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I. Introduction. 

Self-:-focusing of Light in a nonlinear medium has been one of 

the most interesting subjects ,in nonlinear optics. 
" 

Over the 

last ten years, it has fascinated a large number of research 

workers. Although it is just one of the nonlinear wave propa-

gation problems, many unexpected but extremely interesting 

phenomena have come out of it. 
L • 

The formalism of ·the problem 

looks simple, but to solve it rigorously requires the biggest 

computer in the world~ Appropriate approximations must · 

be used in the process of solving the problem. Great 

physical insight and ingenuity are needed in making these 

approximations •. In fact, this is where interesting physics 

c:omes in. The problem is l'ike a j i~~saw Pl;lZzle. The pieces f 

are being put together through slow steps of closely coupled 

theoretical and experimental advances. 

Self-focusing is a fundamental p~~blem, but it is. also im-

' portant for practical applications. It is often responsible for 

the optical damages created in a solid by a high-power laser beam. 

It is also sometimes responsible for the poor characteristics of 

a laser beam. In fact, self-focusing is presently the limiting 
' 

· factor in the design of high_-po~er laser amplifiers. 
I 

focusing can also have strong influence on other physical -processes 

in a medium. It may play an important role in generating plasmas 
. .. 

through optical breakdown. 
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In the process of studying self-focusing over the years, a 

number of controversies arose. Most of these controversies 

have now been resolved, but unfortunately some argument, mainly 

) 

on questions of semantics, still exists among various research 

workers. In this paper, we wish to clear up such·a' confusion~ 

We shall use the following terms to describe the various 

I 

different physical pictures and processes. A 11 focus 11 is not 

necessarily a sharp point but can extend over a large region. 

A 11 filament 11 simplymeans an intense streak of light parallel to 

the direction of beain propagation with no further implication. 

11 Self:-focusing 11 describes iri general-focusing of the beam by it:-

self as a r'esult of the nonlinear refractive index indu~ed by 

the beam. "Self-trapping,. describes the trapping of light in a 

dielectric channel created by the instantaneous response of the 

·1 
nonlinear refractive index to the light beam • 11 Trapping 11 

simply means the trapping of light in a dielectric channel without 

referring to any specific mechanism' re?ponsible for trapping. 

"Dynamic trapping,. describes the momentary trapping of a trailing · 

portion of the light pulse in a dielectric channel induced by the 

leading portion of the pulse. 

The outline of the paper is as follows. In Sec. II, we re-

view the histor_ical development of the subject. In Sec. III, we· 

give a basic physical description of the self-focusing phenomenon. 

In Sees. IV and V, we discuss the experimental results and the 

corresponding physical interpretations on quasi-steady-state self-focusing 

of a nanosecond pulse in ordinary Kerrliquids and transient self-focusing in· 

sqlids respectiv. ely. In s VI d. 1 ec. , we 1scuss transient se f-focusing in 
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Kerr liquids, mainly with a picosecond pulse. 

Finally, in Sec. VII, we consider self-
A 

I 

focusing in .gases and thermal self-focusing in solids briefly. 

The reference list in this paper certainly does not cover 

--
all <the published work on this subject. The readers will find 

more· references on theoretical calculations in' the following 

·article by Marburger. They are also urged to consult the . 

article by Kerr for more,complete references up to 197-0 and ,the 

3 recent review papers by Akhrnanov et ·al and by Svelto for 

4 references up to·the summer of 1972. The author would like to 

appologize_ for the possible omission in this paper of some 

important work on this subject. 

