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‘
fhééfétiéallIﬂt.‘e_r‘p.rété;tv‘ion' "':o‘f_ smali*-éc;.ié Filaments of  _
: 31‘Light Oniéiﬁatiné ffom Moving Focal Spots‘ -
' Y. R. Sh'.en‘. an;i Michael M. T. Loy
Départmeﬁt of'Phyéics;_UniQérsity of California
Ai "fInorganic'Materiaingééearph ﬁivision,
' Lawrence Radiation Laboratory, .
- Berkeley, California 9720
" amsTRACT
“a:;Afgimplév£h§bry is giveﬁ[tp explaih;£he mgny diffefeht-
féafhres of émali-géélé'filaménﬁs undér various'experimental
:cbn&itioﬁs.'_If'is shown that the observed filgments are the
'conseiﬁénceé of mdving foci. Under‘aépropriate coﬁditipns, a
foéal’épdt can»gpve in the forﬁard_direction with a speed,faster'
than -1'i'ght'_._ Aé a 'r.e-éultv,‘ t‘h'é‘iight pﬁise emitted from the |

fil&mént at the end of thé nonlinearvmedium'has'a much shofter v
.'dﬁfatibnbthan ﬁhé‘inputppulse,_aﬁd shows a ChafAC£éristic‘

éééétrﬁl broadéning.  Bééause of ité high iﬁﬁensiﬁy,va movihg
ffocél spot also lea?és behiﬁd.it.a.témporary track of fieid-

~ induced refradtive index.: Light:trailing after the'foéal
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, Aspé_t caa fhén_,be. partially trapped in the track. Trapping
over’ p;p;)re'ciable dis_tanée is po‘ssihie' if the velocity of the
- forward-moving focal spot is not much higher than the light

velocj’.ty.



e

<4

characteristic spectral‘broadening of light emitted from the filament.

-  UCRL-19636

R 'j'I. INTRODUCTION.
The existence of small-scale filamentsl invseif*focused light has
aroused a great deal of interest among research worker's;2 'It'waS'observed

that under dlfferent experimental condltlons, the results obta1ned on

,these fllaments were often different. With a single—mode Q—sw1tched

laser»pulse' the filements were shown to beﬂsimply tracks of mov1ng
focal spots,s_,5 in support of the model of Lugov01 and Prohorov. 6.‘On.
the other ha.nd the results obta.ined with a multimode lev.ser7 or a mode-—'
locked laser5 confirmed the exlstence of trapped fllaments suggested by

Cﬁiao'etvalaef In thls paper - we propose to explain the varlous experi—

A mental observatlons on small-scale filaments by extending the model of

mov1ng focsl spots.'_We-suggest that, since e moving focal spot induces

& temporery track of higher refractive index, the self-focused light -can

be partially trapped in the track: Under appropriate conditions, trapping -

ff can last over an appreciable distance in the medium. We can then picture

a trapped fllament as a ;eaky waveguide, along whlch energy is continuous-

lf'fed:in through self-focusing and leaked out throughrdifffaction.:Hwe

"show, fron'the model; that we can now explain satisfactorily the observed

9

In the folloving'Sections, the theoreticel_model is first developed on
‘& semi-quantitative basis, and then results under various experimental

" conditions are discussed.

II. THEORY |
Let us first present a qualitative picture of our theory. If an
ihtense.focal spot moves in a nonlinear'medium,.it snould"leave behind

it a trsck of field-induced refractivefindex, An, wﬁich_lasts at least
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: over & periodvof the order-of‘thehreiaration time t for the refractiye
iﬁdex,chahge;‘ We can therefore picture that there is & leaky 0ptdca1
',wavegulde of. flnlte length mov1ng along with the focal spot Part of
the self—focused llght then gets trapped temporarlly in thls wavegulde.:
If the focal spot is moving in the forward dlrectlon with a veloclty
'-close to the veloclty of llght then the trapped llght can renaln trapped.
over a long dlstance untll it runs out of steps with the moving waveculde
As a result of the 1nduced An, the self—focused llght traver51ng ‘the
medlum acquires an lncrement of phase A¢ Slnce the focal Spot moves
with tlme,.A¢ appears as a functlon ‘of time t A‘rapid phase‘modulation
Ap(t) would then lead” to & broadened spectrum 10 This would happen if,

