(tl). At t,s the focal spot reaches the end of the cell (z (t )) .

and gives the filament pbulse while the backward Raman pulse, propegatlng
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at -c/n, reachesrzR(tz). The distance between the Raman-pﬁlse and
_the laser pulse at t2 is thus & -Z (t ) £ 4 vhere & is the length
of the cell. Experimentally, knowing the geometry of the experimental
setup and the’ pulse separation in time from the oscilloseope trace,
ve can trace back and obtain this parameter 4. The experimental results
for four different cell lengths-ere shown in Fig. 20, vhere we plot
the perametér d vs input power. Fig. 19b depicts why the pulse separa-
tion 4 should increase with increased input peak power,

‘ To compare these results quantltatively vith theoretical predictlon,
we need to obtain the foeal spot motlon curve at different pover levels
corresponding to the actual experimental condltlons. To obtain these,
‘we measured the minimum Self-focusing distance as a function of‘the
inpﬁt peak pover. This is plotted in Fig. 21.- From the slope and
the intercept of this curve we obtain K and P,.» from which we can
construct the focal spot motion curve using the experlmentally measured
input power P(t). The theoretical values of 4 as a function of input
peak power at the dlfferent cell lengths are- plotted as solid lines
in Fig. 20. The agreement w1threxperiment is excelient.

This experiment demonstratedlthat the moving focal séot model is

able to predict‘euantitatively the behavior of the backward Raman .
spike. It is also an experimental confirmation of the calculationvof

Maier, et al.28

Another very interesting point is that it, indirectly,
shows thet the velocity of the forward moving focal spot is higher
than the light velocity in the medium. This conclusion cdn be arrived
at by eiamiﬂing the value of d for the same input power, 5ut at
different cell lengﬁhs, as follows. In Fig. 22 we show a focal sfot
motion curve. For a cell length of 2 , the pulse seperatiqg d should

be'dl. Now for the same focal spot motion curve, if the cell length
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is increased by AL, the additional time it takes for the focal spot toi-

reach the exit window is At = é&-where Ve is the average velocity of the
- £ .
focal spot for that region. During this time, the backward Raman pulse,

traveling at light velocity c' = c/no, would have covered a distance of

A' = M [=—). Ifv, =
Ve t

be increased by 2A%. On the other hand, if Ve >c', AL' is less than-

cty AR' = AR, and the pulse separation d would

AL, and the increase in d would be less then twice the increase. in cell
length,. The‘theqretical curves in Fig. 20 show that, for the same =

peak power, the increase in 4 is alwa&s less than twiee the increase

in cell length, since fhe forﬁard_focal spot always has a;veldcitr'
higher than light velocity; The sgreement between theoretical predlctlon
and experiments ‘thus confirmed thls striking feature of the moving

focal spot. This-property has been measured directly (to be described

_in the next group of experiments) and is one of the proefs that

filaments are moving focal spots.:

c. Experiments to Determine the Correct Models

Unless otherwise specified, all of the following experlments were
performed u51ng toluene.

i. The most direct and important test for the MFS model is to

" see experlmentally whether the focal spots appear at the predlcted

time and space according to the focal spot motion curve.
The flrst indication that focal spots appear as predlcted was
the observation of a bubble of 100 u in diemeter created et the minimum

focal distance.g6

At this distance, the focal spot should stay for
&8 relatively leng time, so that there is enough energy to vaporize the
liquid. This was observed only when the input peak power was such that

the minimum focal distance was close to the emd of the cell. For

‘higher power, the backward Raman generated at the focal spot formed
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ézrlier would deplete the input laser light to terminste the focusing
action before the turning polnt was reached. This observation agrees
with the theoretiea.l prediction of the MFS model.

To measure the focal spot motion dlrectly, we performed & time-of-
flight experlment on the focal spot. Recall that the focal spot
velocity has a very wide range of value depending on the region one
is looking at. 1In the region we cheSe to investigate, the focal
spot has a velocity several times the uelocify of liéhs according to.
the MFS model. This:region was chosen for tuo reasons. First, a
measured velocity a few times that of light veloczty would clearlyb

'prove that self—trapping of light cannot be the case. Second, as
dlscussed in the theoretical section, in this region, the self-focusiug
process is not affected much by the stimulated processes and we can

+ guantitatively compare experlmental results with theoretlcal predlctlons
using the moving focal spot model as if the stimulated processes
were absent. : |

Experimentally, ln order to have a focal spot heving the desired
range of velocity at a reasonable cell lengsh, the diameter of the
laser beam was reduced to 300 U, using an inverted telescope. The
naximum peak power of the pulse was about 100 xw. (This corresponds
to about 2 P for toluene, which was the medlum used in thls experi-
ment. ThlS power level assured us that forthe cell 1ength used, one
and only one focal spot would appear.)

| As shown in Fig. 23, ue used a 36-cm toluene cell and inserted a
beam splitter (a coated mlcrosllde of 100 U thick) a distance d from
‘the end of the cell. Focal spots of about 10 p in diameter were ob-
served, both at the beem splitter»and at the_end of the'cell. The

defocused light from both focal Spots was now collected with appropriate
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optical delay by the same photodiode and two pulses with duration less
than 0.1 nsec showed up on the oscilloscope. The input laser pulse

was also monitored.simultaneously. With our fast detection system, the

_time lag At between the two short pulses can be measured to within

0.08 nsec. Thus, for 4 -~ 6.5 cm and 15 cm, we found At = 0.08 nsec

and 0.25 nsec, respectively} If the two pulses had come from a short

- light pulse propagatlng in a trapped fllament we would have found

: A = 0.32 and 0 75 nsec, respectlvely Our experlmental results clearl

-showed that the 10 u dot seen at various cell lengths was not due to
a trapped filament, but due to a focal spot which was moving forward
with a velocity faster than the light velocity.