II. Historical Development 
application 

While the most important - I of self-focusing at present is on 

how to avoid self-:-focusing which would lead to optical breakdown, 

it was in fact the study of optical damage in solids which 

initiated the investigation of self-focusing. tn early 1964, 

- 's 
Hercher found that by focusing unto a solid a Q-switched laser 

beam o'f more than a few megawatts, one would ·obtain long threads 

of damage spots with a diameter of few microns. In order to 

1 
explain the· observed phenomenon, Chiao, Garmire, and Townes 

proposed the self-trapping model. They showed that in materials 

wit,h a positive field-induced refractive index,. a light beam can 

produce its own dielectric waveguide and propagate without any change 

iu the beam profile. Presumably,the damage tracks were induced by the 

intens~ self-trapped beam. However, they did not analyze the 
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dynamics in creating and mainta,ining such a self-trapped beam. 

/ 6 I 

Askar yan, in fact first suggested the· possibility of observing the 

effects of nonlinear refrac1:ive index on beam propagation. 
7 

Talanov 

found independently the self-trapping solution for a beam in a 

nonlinear medium. 

In the meantime, stimulated Raman scattering in both liquids and 

8 
solids was obse~ved. ~In most cases, one found anomalous effects: 

namely, the stimulated scattering had a very sharp threshold, an 

8 
unreasonably high gain, a forward-backward-gain asymmetry, and 

anomalous anti-Stokes rings which could not be 

explained by any theory of stimulated raman scattering.
10 

It was 

soon realized that these anomalies were due to self-focusing of the 

laser b . 'h d' 11-13 earn 1n t e me 1um. 
12 13 

Talanov and Kelley 

showed that in the self-focusing process, the beam shrinks rather 

I 

suddenly to a very small size at a distance known as the _self-

focusing distance, and the beam intensity increases correspondingly 

as the beam diameter decreases. The sudden increase of the beam 

intensity in self-focusing accounts qualitatively for the observed 

anomalies in the stimulated Raman scattering. 

Using the sharp onset of stimulated Raman scattering as an 

14 
inaication of self-focusing, Wang was then able to verify 

quantitatively Kelley's prediciton on the self-focusing distance. 

' 15 
Garmire, Chiao, and Townes preferred to look at the self-focused 

r 

beam directly. They managed to photograph simultaneously the 

beam profiles at various points in cs
2 

by inserting a set of milar 

films as beam splitters in the liquid cell. They found that the 
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1 
beam did in fact shrink suddenly into a 11 filament 11 of about 100 p.m 

in diameter at approximately the self-focusing dist~nce predicted 

. 11 13 by Ke ey. The observed 11 filament.. seemed to be due .to 

1 
self-trapping suggested earlier by the samegroup. However, the 

photographic system used in this experiment was of ·poor resolution. 

Later, with a better resolution, Chiao et a1!-
6 

·showed th~t within 

this 100 pm 11 filament 11
, there were actually around 100 "small-scale 

filaments 11 -of only few microns in diameter. (See Fig. 1) The 

. . 16-19 
characteristics of these small·"f1.laments" were measured and 

1 . . h . lt" 16-19 the se f-trapp1.ng model was used t6 1.nterpret t e resu s. . 

This multi-filament picture was rather surprising and interesting, 

and had stimulated a lot of thinking. 
,, 

For example, it was suggested 

that these filaments coulq be an analog to the quantized flux lines ~ 

20 in a type - II superconductor. However, we learned later that 

when a ·. single-mode laser was used in the self-focusing 

experiment, only one single "filament .. could be observed as one 

would expect.
21 

(Fig. 2) 

12 13 The self~focusing calculations of Talanov, Kelley, and 

' others
22 

all diverge at the focal spot, and therefore is valid 

only in the prefocal region where the beam diameter is still 

relatively large. Results from such calculations have been 
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verified quantitatively in experiments with sing\e-mode lasers 

23 . 24 
.by McAllister et aL. and by Maier et al. · Subsequent to the 

. . . 12,13,22 
earl1er calculat1ons, · · a large number of .theoretical papers 

were published, discussing the many possible aspects of self- . 