' towards the end of the nonllnear medlum, the focal spot moved with a
i .veloclty;c;ose to the light yeloc1ty.

| Details'of-the'selfefocusing dynamicsﬁcan’only:be-obtaihed by
soluinghsdmultaheously the waue-equationdfor the fields-and the equation
of motdohvfor'An However, so far as, the p051tlon of the focal spot is
cohcerhed (we assume P > P , so that only one focal spot trajectory
.would appear ) the large-scale self-focu51ng theoryl; has»been proved

to be successful 12 ~and for an 1nput pulse nmuch longer than the relaxa-

13-

~tion tlme T the statlonary theory of self—focusvng is valld Even

"“if the’ 1nput pulse 1s short compared w1th T, the modlflcatlon will only i
affect our discussion quantltatlvely but not qualltatlvely In the

- stationary theory, self—focu51ng of an 1nput pulse ylelds a focal spot

....at a self-focusing dlstancefzf‘which varies with t1me.ll
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focal-spot velocity v is shown in Fig. 2 as functions of z
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2,() = x/[ /20 2 o

with t' =*t';z'(t)/o', where K is a parameter'rOughlv‘proportional to"

. the square of the beam dlameter P is the 1nput laser power, P or is the

critical power for selfvtrapping,e'and ¢! is the lith velocity in the

medium If X, L and P(t) are ‘known, the‘focal—spct motion, z,. vs t,

f
)." 3,1k An example is shown in Fig{ 1

can be obtained readily from Eq. (l
for.a 1—nsee input.puISe (see the figurefcaption); 'The corresponding ‘

A k ‘ . f'and t‘respec;
tively; ,F;om Figs.»l ahd é, itvis‘seeu thatvif the variation of P(t) .

w{th t is sufficient1Y”fast _then the focal spot will indeed move with

a velocity close to the light veloc1ty c' Thistituation is most easily

realized from short. 1nput pulses.

As to_the'variations of IE(r,t)]2 and An(¥,t) in the focal region,

fone'must SOIVe'for'theodetailed‘Selféfocusing dynamies. In particular,.'

even though the stationary theory of large-scale self focus1ng predicts

the p051tion of the focal spot fairly well for a long 1nput pulse, it

- would not describe correctly IE(r t)[ in the small-scale focal region

o eventually'overcome by diffractlon.

51nce here, An is not . llkely to respond 1nstantaneously to the variation
of IE(r't 12 as a result of the focal—spot motion. The tran51ent response
of An together w1th dlffraction and various types of losses, would

by
make self—focus1ng of the beam more gradual in the focal reglon and
15 However, for our qualltatlve
discussion later, an exact solution of IE(r t)l will not be necessary.

Let us consider for ‘the moment self—focu31ng of the 1ead1ng part of. the

pulse and con51der only 'E(z t)l around the focusing axis., We simply
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aaeume that as a beam self—focuses, lE(z t)l 1ncreas=e llnearly 15 the
ﬁre—focal.regdon over a dLstance a , remalns constant over the longl—
fudinal:dimensiou_Qb‘ef fhef%ecel spot; and then as a reeult of partial
tra?ping'of'nohliueaf diffraction; decreasesvslowly‘aqd expouentially
'te Zero. Then,_at a fixeddz, if we neglect thevshall curvature of the

U curve around z in Fig. 1, we would have .

stz ]?