To compare with theoretical predictions, we experimentally

determined the parameters K and Pcr'in Eq. (11), and we monitored

the input pulse P(t). The focal spot motion curve can thus be con-
structed. For the particular 1nput pulse used in the experiment, the
focal spot motion curve is shown in Fig 19 together with the experi-
mental data. It is seen that the measured time delays agree very
well with the results obtained from the curve. This is therefore a
direct proof of the MFS model . J

2. The abeve'experiment clearly’demonstrated‘that focal spots_
are formed.as predicted by the MFS model. We now ask the question:
after the focus, would light be trepped?

Early experiments indicated that, after the focal region, light
simply diverged. We showed this by focusing the camera system inside
the cell rather than at the end of the liquid cell For a self-trapped
filament, we would expect to see a blurred defocused image of the
filament dot (see Fig. 24). For a moving focal spot, we should see,

instead, a clear dot correspondiug to the image of the focal spot
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inside the cell. Photographs showed that the focal spot inside the
cell did give the expected clear dot. The 1nten51ty, however was
less than the dot observed at the end of the cell This is probably
due to depletion by stlmulated process in the focal region. .The shove
experiment was performed in the reg1on vhere the focal spot moves
backward

However, when we tried the same experlment on focal spots that

were in the forward moving region, the dot was not observed when focus~

ing inside the cell. There are two possible causes.' The self-fdcused
light could be trapped after passing through the focalvregion. On the
other hand, laser light should be converted into Raman 1iéht in such
a high rate that little is left to be detected on the photograph
over the background llght

To see whether light is trapped by the moving focus, we inserted s
glass slide (1 mm thick) inside the cell a few millimeters from the
exit window. If the filament was trapped, it would be broken up by
this piece of glass through diffraction. Thus, the dot appearing at
the exit window, if at all, would be much weaker than in the absence
of the glass sllde, since the energy contained in thls dot would only
come from focal spots formed after the glass slide. 1In fact, if
v:thout the glass slide, trapping starts a distence 1 from the exit
vinﬂow,vﬁith the glass slide placed at 4 from the exif window, the
energy in the dot should be decreased roughly by d4/1. (In arriving at
thls we assume that the light dlffracted by the glass slide does not
re-focus again.) On the other hand, if light is not trapped after the
focus, the energy density of the dot appearing at the exit end would
not be affected much by the glass slide. Experimental resdlts showed

that the latter was the case. We can further rule out re-focusing of
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the diffracted light by focusing our camers system through the exit
window of the cell at the glass slige inside the liquid If the
diffracted 1ight- re-focused, we should see a blurred spot; otherwide
we should see a clear image of the dot from light diffractlng at the
glass slide. We did see a clear spot, and thus rﬁled out reefocusing.
From these experiments, we can conclude that there is no substantial
trapping after the focus. -

Now we must see whether laser llght was indeed converted to
Raman light. If Raman light was generated aloog the focal spot motion
path, we should expect to see longer Raman pulse duration for longer
cell length, or for highervinput pover {since both increases the
focal spot path length inside the cell) if we arrange to have the -
detector collect all Raman light geoerated in the ;ell. The experl-
mental results confirmed the sbove prediction as shown in Fig. 25

Next we showed that the Raman light generated is divergent rather
than trapped. (Since trapping is independent of frequency, this
answers the hypothetieal‘question} if laser<light were not converted
into Raman light, would it be trapped?} We showed this by re—arranging
our detection system so that only csignal emerging from regions close
to the exit wlndov vas admitted to the detector. -For a trapped beam,

this would not change anything since light only emerges from the exit

Wwindow anyway. For the case vhere light diverges ‘after the moving

focus, we should see shortenlng of the pulse duration and decreasing of
energy content Experimentally, again the latter was the case.
Finally, if Raman shifted light is diverging from the focal spot,
focusing our cemera system inside the cell should Yield a dot at

Reman frequency. Experiments also confirmed this.

-

Lastly, we would like to investigate whether there was any
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divergent laser light inside the cell. The experimental arrangement,
shown in Fig. 26, differed from the usual setup (see Fig. 13) by
having the detector close to,L2 so that all‘signal not blocked by

the disc will reach the”aetector. This means. that s1gnal diverging

-from sources located up to 15 cm inside the cell will be detected
- (Pig. 13). The pulses detected in this manner were shown in Fig. 27.