f 
. 25 

OCUS1ng. 
' ' 26 . 27 

Goldberg et al. and Marburger and Dawes · modified 

1 13 
and extended the numerical calculation of Kelley. They carried 

the calculation through the focal region by assuming a saturable 

nonlinear refractive index. Unfortunately, the assumption was not 

physically reasonable for liquids and solids. How an incoming 
' 

I, 

beam could self-focu"s into one ol:- many self-trapped filaments re-

mained a mystery. In fact, it can be shown that the self-trapping 

solution is an unstable one. Any small perturbation would make 

the self..:trapped beam either diffract or self-focus. It may be 

possible that the self-trapped beam can be stabilized when higher-

Order ndnlinearities or other nonlinear effects are included, but 

no such solution has ever been obtained. It is also not very 

likely that a sharply self-focused beam would tunnel into a self-

trapped filament since energetically it is an unfavourable situation. 

Then, the question often raised was: 11 How would you explain the 

observed 'filaments• if they were not the self-trapped filaments ? 11 

In all the ·earlier calculations, the laser power was assumed 

to be time-independent. However, in the experiments, pulsed lasers 

were always used. b d 
28 f' . . d h t Mar urger an Wagner 1rst po1nte out t a 

with time-varying laser power, the focal region of self-focusing 

would move in time. 29 
Lugovoi et al. suggested that the moving 

focal spots resulting from self-focusing of a laser pulse would 
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produce streaks of light and could perhaps explain the observed 

,. filaments,.. By using the result of the quasi-steady-state 

approximation for a single-mode nanosecond laser pulse, one can 

. 1 1 1 h h) f 1 . . . . 1 21, 30 
eas1. y ca cu ate ow t e. oca spot moves 1.n t1.me quant~tat1.ve y. 

Tha:t th:e· moving focus model. can in fact explain the observed 

"filaments" with nanosecond laser.pulses was first shown'by Loy 

and Shen~ 1 ' 31 ' 32 by Zverev et a1,
33 

and by Korobki~ et al~ 4 

/ 

The latter used a streak camera to demonstrate explicitly the 

backward motion of the focal spot. 
' 31,32 

Loy and Shen showed that 
1 

,.,. -

under appropriate conditions the focal spot can also move in the 

forward direction. Their exper~mental results agree quantita-

tively with the 'theoretical pr'ediction. They also showed that the 

) 

forward-moving focal spot can lead to ~artial trapping or nonlinear. 

· diffraction of light i~ the dielectric, channel induced by the focal 

spot, and is responsible for the observed spectral broadening in 

th "f'l t" 31,35 e 1. amen • Other characteristics of the "filament" can 

. . - 36 
also be understobd with the moving focus model. Thus, for the 

~ 

nanosecond case, the moving focus picture,was finally established . 

peyond doubt. 

M~anwhile, for the observed laser-induced damage streaks in 

solids, there' was always the question how a self-trapped filament 

could induce a streak of damage spots and still have enough energy 

to sustain self-trapping, but then it became clear that .the moving 

f. 1 . 1 . h . k 33,37,38 ocus cou d eas1.ly exp a1.n sue a damage strea • Using a 

streak camera, zverev et a1.
33 

and Giuliano and Marburger
38 

proved 

that the damage streak was indeed induced by a moving focus. 
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There have also been a series of self-focusing experiments 

39-47 
using picosecond mode-locked pulses. In both solids~ 9 ' 42 ' 44 

39.:.41,45,46 · .. 39,43,47, . 
and Kerr and non-Kerr l1.qui.ds, · · 11 f1.laments" have 

I 

been observed. Their general characteristics are qualitatively 

similar to those observed in the nanosecond case. However, 

because of the ultrashort laser pulsewidth, ~he self-focusing 

proc~ss is expected to be somewhat different. In Kerr liquids, 

self-focusing should now be governed by the transient response of· 

the medium: self-focusing of the lagging part of the pulse is 

affected by the refractive index induced by the leading part of 

the 1 
31,35,48,49 

pu se. 
' 48 
Akhmanov et al. showed by approximate 

analytical solution and Shimizu ·
50 

by numerical solution that in 

this case,after _a certain distance in the medium, the deformed 

laser pulse tends to stabilize itself and can then propagate over 

a long distance without appreciable change in its spatial pro'f.ile. 