= A[t (t —T —T )] -‘.' _» fou:tz -(Ti412) <i§:%‘tz -T,
;;dATl_ uu_' :.‘u , .,;.._ ‘..for uz 5T2.< t % tz+$2»
= ATldexp[-tf4tz ¥T2)/f']" vfor.t >It;+T2 |
with uA'¥'16 P/éa? T,
Ty = alvet)/ve!
.Ti =_'v'b(;§,_’,¢;)v/v¢'»; B el B > _'("2.),

~where t is ‘the: time when the focal spot appears at z, P is the 1nput
laser power at (t -z/c ), d is ‘the dlameter of the focal spot and v

is the veloclty of the focal spot at Z. As one would'expect, the param- d
eters a, b and d. should generally depend on P(t) the diauetef, aud

tbe spatial dlstrlbutlon of the 1nput beam, and on the propertles of

'_the medium

we should emph351ze that Eq (2) is only meant to be a crude approxi-"

'matlon of the true pulse. However our qual:tatlve dlscu551on below

. owill nqt be affected by the detailed pulse'Sh&pe as we shall see. There
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is SOme_arbitrariness in choosing the values for Tl and T2 (or a and b),ls

but in ordinary'liQuids (Tl + TQ) must be of the order of the relaxation
time'T'(~-aAfew psec.1for.orientational»relaxation)var An. It cannot

1,17

be much smaller 51nce; from experlmental observatlons, we know thab*

-the maximum An(t) at z on the axis is not much less than An (z)

(1/2) n lE(z t)lz . The value of (T + T ) cannot be much larger either.
since if (T + T ) >'T, we would expect the statlonary self-focu31ng
theory to be valld even in the focal reglon but “we know that when the
statlonary self—focu51ng theory holds the focal spots would be sharp

with (T + T ).< T,ll 13 contradlctory to the original assumptlon Also,

2%
we noticed in our experlments3 »? that the focal spots are usually well

deflned suggestlng that (T + T ) cannot be much larger than 1. There
‘ is also arbltrarlness in ch0051ng a value for T' in Eq (2). A larger

1! corresponds to trapplng of llght over a longer duratlon Self-trapping

of llght (i e., trapplng of llght by lts own 1nstantaneous power in a non-

-

linear medlum) occurs as T' becomes 1nf1n1te.

we now assume that An obeys the 51mple relaxatlon equatlon

3(an)/at + Mo/t = (ny/1) [E()|2 (3)
~
where n, is the nonlinear refrective index. With lET t)|2 i b
, 5 1 _ ref . Z, given by
(2),.we can then solve for An(z t) around the focusing axis. Let
_us again refer back to F1g.»1. Con51der the laser llght enterlng the
medium at tA and propagatlng in the- medlum along AA' in Fig. 1. Because

of the induced An the part of the self—focused llght which trails the :

. moving foca.l spot along the axis acqulres ¥:1 p_hase 1ncrement Ad at z = 2
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A¢(t t +z/c ) = f (w/c)An(z t'-t +z/c )du,- o A(h).‘
/e

T

we can obtaln the power spectrum of the llght pulse mltted from the small— .

uFrom the Fourler transform ‘of P exp[-1wt+1l¢] vh»re P (d c/l6 IE(l) t|2
‘,scale fllament at the end of the medlum
N As an example we cons1der the case of pzopagatlng the l—nsec laser_

pulse of Fig. l 1nto a CS cell 22. 5 ¢ cm. long we ‘assume Tl = l ST .

(a = 0.50 em.), T = O.lST (b = o.os en.), d =5 um, n, = 107 esy,

=2 % lO 12 sec., and T"- 3 x 10 l? sec. >In)Figs 3a and 3b we have
plotted P, (t), and A¢(t) as . functions of t, and in F1g 3, the corres- -
pondlng power spectrum. It is seen that the output fllament pulse is o
about h psec. long, and its power spectrum has the characterlstlc b;‘ -
sPectral broadenlng and semi—periodlc structure observed in experlments (32
The asymmetry of the ¢(t) curve is reflected by the Stokes— antl—Stokes

9 10

asymmetry 1n the spectrum Such a. spectral broadenlng was earllerv

explalned by assumlng the existence of a self-trapped fllament wlth a
~certain deflnlte length 9 10 It is 1nterest1ng to note that in order

“pto explain the observed spectral broadenlng in 082 using the
"‘self-trapping model Gustafson et al lO had to assume a fllament pulse

: With a pulseW1dth of & few psec.; wh1ch is about equal to the fllament ~:‘
"pulsewidth we. obta1ned from our calculatlon To see the effect of