- When the inpdt'power was Just at threshold, the relatively long-

duration pulse observed was the same as what was.observed earller
v1th the detector collecting light emitted near the end of’ the cell.
Thls is to be expected since all the divergent light came from" reglon

close to the exit window at thls power level. For higher input power,

in addition to the short pulse observed earlier, another pulse appeared

less than 1 nsec later. Since the first pulse must come from light
emitted when the focalqspot hit the.exit window, from the time delay
we see that the second: ‘pPulse must come from the region where the

focal spot was moving backward and should correspond to the region
which gives the clear laser dot in pictures taken by focusing the cell.

The dlp between the two pesks was a manlfestatlon of the hlgh conver-

- sion lnto forward Raman light for the forward going region, and also

‘agreed with the fact thet no dot can be seen when focu81ng at -this
reglon 1n51de the cell

From all these experiments, we can conclude that for the forward
moving branch of ‘the focal-spot motlonrcurve most of the laser power
is converted into Reman light in the focal region. The Raman llght
is not -’ trapped but leaks out all along the focal spot motlon path
At the exlt window, Raman conversion was limited since the'wlndow
intercepts the focal spot, and then the dot at theklaser»frequency

can be seen.
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3. We now check the MFS model by comparingAite predictions-on
frequency broadening of light from filaments with experiﬁental results.

From the discussion in the theoretical section, we see that, if
the focal spot velocity is much faster than light velocity, there
shaould be 1itt1e or no spectral'broadening.. For'focal spot velocity
of a few times that of llght velocity, which corresponds to our
experimental condition descrlbed in  Part 1, our theory predlcts a
broadening of about 1 cm_l. This broadenlng is observable since our
laser spectral width is about .01 cm™ (see Fig. 8)

To. measure this, we used a Fabry—Perot interferometer with a plate
separation of .5 cm (free spectral range of 1 cmfl). The experimental
setup is shown in Fig. 28, where‘as before, a disc was used to block
off the background light. The experimental results in Fig. 28 shows
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that the broadening was about 0.3 cm ~, we also see that the broadening

increaeed as the input power increased. All these results are in

good agreement with the prediction of the MFS model.
To see broadening of the order of 100 cm 1, as observed commonly
with multimode input laser, our theory requires a focal spot velocity

of about 1.1 times the llght veloc1 ty. To achieve this with an 8-nsec

pulse, the cell length wogld have to be about 100vcm; On the other

hand, this condition can be reached with a cell length of 35 cm if the
duration of the input laser pulse is changed to about 1.5 nsec. Such
a laser pulse can easily be obtained by weakly mode-locking a roby
laser. ‘ .

To verify our prediction, ﬁe used a modeelocked ruby laser with
a single transverse modet The length of the cavity was 100 cm and
the beam diameter was ~ 250 U at the entrance window of the_cell.

Typical mode-locked trains are shown in Fig. 29, vhere each mode-locked
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Pulse has a full width at half-naximm of 1.6 nsec and the peak ~ vith no spectral brosdening {s also visible at the laser frequency

power of the highest pulse is about 120 k. The spectral width of on the spectrum. It corresponded to the image of the ~ 10 u

the laser output was always equal to the inverse of the pulse dura- filament, and apparently came from the non-trapped part of the self-

tion. Photographs taken at the end of the cell showed a s ingle focused beam. The Stokes Rsman spectrum from the filament is also

filament for each laser shot . Hove-v-er the singlé filament on the shown ..in Fig. 30a. - It has the same characteristics as the spectrum

photogra.ph vas in fact a superpositmn of several ( often 2 or 3) around the laser frequency and shows that the Ra.man radla.tion from

filaments created consecutively by_ severa.l pulses in the mode~locked the filament is even more strongly phase—modulated.

: 21
train. This was seen from the oscilloscope trace of the £1lament’ . F‘rom our theoretical analysis,” we expected to flnd in our

~

pulses shown in Fig,~29a._ That self-focusmg or filement formation case a broadened spectrum of the order of 100 em” if the peak power

was terminated after a few pulses was probably due to thermal or of & mode-locked pulse was above 100 kW. . For lower peak po_wer, the

acoustic effect resulting from Stllmzlated llght scatt ering in the broddening would be less, and for peak power‘less vtha.n 60 kW, we

liquid. 1In Fig. 29}, we recorded smlta.neously the R pulses expected to see no gpgreciable spectral broadening at both laser and

emitted from the filaments. The stimlated Brillouin scattering was Raman frequencieg. This was roughly what we observed. At ‘high pesk

not observed, presumably being suppressed becaus e of the transient power, the superposition of the spectra of several filaments and the

effect. Whenever the filement pulses vere present, the laser pulses effects of the filaments on one another made quantitative gnaly81s

.- R 18
vere clearly depleted, as shown in Fig. 29c. Comparison of the energy difficult. Dena.rlez-Rober_ge and Taran”  showed spectral broadening

in the Raman pulses with the depleted energy.in the laser pulses increased with the filament length. This can also be shown: tg be in

-

showed tha,t the laser power was mainly depleted by stimulated R qgalitative agreement with our model.