This is ·called dynamic trapping, in contrast to self-trapping, 

proposed _ 1
. 1, 7 

ear 1.er. Fleck and carman
51 

also did the 

numerical calculations for this case. 

Quantitative measurements on transient self-focusing in Kerr liquids have 

been imp'eded by the slow advance in picosecond technology. More recently, Wong 

·and Shen~ 2 
have found a large field-induced refractive index and a long relaxa

tion time (40 nsec - 1 l-!sec) in an isotropic liquid crystalline substance. It 

then becomes possible to study trans:i.ent self-focusing quantitatively wlth Q~ 

switched pulses and ordinary electronic detection system. 53 Their results agree 

very well with the dynamic trapping model,although in this case the spectral 

broadening is not appreciable since the phase modulation is slow. 
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.model 1. n the quasi-steady-state case and the Both the mov1ng focus 

dynamic trapping model in the transien.t ca~e fail to ~xplain the 

observed filament diameters .. The reason is clear .. In the simple 

models, it is al?sumed that no other nonlinear process,is present as 

the bemn self-fOCUf)eS. However, in reality, the high laser 

intensity in the focal region can initiate many nonlinear o~tical 

pro~esses which in turn may prevent the beam from further self-

focusing~and limit the diameter of the .. filaments". Various 

authors have 'suggesteq different ·mechanisms for limiting the 

f ' 1 t d' t h 1 ' h b ' 26 I 54 f . d55 1 amen 1ame er, ~uc as mu t1-p oton a sorpt1on, orwar 

' 56 57 
and backward stimulated Raman scattering, optical breakdown,· 

58 etc. It is possible that different mechanisms are actually 

responsible for the limiting diameter in different cases. F:urther 

investigation iE:! necessary to resolve this mystery. 

The self-focusi~g of light in gases has also been observed 

. 59 
with nanosecond pulses. Here, the nonlinearity arises from 

60 
saturable absorption, and the response of the medium to the field 

is nearly instantaneous. In addition, no other nonlipear optical 

process is present to complicate the problem. This is an ideal 

case since the problem can then be solved exactly by numerical 

computation. Such a calculation is being carried out by Loy and 

. . . 61 
Grischkowsky. A more thorough experimental investigation on 

the problem is however ·yet to be performed. 
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II Basic Physical Description of Self-Focusing 

In this section, we shall limit our ~iscussion to the case 

where the.response of the medium to the applied field can be con-

sidered as instantaneous. This is the quasi-steady-state limit of self-focusing. 

(A) Physical Description. in the quasi-steady-state limit. · 

Consider a sing.le-mode laser beam with a ·Gaussian transverse 

·profile propagating into a.medium whose refractive index is 

given by n =.Do + !:m <IE !2>, where ~n is the field-induced part. 

A number of different physical mechanisms 

can give rise,to ~n libr~tion, reorientation and re-

distribution of molecules, electr_ostriction, deformation of 

electronic clouds, heating, etc. (see Refs. 3, 4, 25). For positive ~n, the 

· central part of the laser beam sees a larger refra~tive index than the edge,. 

and should propagate with a lower velocity than the edge. Consequently, as 

the beam traverses the medium, the original plane wave front gets more and more 

distorted, as shown .in Fig. 3. Then, since the rays always propagate in a direc-

tion perpendicular to the wave front, the b~eam appears to focus by itself. 

A beam with a finite cross-section will of course also diffract. Only when 

the self-focusing action is stronger than the diffracting action, can the beam 

self-focus. Otherwise; it will still diffract. In the presence of a positive 

~n, the diffraction will of course be much weaker (we call it nonlinear diffraction.) 