: partial trapplng on spectral broadenlng, we show in. Flgs b and'S theA_‘
ﬁ_broadened spectra corresponding to T'v 3T and 1'7 ST respectlvely,

: with all the other parameters kept unchanged ' We also show" in- Flg 6

e
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~ the spectrum'for the special case vhere we assume no trapplng at all
‘ (The correspondlng fllament pulse has the exp0nent1al decay replaced by
A[T -(t -t '—T J).‘ It is‘seen that trapplng affects only the detalled'
structure of the broadened spectrum, but it does not. change appreciably
' the extent of spectral broadening on the Stokes 51de In partlcular,
w1th no trapplng (Flg 6), the seml—perlodlc structure in the broadened
spectrum,lsvlargely smeared out. On the anti—Stokes 31de, however there
is rmiore brOadening-if the frapping duration‘is longer. We'have elso‘ _
_tried other 751uésfof T, and T,. Quaiitativély,'the phese nodulation_is
stronger for iarger ualues of Ti'and Té and, hence, the SPectrum.ehows‘
more broadenlng._ | | |
"In-fact, the extent of spectral broadenlng on the Stokes side is

given approxrmately.by Agmax ] —(3A¢/8t)max, when the inverse of the
duration“o%hthe fiiament ?ulee is small compared with Awmé#."To find
(3A¢/3ﬁ) Vaf z =‘2 we ean approximete the”upper branch.of the U curve
| in Fig. 1 by a stralght line in the range of interest. Then, the 1ight
pzopagatlng along AA' in Flg l reaches z = 2 at the time t = tz +
' (1 -z )(l/c'-—l/v) where tl is the tlme when the center of the focal

spot appears’ at-z;— L. From Eq (h) we now have
(384/2%) _2‘— (1/e" -1/v)'1 (3/22, ) f - wmyW/)alz,z )2z (5),

vwhere,the integration'is along the path AA'. Since the input laser
power is éssentially constant for the small duration of the filament

pulse,'An’is essentially independent of Zy- We thenvheve



awm' ~ -[ (aA¢/at )z z]

max

max

o -_1,/_-y') (w/c) (An B ',;' N O}

In Eq. (6) (An :') 2 i the only quantlty whlch.depends on the detalled g

' self—focuSLng dynamics, but as we mentloned earller, (An ;;iz = should

not be much less than An : (l/2)n IE(R t)|2 whlch can be estlmated

X 17

from measurements Spectral broadenlng should become more apprec1able

,vhen,towards the ‘end’ of the medlum, the veloclty v of the focal spot

3

approaches the llght veloclty c' For An x_~.10 =:1.01 c', we

'would have (Aw /w) ~ 0.1. The above approx1mat10n breaks down 1f

the curvature of the U curve becomes 1mportant in calculatlng 3A¢/8t
This- happens only when the 1nput laser pulse has a pulsew1dth comparable

with ‘r.i Note that in our case, as a result of focal spot MoV ment

’ spectral broadening arlses because the length of the optlcal path in

comes in\

9,10 |

which An ¢ 0 varies w1th time. In the earller calculatlons, _e h
voptical path w1th An ¢ O ‘was assumed to have a constant length and 1t

is through the expllcit dependence of An ‘on tlme that spectral broadenlng

III;> DISCUSSION
_From the model dlscussed here we expect t6 flnd small-scale

filaments of dlfferent characterlstlcs under dlfferent experlmental

: ;condltlons Thls explains the many dlfferent results reported in the .

