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Experiméntai Study of Small-Scale Filaments of_Light in Ligquids
‘Michsel M. T. Loy and Y. R. Shen
Department of Physics, University of California
. and . _ '
. Inorganic Materials Research Division,

Lavrence Radiation Laboratory,
Berkeley, California -9UT20

. ABSTRACT

Wevshow;-with a:singlé—modeté—swifched laser aﬁd a single~
ﬁgde méde—locked laser, thatvfhe obéérved small-scale filaments
aré actualiy the tracks of moving foci, but‘undéf'suitable con-

. ditions, light can be trappedvovér anvappréciable distance in
these tracks. The résultS‘are in roughvagréemént with theoretical

prediction.

It is well-known that'self-focuéing of a laser beam leads to the formation

of small-scale filaments.%, These filaments can be interpreted by either the

3

" selfétrapping model2 or the moving—fOCusbmbdel._ "The forher'is supﬁorted by
experimental resﬁl£§ obﬁained withlﬁﬁitim§dé, Q—switéhéd laéersy‘or mode~lock¢d
lasers,5 and thé lattér ﬁy résulﬁs obtaiﬁéq witﬁ éingle;modé, Q—switchéq
lasers.6 Recently, we have suggésfed that.while self-foéﬁsing of an input'
laser pulsevshould irideed yield a'moving focal spot, a trapped filament of

appreciable length'cah, however, exist in the dielectric waveguide established
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by the moving foeal'5pot-if the Velocity_of the focal spot approaches the
liéht:velocity.7_ In this paper, We flrst show with quanﬁitative experi-
mental results, that self focu51ng of a Q—sw1tched laser pulse leads to a
mov1ng focal spot. We then show W1th a weakly mode—locked laser, that trapped
fllaments 1ndeed ex1st as one would predlct from the theory [

If:the stationary theory of self—focusing is approximately valld for a
‘la‘servpulse.,8 then at time_t, the.focal spot should appear.at the self-

8,9

focusing distance

K/l 1/2(t = / ) 1/2]
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._,Zf(t)
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ﬁhereﬁP(t) is the 1nnut laser power af tlme t, P 1s,the critical power fér
self- tranp1ng,2 a'is the beanm ra@1us? f 1s.a parameter of the 'order'of.l,_9
c' is the llgnt velocity in:the”medium, and n.and'ng‘are_the linear and

' nonlinear refractive indices respeCtively.: The focal—spoﬁ motion isvthen
cqmpletely described by Eq. (1) if K, Pcr’ and P(f) are knewn. Note that
“the self-focusing distance.is greatly reducea if, with the same P, the beam
radius is decreased.

VInvour exﬁeriments, a .single-mode, Q-switched ruby laser was used. A
typical laser pulse had a peak power of about 100 Kwatts anaba duration of
around 8 nsec; Theispectral“widfh of the laservouﬁput is 0.02 cm-l. With
‘such a laser beamléhining into a eell‘of CS2 or toluene,_we epnsistenﬁly

obsérved only a single "filament" in the self-focused beam. In order to

decrease the self-focusing distance, we used an inverted-telescope to reduce

s
AT

-



‘e

-3- o UCRL-19679
the beam diameter to 300 p. It -is seen from Eq. (1) that by measuring the

threshold power fof self—focusingtat Variéus cell 1engthé, one can find the

quantities K and P . Then, knowing “the input laser pulse P(t), one can

plot out the poéition of-thé foégl spot as a function of time. This was

done for.the béam‘in.toluene.; A typical curve of Zg vs f,'corresponding to

a given input pulsé.P(t) (measuréd by the fast detection system coﬁposed of

an ITT FLO18 photﬁdiodé and & Tektronix 519 oscilloscope), is given in Fig. 1.
Fig. 1 indicates that thé foéalfSpot.should’first appear at.a distancé

of 23 cm inside‘£he.cell. Then, it should_im@ediately split into two, one

m@vihg forward a?d thg othe? fifst pack#ard,and thenffdrwafd. The one.moving '

forward always moves with a veldcity faster ithan the light‘velocity. In

ofder to verif& this, we séf up aﬁ ékperimeﬁt to measure the focal-spot

movement directly. VA 36—cm toluéﬂe éeli was used and a beam splitter (a

microslide of 106 ﬂ thick) waé'insérted in the cell at =a distanée o} awéy

from the end of'the céil, Focél spdts.of abéut.lo Y in diameter were observed

both at the beam:splitter and at the end of the cell. The defocused light

from both focal spots was now collected with-gppropriate optical delay by the

same photo diode and'two pulses with duration less than 0.1 nsec showed up

‘on the oscilloscope. The input laser pulse was also monitored simultaneously.

Wi#h our fast detection system,»the time lag At'bétweéh the two short pulses
can be measured to within * o.Qa-nseq. Thus, for 4 = 6.5 cm aﬁd 15 cm,

wé féund At = 0.08 nsec énd 0.25 nsec'respectifély. -Thése values agree . :
well with the values OLlSIand b.20 nsec obtained directly from the

.

curve in Fig. 1. If the two pulses had éome from a shoft light pulse

‘traversing the cell (e.g., from a light pulse propagating in a trapped filament),

we would have found At = 0.32 and 0.75 nsec respectively. Our experimental

results éhowed_clearly that the pulses came from a focal spot which was mdving
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‘forwarad with a-velocity faster than the'light velocity.