We shall define the self-focusing condition more quantitatively later. Here, we 

only want to point out that the self-focusing action is proportional to 

~n(IEI 2> which normally increases with the intensity IEI
2

, and the diffracting 

action is inversely proportional to the square of the beam radius. Therefore, as 

the beam self-focuses and shrinks, both the self-focusing action and the diffracting 

action should become stronger; but if the latter grows faster than the fonner, 

then so01-ier or later, diffr"ction will overcome self-focusing and the self-focused 
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beam will diffract. However, if the self-focusing action is always stronger 
I 

than the diffracting action, then the beam should keep on self-focusing to a 

smaller diameter until some other nonlinear process sets in to terminate self-

focusing. This -hap.pens when the field-induced refractive index is given by 
2 " 

6-n = n 21EI , where n2 _is a constant coefficient. (In fact, for most materials 

' 2 
which have been, st-udied, the higher-order IE I terms are always negligible 

except perhaps in the focal region.) 
', 

In that case, the 

cumulative action of the nonlinear effect makes the ·beam se·lf-

focus quite sharply and_suddenly (See Fig.l). Consequently, the 

focal position is fairly well defined. What happens to the laser 

light in the focal region and thereafter is at present still a 

subject for debate. 
(B) Simple Formalism. 

Formally, self-focusing is described by the nonlinear wave 

. -. 1 
equat1.on 

(1) 

/ 

' 
assuming the field is always transverse. For quasi-monochromatic 

r 

light propagating in the forward direction, the above equation can 

' 
be approximated by a partial differential equation which is first 

order in z and t • In addition, if we neglect the higher-order 

terms in the differentiation, then in the reduced time coordinate 

E, :: t - zn /c 
0 , we have steady-state wave propagation even though 

the ~nput laser intensity m_ay be varying with time, i.e., the wave 

equation becomes independent of time. Thus, inserting 

E = A(y,z,E,) exp[ikz- iwt + iks(y,z,E,)] in Eq. (1) and 

neglecting the higher-order terms, we can convert Eq. (1) into two 

.( ' 62 
coupled equations for A and s~ 

i 
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(2a) 

(2b) 

(C) Self-Focusing Versus Self-Trapping. 

The phase . function s.(r, z) actually describes the wavefront of the 

beam. Equation (2b) shows 'how self-focusing a~d diffraction (the 

first and second terms respectively bn the right-hand side of the 

equation) distort the wavefront. It is th~n clear that if we 

have at z = z
0

, 

. (3) 

for all r then s at z = zo + 6. only depends on I s(r,z) at 

z = Zo· ·For example, if at zo' 'ds/'dr = 0 for all r ,·then 

from Eqs (2a) and (2b) 1 we find as/az = 0 and 
'dA 
az = for 

z > z • 
0 

This corresponds to self-trapping; the wave propagates 

with both its amplitude and its phase (s) un~hanged. However, to 

satisfy Eq. (3) for all r , even with 
2 

./J.tl.. = n. 2 IE 1- , the amplitude 

function A must have a special form, as shown by Chiao et al. 
1 

.For any other form of A, one may find that the left-hand quantity 

in Eq. (3) is positive for one region of r and negative for 

. o~ her reg ion. As n result, one part of the beam self-focuses and 

the other part diffracts • This happens, for example, to a beam 

with a Gaussian profile~6 • 27 Above a certain power threshold, 

although the central·part of the Gaussian beam self-focuses, the 
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edge of the'beam is still diffracting. 