scattering. To see whether light is trapped by the moving focus, we focused the

) . ) ‘ . . _ .
In order to study the spectrum of light emitte d from the filament, image of the beam cross-section ‘a.t s‘evera.l cm inside the cell on tve

We used a Jarrell-Ash 1.5 meter Fastie spectrograph with its entrance spectrograph. No extended spectral broadening was ever seen at

slit widely open. The magnified (x 10) image of the filament at the either the laser or the Raman frequency. ‘ The fact that onlyvllght

2nd of the cell was recorded. A typical spectrum of the filament is emitted frc?m filamegts at the end of the cell showed spectral broadening

sm in Fig. 305..‘ The appreciable spectral broadenlng and its sem.— gave clear evidence that it wgs the trapped part of th.e light which

perlodlc structure are manifestations of Slgnlflca.nt phase modulatzon gave rise to thg broadez?ed spectrum. ‘Occasmna.lly, ve observed clear

of light emitteq from the filament , 3+~ 33 The semi-periodic structure images of the focal spot at both laser and Raman frequencies, as

is somevhat smeared because the spectrum is actually a superposition shown in Fig. 30b. They corresponded to the case where the pea.k power

of the spectra of several filaments as e mentioned earliér. A dot of the input pulse vas low, so that the self—focnsed light was not
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being trapped over any appreciable distance, with the result of little
spectral broadening.
Although the results presented here are all on toluene, we have

performed similar experiments on Ccs There was no Qualitative

X
difference between the two cases, excepf that spectral broadening

in 082 Yas several times more -appreciable. - Ub'therefore‘conclude,
fr0m>our exfesimental results, that the observed small—scale filaments
are actually composed of moving focal spots, but under sultable
conditions, thevself-focused light can»be partiaily trapped in the
'dlelectrlc channels established ‘temporarily by the moving focal spots.

The condltlon for trapplng can be easily fulfilled v1th the use of a

mode~1ocked 1aser or a multimode Q-switched laser.
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IV. DISCUSSION AND CONCLUSIONS
We have seen in Section ITT ﬁow the MFS model successfully
explained our experimental observatioﬁs using lasers with:controlled
output beams. We now examine other experiments and.their interpreta-
tions reported in the literature inblight of this model. We will als
discuss effects that are not explaine& by the MFS model.r

A. Experiments with Laser Beams that are "Spatially Smooth™’

We note that the spatial distribution criterion required here .
is somewhat dlfferent from what is usually called a "single transverse

mode" beam. What is required here is ggx_smooth spatial distribution

" with-an 1nten51ty maximum at the center and decreases monotonely

with radial distance. ‘On the other hand, in many cases, the output

- 'of a pulsed laser may_consist of, ssy, 95% of TEM o mode admixed |

with 5% higher order modes. This beem will appear to be "diffractlon

limiteq" for all practlcal burposes;and, in fact, for many experlments,

such g beam can be taken as TEM mode in the datsa analysls, without

" noticeable error, This, however, is definitelyvnot the case in studying

self-focusing and filaments. As shown by Bespalov and Talanov,16 an
intense beam wlth power density F in a nonllnear medium is unstable

egainst spatial perturbatlonmw1th characteristic size

R 01/2/(16@5'1:2?)1/2

vhere F = power/unit areas. For F = 50 Mw/cmz, n, - 10712 esu'(CSz)

A ~ 100 p.

Small intensity.inhomogeneities of this size will thus start
self-focusing independent of the rest of the beam. . This explains

why, in many cases, laser beams that are apparently diffraction limited



single trans§erée mode can produce multiple filaments.lo, (Diféct
experimental evidence of this was obtained by Abbi aﬁd Mahr.36)

Thus, by "spatially smooth" laser beam, we mean ‘that the laser
beam will consistently self-focus té a single filament. We stress
thgx only in this case we can claim any knowledge of the initial con-

ditions for the filament formation.

A number of experiments‘with this . kind of input condition have : -

teen reported in the literature,zo"zs’gg’s5 in_adéitioh to ours: -
described in Section III. The properties of filaments reported there
agreed very well with our-observations. The few seemingly differeﬁt
observations can_be traced back to the difference in the input con-
ditions such as the initial beam size, the input_puise duration and
cell lengths, etc.

For example, in fhe eﬁpériment of Korobkin, et al.,ao in which
the motion 6: the focal spot was measured ﬁsing_a fast streak camers,,
backward motion was observed. 'This is due to their longer inpﬁt
pulse duration (15 nsec) and short cell length (10 em), under which
the focal spot is in the backward moving region.