We also fecorded the spectrum ofelight”emitted from the focal spet at .
the‘end of the cell wifh a Fabry-Perot interferemeter. We_found thet the
spectral width was about 0.3 ém;l. It 1ncreased sllghtly w1th a longer cell.
‘In comparlson with the lacer spectral Wldth of 0.02 cm l; this is a deflnlte
spectral broadenlng | Howaver, from the theory of Gustafeoﬁ et al, 10 fhis
amount of swectra] broauerlng should correspoud to a trabped filament of length
less then 2 mm. We are therefore safe in saying that, in the present case, the
observed filament was the result of a mov1ng focal spot rather than a trabped 3
fllament. In fact, the small spectral broadening is whet one would expect from
the moving focué_m_odel.7 |

Since light ﬁes not trepped in the filament;:we expected that we could
also detect‘the:fqeel spot by focusing the camera inside the eell.6 Photographs
of the bean crossfsection_inside the celi inaeed showed a Raman spbt of ~ 10 u
_ in diameter, but showed no clear laser focal spot. We believed that ﬁhe dis-
appearance of the laser spot was due tdvdeplefion of the laser fadiation by the
: stimulated Ramen'process in the focal regien. :This wes possible if_the'focal
s?ot'extended over a distance of more than 1l mm.ll In the earlier investiga—
ﬁionvwith the'foeal epoﬁ moving backﬁard,6zwe did find the laser focal spot |
inside the eeil, but in that case,’the focal.spot moved much mere slowly. Con-
sequently, thefe was enough Un&epleted laser energy emitted from a local focal
spot for it to be.detectable. ﬁ

We woﬁld élso expecﬁ to see a fecai‘spot etert atv23‘cm inside the cell
and‘move backverd (see Fig. lj. However, this focal—spef movement was quickly
 terminated when self—focusiﬁg was terminated by the Backward stimulated Raman

and Brillouin scattering through depletion of the incoming laser power. This

was seen from comparison of the oscilloscope traces of the incoming and the
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transmitted laser'power.lé '
As we mentloned ear]ler llght dlffracted from a focal ;pot can be

partlally trapped in the temporary'channel of An set up by the focsal spot
moving ahead of it. ‘The trapplng can be over a long dlstance if the focal-
spot velocity vf approaches the llght veloc1ty'c' In order to have vf ~ 1.1 ¢!
-~ (for llght to be trapped over a. max1mum length of & few cm in toluene) for the
case in Flg 1, ve must have a cell length of~ 100 cm.7 On the other hand this
condition can be reached w1th a cell length of 35 em 1f the iuratlon of the.
1nput laser pulse is changed to < 1.5 nsec. Such & laser puLse can ea51ly be

obtained by weakly mode—locklng a ruby laser

To ver:fy our predlctlon we used a mode 100Aed ruby laser with a s1ng1e

‘ transverse mode. The length of the cavity was lOO cem and the beam diameter -

was ~ 250 u'at the.entrance window of the cell. Typlcal mode—locked tralns

are shown 1n Flg 2 where each mode—locked pulse has a full width at half-.
maximun of 1.6 nsec and the peak power'of the highest pulSe is about 120 Kwatts.
The spectral width of the laser output was always equal to the inverse of the
pulSe duration. Photographs taken at the end of the cell showed a single

filament for each laser shot. However, the single‘filament on the photograph

‘'was in fact a superposition of several (often 2 or 3) filaments created con-

seéutively by several pulses in the-mode~locked train,b Thie was seen‘from the
osoilloscope trace of the filameht pulseS”showh'in Figl 2a. That Self—focusing
or filament formation was termlnated after a few‘pulses was'probably due to
thermal or acouetic'effect'resulting'from_stimulated light scattering in the
liquid. In Fig. 2b, we recorded eimultaneously the Raman pulses emitted from
the filamente. The stlmulated Brillouin.soattering was'not'obserwed,’preeumably

being suppressed becausé of the tfansient effect, Whenever the filament
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pulses were prescnt, the laser pulsés were clearly depleted, as shown in Fig. 2c.

Comparison of théf@ﬁgrgy invthe Raman'pﬁlseS with thé depietéd encrgy in ihe

laéer pulsgs'ShQVéd'thdt“the laser pdwér was mainiy‘depleted by stirmulated

Raman 3catterihgflsll_ . - . . | y | o
iﬁ QrdérftOVSfudy the specirum-of light émittéd frpm the filament, we used

a Jarrell—Aéh 1,5-mét¢r fas£ie spectrograph with its entrénce slit widely‘open.

The ﬁégnified'(xvldj imgge of the filement at the end cf the cell was recorded.