The satisfaction of Eq. (3) is often used as the condition for 

the initiation of self-trapping. 
1 

However,' we want to emphasize 

here that the mere satisfaction of Eq• (3) at z = z does not 
0 

guarantee the initiation of self-trapping.. we must have in 

additionas/a·r = 0 for all r at z = z • 
0 

That the condition for 

steady-state self-trapping is so stringent makes self-:-trapping 

difficult to realize in practice. In fact, one can show that the 

. 36,63 
self-trapping solution of Eq. (1) is an unstable one, .at least 

for the case of ~ri = ~·IE I 2 
where a self:-trapping solution has 

been found. 
(D) Solution of the Wave Equation. 

The analytic solution of Eqs. (2) is ·difficult tq obtain. For 

the si:tnple case of I'm.= n
2

1EI 2 , paraxial approximation has been 

. 48 63 64 
used to solve the equations analyt1cally, ' , but the solution 

is only approximately valid in the region close to the beam axis. 

. I 

The equation can however be solved numerically on computers, at 

least in the prefocal region. (There is· some difficulty in 

carrying the calculation through the £oc.al region when the focal 

' 
spot appears to be a singular point.) This has been done by · 

' 13.26 27 65 
several authors. ,, ' . ' ldb 1 26 d . . d Go erg et a • an Dawes an 

27 
Marburger have found the numerical solu~ions for an input laser 

beam with a Gaussian profile over a wide range of input power P. 

In the case of 
. . 2 

~n = n lEI , they show that for P > Pz ~ P cr,. the 2 . 

beam will self-focus in such.a way that the on-axis intensity 

increases sharply to infinity as z approaches the self-focusing 

distance zf. The critical power P cr is the same as the critical 

power for self-trapping defined by Chiao et al. 

\i 
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(4) 

where A is the wayelength in vacuum. In Fig.4, 

f . f . h 27 
unct~on o P ~s s own. For P > 1. 2 P· , the curve can be cr · 

well approximated (within 10";(,) by an asymptotic line given by the 

equation 

where E: = t - z n /c, 
0 

K = 0.369 ka21p-cr 

the Gaussian profile. 

can be approximated by 

( 5) 

2 
p = (0.858) p ' 

o cr 

and a is the variance of 

The on-axis intensity as a function of z 

(6) 

where a is a parameter which depends on P as shown in Fig. 5. 

. . . . . 29 
Us~ng a d~fferent nurtter~cal comput~ng scheme, ·nyshko et al. 

have found that for P ~ 2P different annular parts of the cr' 

beam would focus at different points as a result of nonlinear 

aberration, giving rise to mult:!-ple focal spots on the axis, but 

the positionof the first focal spot is still given by Eq. (5). For 

Per. ~ P ~ 2Pcr' only one focal spot exists.· 

Presumably, Eq. (5) is also valid for a beam profile which does 

not deviate too much from a Gaussian distribution. The co-

efficients K and p. will of course be somewhat different for 
0 

different beam profiles. They actually characterize the self-

focusing process of a given single-mode laser beam. in the nonlinear 

medium, and can be obtained directly from measurements
14 

as we 

shall see later. 

We next consider what happens to the self-focused light in 
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the focal region. The approximation of n =. n21 El 2 is valid 

2 when IE I is not too strong, but upon self-focusing, the continuous 

sharp 'increase of the field intensity as z+ zf will sooner or 

later cause 6.n to saturate and diff.raction to overcome self-

focusing. The se,lf_;focused beam would finally diffract 

f . h . k . . . d. 26,27 a ter ~t s r~n sto a certa~n m~n~mum ~ameter. This is known 

to have happened t6 self-focusing in alkali vapor~~ However, 

in liquid::; and solids, apparently before 6.n gets saturated, other 

-
nonlinear: optical processes would set in _to terminate the sel~-,: _. 

focusing process and limit the minimum beam diameter. We shall 

I 

come back to this problem in a later section· for a more detailed 

discussion. In any case, experimental results seem to suggest 

that the beam diffracts soon after it reaches ·the minimum diameter, 

although the diffraction may be norilinear32 (see ~ore discussion 

later). The focal region has a very small dimension 

( < 1 mm longitudinally) and can be appropriately called a focal 

~pot at zf. 