”llterature on the subject Flg l suggests that, in general we should

'expect to see three dlfferent types of" small-scale fllaments dependlng

on. the input condltions.
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(1) If the length of the medium & (relative to the input laser pulse)

A is small suéhvthat z, <& < Zp in Fig. 1, then,the filament is composed of a

B

mov1ng focal spot whlch moves from the end of the’ medlum 1nward to Zp and then
moves out agaln ‘assuming that self -focusing is not affected by stlmulated
scatterlng thtle trapplng would ‘exist and essentially no-spectrgl broadening

B .
the

of light emitted from'the-small;séale filament-should be observed. Near z_,

the velocity of the movihg‘fOCQl spot is small. Consequently, if £ = ?B’

,fiiament"pulse'émitted at the exit end becomes correspondingly longer. These

predictions agree well with'thé'experimentalxresults obtained by a single%ﬁode,

Q—switched;IQSer<At & power level slightiy above the self-focusing threshold in
3

- (2) If 2 > ZD’ ‘but. nét eXceSsivélyAlarge, the focal spot first appears at

z. ani subsequently spllts into two, one mov1ng forward and the other flrst

B_and then'moving-out again (see Fig. 1). In this case,

since the forwardeoving focal spot has a velocity much faster than c', 1ight 3

cannot . be trapped over any apprec1able dlstance The spectrum of the filament
pulse emltted at the exit end would have no apprec1able broadenlng -The

spectral width does, however,'increase somewhat_wlth the length of the medium.

Again, these predictions were confirmed by the;expérimental results obtained

from & singleemode,,Q-switchéd la$er;5

- (3) I L > zc,‘so'that the velocity of the moving focal spot approaches,.

e towards'the end of the medium, then part of the self-focused lighf trailing

after the focgl Spot can>be trapped over a long distance. The ‘filamént pulse -
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emitted from the‘medium'wonld‘probablyfhaveﬁa duration of'the.order of T.
: Its spectrum should now have apprec1ab1e broadenlng whlch increases as

the length_l increases.7

In usual experlments, w1th a reasonable length
2 this situatlon is most ea51ly reallzed by a short lnput laser pulse
we notice that fllaments with large spectral broadenlng were observed
only when a mode»locked laser§ 18-20 or a,multlmode, Q—sw;tched laser7;9
‘was used. | |

. Sobfar,'we have considered only'selfoocusing of the leading part
of'thé'input pulse} For‘the'trailing“part,iit is clear frOmVFig; l.‘v
that the lignt'diffracted from.the;fOCal region will not'be trapped
- since the mdving’focal spot'wbich initiates'the optical\Wavegnide_is_
lagging'behind‘themiiéhtf"It'isbaISO possible that the trailing part
never_self;focuses since the;backvard~stimnlated Raman and Brillouin
scatteriné'effeCtiveiv"terminates self-focusing bvﬁdepleting'the-incoming'
1aser5p6verﬂ ‘This is the case when the'input pulse is sufficiently
long.z’?l‘fWhen the:input pulse is-shortf(<il nsec.L' stimulated
Brillouin scatterlng is largely suppressed but stlmulated Raman scatter-
ing is not, For the upper branch of the U curve in Fig. 1, stlmulated
scattering should'have little effect on self—focusing. The backward
stlmulated radlatlon origlnated from the focal region cannot 1nteract f
w1th the incomlng llght before focu51ng and, therefore, cannot prevent _
the formation of'the fllament1 Forward Raman radlatlon of high 1nten51ty
‘isialso generatedtin the'focal region. Whenever the laser 1light is

'partlally trapped over a long distance, part of the Raman radiation also

gets trapped, and the correspondlng-Raman spectrum of thevfllament -
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pulsefshould-haVega broedenlng with the characteristic semi-periodic ;
strueture;d- ' o | R

Although our dlscussion above has been limited to 1nput pulses
:w1th duratlon much longer than the’ relaxatlon time T, the qualitative
v‘aspects of the theory should hold even for the case of ultrashort
‘pulses We reallze that 1f the 1nput pulsew1dth is comparable with T,
thembthe‘transient response of the medium should af?ect even the self—
foeusingedistencer For the upoer breneh_of thevU-curve in Fig. l, the’
beam with3enuinput»power P_should nOW‘self-focus at a distance larger
.<than the value glven by Eq.-(l) but ‘the curve shou’d still retain its
_qualltatlve feature. Also,because of tran51ence, tLe dlmen51on of
the focal'spot~wouldloe larger; The transient effect onAthe lower
branch of the U curve.may'be'even more drastic; since self—focuSing
of the lagging part ‘of the 1nput pulse may now be affected by self-
'focu51ng of the leadlng part.22: From our theory, we can make the
follow1ng qualitat:ve predictlons for the case of ultrashort pulses.
_The duration of the output fllament pulse should stlll be of the order
of T. Spectral broadenlng Wlth seml-perlodlc structure should be greatly
ehhanoed -with-Stokes and anti-Stokes broadenlng equally pronounced.
Ih this case, llght may also be trapped over a much longer distance.
_These predlctlons can explaln qualltatlvely the recent experlmental