A typical spectruﬁ.ofvthe filamént is shqwn in Fig. 3a.: The appreciablé_spec—

tral broadening aﬁﬁ.its éemiéﬁeriodic'StructureAére manifestations of éignifi—

cant phaéé modulaﬁidn'of lightzémitt¢d froﬁ thé'filément,ly. The sémi;geriddic

strucﬁufe‘is soméwhaﬁ:smeared bécaﬁ#e thé_spectrﬁm is_actﬁally a suberpositiqn

of the specira 6f seférél'filaménté aé we méntidned eériief{lvA dot with no

speétral broédening.iélalso ViSibie at the laser frequency on theﬂspectrum,

It correspoﬁdéd td"the:image of the ~ lO'p filameﬁt; and'apparently came from

the non-trapped part of the sélf—fopuéed beam. Thé,Stokés Raman-spectrum 

from the filament is also shown in Fig. 3a. It has the same characteristics

- as the spectrum-arouhd the laser fréqﬁency and shovs thaﬁ{the Raman-raaiatibn

frgm the filamentu;é eveh more:stfonglyvphase—mbduiated.;'

From our thébfetical analysis;7 we exﬁected:to finé.in our case a-broadened_
spectrum of the ofder of IOO‘cm-l if the peék power of é.ﬁqde~loqked pulse was
above 100 KW.: Fér iowér beék,ﬁower; ﬁhexbrdadening'QOuiA-beuless, and

for peak rpovwer less than 60 KW, we expected to see no apprecigble spectral

broadening at both laser and Raman frequencies. This was roughly what we. b

observed. At high pezk power, the superposition of the spectra of several

filarments and thé effccts of the filaments on one another made quantitative

v ' : b L
analysis difficult. - Denaricz-Poberge and Taeran showed that spectra
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broadening increased with the fiiaméht’lengfh. This can also be shown to be
in qualitative agreement ﬁiﬁh.our Qodéi, . |
" To see whether 1ight 1s trapped in the filament, we focused the image of
thé beam cross—séction at several cm inside the céllbohithé specfrograph. No
extended_spectral Bédédehing wﬁs ever seeh"at'e;ther thé';aser or.thg Raman
freqﬁencé;r;: The fact that only light emitted from filaments at the end of the
cell»éhé;éd'spe¢tfél broadening gaﬁe éiear'évidence‘thatzit was fhe‘trapbed
pait of he 1ight which gave rise to the broadened spectrun. bcca'sion‘ally,_
we bbsérVéd c1eaf.imageS of ﬁhe focal spbt at bgth’lascr and Raﬁan frequencies,
as ShQﬁﬁvin Fig}'3b; They corresponded to the case where the peak power of
the inpqt éﬁlselwgs low, so that the Seifefocﬁsed light was not being trappéd,
over any-apprééiable diStanée; wiﬁhithe.result 6f little spectral broadening.
Although the f§Su1ts presgqteg}here_are all on toluene; we have-pefformed
2

cases, except that spectral broadening in CS

Theré.waé no qualitative difference between the two
) . o Was seyeral times more aPpreéiable.
We therefore‘conélude,vfrqm-our experimental.results,,that.the observed small-
scale filaments are:actually composed ;f moving focalvspoté, Eut under suitable
conditions; the selfffocuséd light caﬁ Be‘partially trappediin tﬁe di-

éléctric channelsbestabliéhed téﬁporéril& by the @oving focél'spots. The
conditipn fqr trapping.gan be eaéily-fﬁlfilled With‘thevﬁse of a mode-locked

laser or a multimode Q-switched laser.
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'The laser spectra are on. the left W1th the sllt 1mages centered at

.. =10-

FIGURE CAPTIONS
1. Position_of'the'focal spot of a self-focused beam as a function of
_ . . , _ | -

time in a toluene cell of 36 ¢m long.'lThe.soliq'curve vas calculated

from Eq. (1) using'experimeptally'deterﬁined parameters K, » ., and P(t)

The dots with'the error bars at Zl'and 29.5 cm are results‘obtalned from’

direct measurements w1th respect to the focal spot appearlnr at the end
of the cell. The dashed line w1th a slope equal to the llght ve1001ty
1s'shown for comparlson. |
2(a):' Interleafed 1nput laser pulse trarn.ahd fllamcnt pul,es. The laser
pulses were optlcally delayed by 6 nsec w1th respect to the fllament
pulses. Three fllament pulses appeared in th1s shot |

(h);~ Interleafed'lnput laser pulse train (optlca]ly delayed by 6 nsec. )
and Raman Stokes'pulses from the filaments recorded similtaneously with (a).
.(c). Interleafed 1nput and transmltted laser pulse tr11ns ShOWlng
depletlon of laser energy. The 1nput pulses were optlcally aelayed by
6 nsec. wlth respect to the transmitted pulses. ‘They carrespond to the
train withslower amplitude. | | | | |
3. haser and.Raman Stokes spectra'of'a filamentJCreatedvby self—focusing
of 1.6 nsec. mode-locked pulses_in a 37 ch'tolueheicell,.(a) taken with
the spectrograph focused at the end of" the cell (h) taken'with.the -

spectrograph focused 1n51de the cell (at l > em. from the end of the cell)

lthZ cm ; and the Stokes Spectra on the. rlght w1th the slit images . o @.

centered at 13400 cm -1
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