(E) Moving Foci 
We se_e from Eq. (5) that z f is a function of time if the 

input power P varies with time. For a given input laser pulse, 

we can rea~ily. find zf(t) - ~f K and P 
0 

are known. An example is 

given in Fig.6., where we have 1 also shown how the curve is con-

35 
structed in a way which is physically transparent. At tA, the 

beam entering the medium at z = o has a power PA; it travels with 

light velocity in the medium (along the dashed line in Fig.6) and 

finally self-focuse·~''~t (zf) A (point A· in Fig. 6). At a later 

time tB, the beam with a power PB again propagates with light 

· velocity in the medium and . self-focuses at (zf)B 
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(point B in Fig.6), but since PB PA, we should expect 

(zf)B < (zf) A. Similarly, we can find the other focal points 

corresponding to different input powers at different times. The 

u curve is then obtained by connecting the various focal points 

in Fig~6. It is obvious from such a const'ruction that the g_eneral 

shape of the curve should remain the same for a bell-shaped input 

pulse ~ven if Eq. (5) does not hold. 

The U curve in Fig.6 actually describes the motion of the 

focal spot. In a sufficiently long medium, Q, > z
0

, the focal spot 

first appears at zD. It then splits into two: one first moves 

backward, and then'forward after it reaches a minimum self-focusing 

distance corresponding to the peak power of.the pulse,; the other 

keeps on moving forward with a velocity faster than light. Of 

course, the fact that the focal·spot can have a velocity faster 

than light does not violate the special theory of relativity since 
' ) 

nothing real is propagating along with the focal spot. ·However, 

a large po~~rization is actually induced in the focal spot. It 

now also has. an apparent velocity larger thari light velocity. 

This is then similar to the case of Cerenkov radiation. There-

fore, in the present case, we should also expect to see a cone 

66' 
of radiation at an off-axis angle. Whether this explains the 

.occasionally observed anomalous rings around the 11 filament 11 is 

still to be investigated. 

29 -
As suggested by Lugovoi et al., the moving focal spot is 

responsible for the observed 11 srnall-scale filament 11
• Since 

the velocity of the focal spot is of· th~ order of the light 

velocity, if a side-view picture of the focal-spot motion is taken 
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with an ordinary camera, what one obtains is just a bright 

filament with a diameter given by the diameter of the focal 

spot. However, a fast streak camera· should be able to, resolve 

the focal-spot motion~ 4 In fact, with the help of the u curve, 

we can.explain all, the clean observations about·the 11 small-scale 

filaments 11 in ordinary Kerr liquids under nanosecond puls~ exci-
,' 

36 
tation. These include the qualitativ~ features of stimulated 

scattering and spectral broadening of light in the "filaments." 

- --we shall postpone the detailed discussion to the next section. 

\ 

In all the above discussion, we have assumed instantaneous 

response of ~n to the field. This' is clearly a good assumption 

in the prefocal-region for an incoming p~lse much longer than the 

· rel.axation time of ~n. In the focal region, howe.ver, because 

of the rapid motion of the focal spot {see Fig.6), the field 

intensity at a local poi~t may vary appreciably during the re-

laxation time of ~n. Consequently, the transient response of 

~n becomes important and affects the diffraction of light from 

. 32 35 
the focai reg1on. ' This-together with the. occurrence of other 

nonlinear optical processes in the focal region makes, the under-

standing df dynamics of self-focusing and nonlinear diffraction 

in and beyon~ the focal region extremely difficult. 
. ' 

If the input pulse has a width comparable to the relaxation 

time, then the entire self-focusing process is governed by the 

transient response. of ~n. In order to find the. transient self-focusing 

dynamics, Eq. (1) should now be solved in couple with the 

' 
of mo·tion for ~n { ;, t) ._ This has been done by several 

-
equation 

48-Si ,67 
authors. 
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We shall postpone the discussion to Sec. V and VI. 