18,19

results obta1ned,w1th plcosecond mode-locked ‘pulses. Spectral

broadening due to self—focu51ng of plcosecond pulses in rare-gas llqulds _
and solids has also been observed.2q ‘Distortion of local electronlc
elouds is supoosed to be responsible for the optical nonllnearityeosand

-1k

the correspondlng relaxatlon tlme T 1s of the order of lO sec. Here
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agaih, elﬁhéﬁgh the detaiied eelf-fecﬁsing dyﬁamics is unknoﬁn; we
can éeé“freﬁveur'model'that.the.outfﬁt filameht pulse should have a
dufationrﬁﬁch_ehortef'than a picoseéond. Then, the duration of the
filameht pglse aldne'eah.pfebably eiplain the observed'spectrel broadening. . W
| It is’eeen‘thef our theoretical’anelyeisecan'indeéd explainv
qnalitatlvely the many’different features of small-scale fllaments
N observed under various experlmental condltlons For-more ouantltatlve
 diSCu8Sl0n we must extend the calculatlon of dynamlc self—focus1ngl3_£e

and beyond the small-scale focal reglon.‘ The results should also yield

the dlameter of the focal spot and hence the dlmen51on of the small-

-

scale fllament
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The values of Pcr and K used are 8 Kwatts and 11.6 cm—(KW

in diameter propagating,in Cs;

ar- UCRL;19636'_'

FIGURE CAPTIONS
1. The lower trace describes the input poﬁer'P(t) aS'a function of

time t. The’ peak power is h2 5 Kwatts and the half width at the

e -1 point is 1 nsec. The upper trace, calculated from Eq. (1),

jdescribes the pos1t10n of the focal spot as a functlon of t1me

)1/2

'respectively,'ﬁhich.correspondjroughly‘toban input beam of koo u'

5+ The dotted lines, with the ’.s10pe

equal to the lightxvelocity.in cs

2,.indicate how the light propa-

‘ gates along the z—axis at various times. “

Fig. 2

 Fig. 3

Veloc1ty of the focal spot for the case descrlbed in Fig l. ‘
(a)'as.a functlon of time t, and |

Cb) as a functlon of dlstance z.

(a) Normalized power Pf of the fllament pulse vs tlme,
(pf max =11. 2 Kw), | |
(b) Field-induced phase change A¢, (A¢ = 129.3 rad. )s

o (c) Power spectrum of the fllament pulse obtained from the

Fourier transform of P§/2 exp(iA¢)

bThe curves arevobtalned from Eqs. (2), (3), and (h) u51ng the

411 12

' parameters a = 0.50 cm., b = 0.05 cm., my = 107 esy, T = 210

Figo

sec., and T'

n

3‘X 10712 sec. for a cell length of 2 = 22.5 cm.

The velocity of the focal spot st 7= £ is 1.124 c'.
l

h;_ Curves descrlblng Pf vs t, A vs t, and the power spectrum of

"the filament pulse obtained with all parameters in Flg 3 kept

12

" unchanged except T'f?\6_x.l0; sec.
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e vs t A¢ vs t and the power spectrum

' of the fllament pulse obtalned w1th all parameters in Flg. 3

o kept unchanged except T' = 10 11 sec.

PFig.'S_ Curves descrlbing P

’-.Fig. 6Q Curves descrlbing Pf
the fllament pulse obtained with all parameters in F1g '3 kept
unchanged except that the decay of P (t) is 11near and symmetric

to the linear rise of P

vs t, A¢ vs t and the power spectrum of"u

L)
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LEGAL NOTICE

This report was prepared 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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