Similafly, Maier et al.28 performed an experiment st;dying the
backward Reman-filament correlation similar to'qurs and they concluded
that the Raman signal originated close to the exit window_of the cell
independent of inpﬁt povér, quite different from what we observed in_
Section III. This is due to their léqger input pulse duration (30 nsec
coﬁpared t; our 8 nsec) and largér beam size {~ 600 U compared to our
300 u). Under these conditions, the first focal spot would eppear at
the end of the cell, moving inward af a velocity close to or smaller
than light yelocity in the medium, for a wide raﬁge of inpu? peak _

pover. This explains why the Raman pulse always originated from close

to the exit end of the cell.
The experimental results of Maier, et 31.29 on the interaction

between self-focusing and stimulated scattering agreed well with our

A

observation. . Their analysis and interpretation can be further clarified .

using the MFS model. - Under their experimental conditions (25 nsec
pulse duration, 435 U beam diameter and 30 cm cell iength).the first
focal spot should appegf.at the end of.the cell. Backwafd Raman and
Brillouin is‘initiated_by this focal spot and quickly deplétes'the -
incomiﬁg light.  Due to this deplefion, the subsequent transmitted -

laser power would be lover than this power level which initiates the

backward stimulated processes. Therefore, the pesk value of the trans--.

mitted power ig this case is equal to the power level with which the K

beam focuses at the end of the cell, and is the value one should use

to calculate the diameter of the focused beam at the end of the‘cell.

This value of input power was used in the analysis of Ref. 29, through
somewhat different reasoning. We note that in general the peak trans-
' mitted power corresponds to the level at vhich backward stimulated

-Raman scattering is initiated and might not be related to the pover -

level which determines the diameter of the focus beam at the exit end.

B. Experiments with Spatially Inhomogeneous Lasef‘Beam»

Under this typé of input condition, tens and hundreds of'fila—

10-12,32,18 16

ments were observed, due to breaking up of the beam.

We know very little about the input conditions for each filement,

and quantitative comparison of experiments with theory is not possible.

We can, however, make some qualitative comparison with the predictions

-of the MFS model.

We note that, for an inhomogeneous beam, even though the total

- pover integrated over the entire beam might ha&e & "smooth" time

¥e
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variation of the order of.lO nsec, the time nariations of the "hot
spots" which give the‘filaments are commonly in the range of 1 nsec
or shorter.36 Under these condltlons, each filament is likely to be
formed through self-focus1ng of the beam from a hot spot of ~ 50 u
in diemeter, with a pulse duration_of ~ 1 nsec and a power level of
.16,23.

With this-kind:of input conditions‘in mind, the experimental -
results of Denariez-Roberge, and Taranl® can be easily .explained
using the'MFS model. In view of the probably small initial diameters
(~ 100 u) ofvthe hotispots, it is not surprising that filaments were

still present after the laser beam passed through a screen with 30 p

' holes. They also showed that, in their experiment, the number of

filament dots at the exit window decreased (statlstically) by a
factor of 3 when a lmm thick glass flat was inserted inside the liquid.

We expect this to happen in the MFS model since the glass slide

"‘v111 disrupt by. diffraction the focusing action of a smell-size beam

containing a power not much larger than P .- (We note that in our

' experiments at P = 2'Pcr, the 51ngle filament dot appeared at the
'exlt window even vhen a glass slide of 3mm was 1nserted inside the
- liquid (see Sectlon III) Flnally, for the dependence of spectral

- broadening of llght from the- fllaments on thelr propagation dlstance,

wve showéd in Section II that thelr results can be explalned by the

'_MFS model.

"ﬂ Coc. ggperlments Using Picosecond Input Pulses
Fllaments have been observed under picosecond excltatlon,l9 with
properties qulte 51m11ar to those observed under multimode nanosecond
19,37,38
excltatlon. In all of the experlments . more than one filament

vere,observed per,shot. This is‘apparently due to. the extremely high

suggested
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power densities in these beams (-~ 5 GW/cma), so that the beam in the:
nonlinear medium will break up with the slightest intensity fluctuation
Oor perturbations.

One of the chief reasons for studying filaments under picosecond
excitation is to try to determine the physical mechanisms responsible
for the 1nten51ty dependent nonlinear refractlve 1ndex.19 It,was

38 that 1nformation could be obtained by analyztng the
spectral broadenlng of. 11ght from the filament assuming that the
short fllament pulse propagates in the self-trapping mode.33 (For

example the ratio between the extents of the spectral broadening

on the stokes and antl-Stokes sides was used to set a 11m1t on the

_ value of the relaxation time T of the nonlinear refractive index.38)
We have seen that, under nanosecond inpnt condltions, filaments arc

_ the tracks of mofing_focal spots rather than self-trapped waveguides. -

Now, can the moving focal spot model also explain the_ObserVed filament
properties under Picosecond pulse excitation?

First, we note that, while self-trapping solutions of Eq{.(s) have

. been obtained in the limit T + 0, it is not clear whether self—trapplng

solution exists for a pulse w1th du*atlon comparable to T, when T is

finite. In fact, since the medium cannot respond instantaneously

v to give a 4n large enough for self-trapping, the field intensity in

the leading edge of the pulse will decrease continuously through

diffracting as the pulse propagates along. (fhis effect can be seen in

the solution of Fleck and Kelly2h that a symmetric pulse develops into

an .- asymmetric pulse through self-focusing. ) Thus, in a medium vhere
T#0, self—trapplng with constant pulse shape (as assumed in Gustafson,
et a1.33 and Cubeddu et'al.38) seems to be impossible. Secondly, it

has been pointed 01.11:39?,4l that since the positions of the maxima and
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minims in the broadened filahent spectrum appeared to be independent
of the radial distance r of the filament, one can conclude that the

phese modulation in time must be independent of r. According to the

self-trapping model, the phase change Ad(r) is given by kAn(r)f where -

£ is the length of the filement (Eq. (15a))and thus An must be in-
dependent of r; On the other hand, the intensity distribution
lklz(r) ef’the filament has been shown to be roughly Gaussian..io>3?
In order to have An-independent bftr induced by a Gaussian intensity
distribution, An must be completely saturated with respeet,tb IEIQ
over nearly the entire intensitjfdistribution. This appeais to be
unlikely in view of tee relatifely low values of An and lEla ebserved
in experiments.37—39(The lack of spatial dependence of A¢'ﬁas also
verified in Ref. 39 by measuring the spatial Fourier transform of
light from the filament.)

Let us now consider the MFS model under pieosecon& excitation.
Although our discussion on this model so far has been limited to
input pulses with duration much longer than the rela;ation time T,
the qualitative aspects of the theory should hold even for the case
of ultrashort pulses. We fealize'that if the input pulsewidth is
comparable with T, then the transient response of the medium. should
affect the self-focusing distance. TFor the upper branch of the
U-curve in Fig. 1,'the beam with an-input pover P should now self-focus
at.a distance larger than the value given‘by Eq. (11), but the curve
should stiil retain its qualitative feature. Also, because of
transience, the dimension of the focal spot would be larger. The
tfansient effect on theAlower branch of the U curve me& be e&en more
drastic, since self-focusing of the lagging part of the 1nput pulse

ray now be affected by self-focu51ng of the leading part. From our
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theory, we can make the following qualitative predictions for the
case of ultrashort pulses. The duration of the output filament pulse

should still be of the order of T. Spectral broadening'with semi- -

_.periodic structure should be greatly enhanced, with: Stokes and canti-

- Stokes broadenlng equally pronounced. In this case, light may also

be pertially_trapped in the track of the moving focal spot ever a

‘much longer distante.. These predictions ‘explain qualitatively the

recent experlmental results obtained w1th picosecond mode-locked
pulses.37>38
we note that the MFS model does not have the 1ncon51stenc1es

mentioned earlier with the STF model. In part1cular the fact that

the position of the maxima and minima in the broadened spectrum is

. independent of r appears to be consistent with the MFS model. In

fact, to give such a spectrum, all we need, for example, is a refrac-
tive index change of the form An = Anll(r) An (z,t) togetﬁer with
an intensity distribution of the form IE[ = 4 (r) A2(z-c't) vhere
37 Aoy (r) =0 for the range where Al(r) is non-zero. (The functional
form for An in Ref. 38 is incorrect. Thls is due to their assumption
that Ap = Sl(z,t) + Sz(rlz) inside the filament. Ie theit subsequent
ealculatien,'however,'they use that form of A¢.for all space, which
lead to their erfoneous conclusioe.) These fonns of On and [El2 |
are certainly allowedbin the MFS model. Whether such distriﬁutions
can indeed exist in the track of a moving focus can only be determined
by detailed solution of the focal region under picosecond excitation;

D. Some Unexplained Effects

_ 1. leltlng Size of the Filament

We realize that the diameter of the filament should correspond to

~ the diameter of the focal spot. However, no mumerical calculation
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has yet been able to go beyond the focal region and to predict the
focal spot dimensions. Transient effects are important close to fhe
. focus since the high-intensity focal spot is moving at a very high
'speed. Various stimulated scattering in the focal region may also
come into play throﬁgh depletion of the laser power and generation
of heat in the focal region. Above all, the dielectric response
| Axi,(lElz)‘ of the medium to the field plays a cent’?al role in deciding
how thevseam.is self-focused. |

Reeently,,self-fccusipg of light due to the intensity-dependent
dispersion‘of a resonehce lir;e,42 has been observed by Crischkowsky.h3
in'this system, An as a function of ]E[2 is known accurately.and
ne stimulated scattering is present due te thevlov power needed for
self-focusiné.'.Thus cslcuiationyh can be carried out through and
beyond the focal region fo compare with experimental results. In-
formation obtained inbthisrsystem concerniné the limiting size of the
filaﬁeﬁt shouidebe'useful in defesﬁining the physical mechani sms

involved in the liquid case.

2. Side View of the Filement
The physical mechanisms behind the strong scatteredvlight emitted

11,ko .
remains

. by the. filament normel to its propagatlon direction
'unknown The orlgin of the beating pattern along the filament observed
by Brewer and Townes,hp and -the hlgh value of An deduced, cannot be
_explalned . ' .

E. Summary and Conclusion

We heve presented a systematic study of small-scale filaments.
We described the two theoretical models (MFS model and STF model) and
" compared théir'predictions with existing data in the literature.. We

elso presented & calculation based on the MFS model to'pbtain the
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.spectral broadening of light from filaﬁents. Experimentally,i
extensive’measurements on filaments were performed under known input
conditions; The relations between the input candition, the stimulated
scatterlng processes present, and the fllament propertles were
studied. Based on these. observatlons, specific experiments were
designed and carried out to distinguish the two models experimentally.

Resqlts obtained from these’experiments,agreed quéntitetively
with the predietions from the MFS model. We also show that experi-
mental results on filaments rejorfed in thebliteratures can be
explained satisfactorily by the MFS model.

we therefore conclude that small-scale filaments are formed as
the result of mov1ng focal spots. Thls is def1n1tely true for nano-

second pulse excitation and is also likely to be true for picosecond

pulse excitation.
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The values of input fpower, beam diameter, and cell lengths in our

experiments were such that only one focal spot would exist, -
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otherwise stated, we will assume that this is the ca$e in our
'i:h et“cal discussién. . )
eoreti : * Fig. k.
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| . Fig. 5.
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FIGURE CAPTIONS

The lower trace describes the input power P(t) as a function of

time t. The peak power is 42.5 Kwatts and the half width at the
e-:L point is 1 nsec. The upper trace, calculated from Eq. (1),
describes the vposition of the focal ‘spot as a function of time.

The values of Pcr and K used are 8 Kwatts and 11.6 <:m--(Kw)l/2 '

ré‘spectively, which correspond roughly to an input beam of hoop

in diameter prdpagating in 082. The dotted lines, vith the

slope equal to the light velocity in CS_, indicate how the

29
light propagates along the z-axis at various times.
Velocity of the focal spot for the casé deseribed in Fig. 1.
(a) as a function of time t, and .

(b) as a function of distance z.

Paths of the laser light (with slope ¢/n ) and the backward

" stimulated radiation (with slbpe c/no) generated by the focal

" spots at A and B.

Spectral broadening in 052 (Reproduced from Gustafson et a.l.33)
(a) Theoretical calculation of Cheung et a1.3?
(b) Experimental spectrum of Cheung et a.1.32

(e) Theoretical calculation of Gustafson et al.33-assming an

initially Gaussian intensity profile. The full(l/e) width .

equals T.k4 psec. »
{a) Normalized power Pf of the filament pulse vs time;

(P = 11.2 KW);

f max
(b) Field-induced phase change Ads (M’max = 129.3 rad.); -
(¢) Power spectrum of the filament pulse obtained from the

Fourier transform of Pi/2 exp(idg).

The velocity of the focal spot at z = £ is 1.12} o,

L3



Fig.

Fig.
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Curves describing P e VS t, Ad vs t, and the povér spectrum of

the filament pulse obtained with all parameters in Fig. 5 kept

unchanged except 1% = 6 X 10712

sec.
Curves describing Pf ‘vs t, Ap vs t, and the power spectrum of
the filamént puise obtained with all parameters in Fig. 5 kept Fig. 1b.
unchanged except T' = 107 gec.

Curves describing P £ vs ty A Vs t, and the power. spectrum of

‘the filament pulse obtained with all parameters in Fig. 5 kept

" unchanged exce_i:t that the decay of Pf(t-) is linear and symmetric

Fig. .

Fabry-Perot pattern (free spectral range:

Fig. 10.

to the linear rise of Pf.

'I‘yplca.l input laser pulse (time scale: 10 nsec/div) and its .

1.

doem
Experimenfal set up (a) and pictures of the beam cross sections
(at qdnstant cell length & = 16cm) axhincrea.sing input power
levels from (a) to (d). At higher powers, the observed beam

(filament) size is independent of power level. A collection of

 filaments with this limiting size (about 5u) are shown in (e).

~ The 1iquid used was CSQ.

Fig. 11.

Fig. 12.

Fig. 13.

Densitometer trace of a (S, filament.

2
Filament size in CS,-nitrobenzene mxture Approx;tmately fiyev Fig. 16.
shots were taken at each concentration. Sizes were determined
from densitometer t;'aces like Fig. 11.

(,a) ’,Expei‘imental setup to measure the direction of the filament,. Fig. 17.
blocking the ﬁnfocussed background light from entering the -
detector. (Llf L‘2, convérging lenses; plasne E, end of liquid

cell; plane A, image éla.ne of E; phne B, ‘detector.)

(b) .Schematic' drawing to show the Qiscrimination against light

diverging from deep inside the cell.

Fig. 15..

' asymmetric pulse
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{e)

from the end of the cell that will reach the detector.

Percentage of 1light signal from source at a distance. d
Light
intensity is as.sumed to be constant within the core angle of

4 x 1072 radian and zero outside.

Filament pulse durations 1n toluene, at constant cell ieng'th
(32.5cm), when input pbwef vas increased from (a) to (d).
(From Loy and Shen, Appl. Phys. Lett. 1k, 380).. Oscilloséope‘
traces of the syétem response to various l.ight>pulses. The
system was composed of an ITT FL018 pl\xotodiode in connection
with a Tektronix 519 oscilloscope. (a) A ﬁode-;ockea pulse
of 8 + 3 psec.in pulsé width from a Nd-glass laéer. ~(b) A
"filament" pulse with a pulse width of 190 * 30 psec and an
sahpe as.'shown in the insert. (c) A

"filament" pulse with a pulse width of 100 * 60 psec. The
inaccuracy is due to uncertainty in the pulse shape. The
fnseft shows that the pulse width could be very different
depending on iihefher the pulse is Gaussian or Lorentzian. The
circles indicate resﬁl‘cs of compl;lter calculation, taking the
mode-locked pulse as a § function.

Focal spot motion curves for two input peak power valués;

P2 > Pl.’ The two dotted lines represent the boundaries of

the region monitored by the detection system.

-Experimental setup and data wherée the input power (P), the

backward Raman ’radiation (BR), backward Brillouin radiation
(B), forward Reman radiation (FR), filament pulse(F), and
filament picutre (FI;) were simultaneously measured. (The
filament picutfes were too faint to be reproduced here.) The.

liquid used was toluene, and the cell length was 32.5 cm.



Pig. 18.

Fig. 20.

Fig. 22.
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See text for more detail.

Incident (Pi) and transmitted power (PT) fhrough a 26 cm

toluene cell.

(a) Below threshold, no depletion of laser power.

(b) Above threshold, depletion occurred due to backward
stimulated radiations.

(a) Schgmatié diagram showing the relative positions of the
backward Raman pulse and fhe filameni pulse, as a function of
time. The pulse separation at t2 (when the focal spot'is.at
the end of the cell) is defined as. 4. |

(b) Schematic diagram showing that 4 should increase as the

'input peak power increases.

\

The pulse separstion d, measured di four different cell length
was plotted as a function of input peak power. - The solid
curves are theoretical predictions using experimentsally
determined values of P__ and K (Fig. 21).

The inverse of the minimum self-focusing distance Zf as a
function of the squarevroot of the inpﬁt peak power P. The
slope of this line gives the parameter K; and the intercept,
the square root of fcr’ ' A
Schematic diagram to show that by measuring thé value of @ at

{
different cell lengths, the velocity of the focal spot can be

 shown to be higher than light velocity c'.

Fig. 23.

Time-of-flight experiment on the focal spot. The experimental K

set up, together with a typical oscilloscope trace is shown
on the left. The solid curve on the right was obtained using

experimentally determined parameters K, P .» and P(t). The

dots with the error bars at 21 and 29.5 cm are results

Fig. 2k.

Fig. 25.

Fig. 26.

Fig. 27.

"Fig. 28.

Fig. 29.
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obtained from direct measurements with respect to tﬁe focal.
spot appearing at the end of the cell (cell length 36 cm).

The dashed line with a slope equel to the light velocity is
shown for comﬁarisqn. V

(a) Schematic drawing showing the optical setup where the
plane S (inside the cell) is imaged through the lens L onto
the plane F vhere the ?ilm is placed.’ filament light emerg-
ing,from the end of the cell (pléne E) is shown as dotted
lines which form a blurred image at F.

(b) Picture taken with optical system focusing at a pléne

1.5 cm inside the cell. The medium was toluene, and the cell

‘length 33.5. Magnification was about 100X.

Forward Ramen pulses with their igpuf lﬁser pulses at two cell
lengths. For the same cell length (a and b, both at 42 cm),
higher input power gave a Ramgn Pulse with longer duraﬁion
(b). .For about the same input power (a and e), longer cell
length gave longer Raman pulse {c).

Experimental setup detécting signal up to 15 cm inside the:
cell (see Fig. 13c).

Experimental data taken with setup shown’ in Fig. 26 t§ detect
diverging laser light inside the cell. ' o

(a) Input power at threshold for self-focusing. '

. (b) Input power above threshold.

Experimental observation of the spectrum of the filament when
the focal spot velocity was a few times light velocity. The
input power, together with the Fabry-Perot pattern, showed

that the dbroadening increﬁsed as the input pover increased.

‘(a) Interleafed input laser pulse train and filament pulses.

-

&
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The laser pulses were optically delayed by 6 nsec with respect

to the filament pulses. Three filament pulses appeared in

. this shot.

(b) Interleafed input laser pulse train (optically delayed -

by 6 nsec) and Raman Stokes pulses from the filaments recorded

simultaneously with (a).

(c) 1Interleafed input and tfans_i:itted laser pulse trains

shovring dép'letion of laser energy. The -iziput pulses were

- optically delayed by 6 nsec with respect to the transmitted

Fig. 30.

pulses. They correspond to the train with lower amplitude.

Laser and Raman Stokes spectra of a filament crgated by self-
focusing of 1.6 nsec mode-~locked pulses in a 37 cm toluene
cell, (a) taken with the spectrograph focused at the end of
the cell; (b) teken with the spectrograph focused inside the
cell (at 15 cm from the end of the cell). The laser spectra
are on the left with the slit images centered at 14402 mnfl
and the St_.oke_s spectré. on.the r:‘i.ght.vith the slit images

centered at 13400 c.m-l
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Input pulse
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Fig: 1k

(d)
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LEGAL NOTICE-

This report was pfepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor

" any of their contractors, subcontractors, or their employees, makes
any warranty,  express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed,- or represents
that its use would not infringe privately owned rights.
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