In the following section, we shall -describe the various ex-

perimental observations and theoretical interpretations on 

quasi-steady-state self-focu~ing 
~ 

in an ordlnary Kerr 

liquid. 

IV Quasi-Steady-State S~lf-Focusing ·in Kerr Liquids with Nanosecond 
'\ 

Laser Pulses. 

In the earlier experiments on self-focusing, Q7 switched laser 

.pulses were. used. The pulsewidth was much longer than there-

laxation time of the Kerr effect of ordinary liquids which have been 

studied. Con~equently, our previous discussion 

on quasi-steady-state self-focusing would apply. 

However, as we shall see 

more quantitatively later in this section, the dynamics of self-

focusing and some characteristics of the "filaments" depend 

critically on the characteristics of the input laser pulse. Un-

fortunately, in all the earlier experiments, the characteristics of 

the input laser pulses were never carefully measured. The 

interpretation of 

becomes l:mpossible. 

those results then 

I 
Different research groups obtained different 

results on the filament characteristics without knowing that the 

differences came from the difference in. input laser pulses. 

This created a great deal of controversy and bestowed on the field 

an ill reputation. In fact, most of these earlier experiments 

were done with multimode laser pulses which -upon self-focusing 

gave rise to a large number of filaments. It was then impossible 
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to find the input condition for the formation of any individual 

filament. 

In this section, therefore, we will only try to explain these 

· earlier results qualitatively when possl.ble. We shall discuss in 
' ' 

more details the results obtained with single-mQde laser pulses Gf 

known characteristics •. Here, we should again emphasize that what 

we meant by a single-mode laser pulse is a TEM 
00 

pulse 

· which will self-focus into only one single n filament", ·at least 

when the peak power is not very much higher than the critical power 

p 
cr 

N.orrnally, a TEM 
. 00 

pulse with some weak ripEles (which 

are difficult to detect) on it can be accepted as a single-mode 

pulse for other nonlinear optical experiments such as harmonic 

gener~tion. In self-focusing, however, the weak ripples are readily 

amplified . into multiple "filaments". 68 Bispalov and Talanov 

have shown that a beam with an intensity F in a nonlinear medium 

is unstabLe against spatial intensity variation 

with a characteristic size 

' (7) 

If F = 50 2 -11 
MW/ ern . and n 2 ~ 10 esu {for cs

2
), we have A~ 100 ]Jm. 

This means that a small ripple of this size may cause the local part 

ofrthe beam around the ripple to self-focus independently from the 
----~~------ ,-------------~------·---- ------ ---~ ------------------ ··-. 

rest. of the beam. Chiao et aL discussed the same effect from stimulated l_ight 

s-cattering point of view. 
69 

This instability was ·demonstrated by Carm<;tn et al. 70 

and more recently by Campillo ~ al. 
71 

The local bumps in the spatial intensity 

distribution may also shmv up as narrow spikes in time even though the power 

variation of the whole beam ~ppears to be fairly smooth. Abbi and Mahr 72 have 

obtained direct experimental evidence of the correl~tion between filaments and 
<"!• I 
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We shall nqw begin describing the various experimental work 

on self-focusing in this'quasi-steady-state limit and show·how we 

can understand most of the results quantitativeiy. 

(A) . Self-Focusing in the Prefocal Region. 

self-focusing dynamics was The first experiment qn 

performed by Garmire et al. 
15 

In order to look at the beam profile 

at various points along the axis in the liquid cell, they used a 

I 

number of mylar films immersed in the cell as 'beam splitters to 

couple some light out to be photographed. They found that at a 

certain distance, which is close to the predicted self-focusing 
' ' 

distance, ,the beam diameter suddenly shrank to about 50 ~m. How-

ever, limited by the technique and by the multimode laser they used, 

they did not study the detailed self-focusing dynamics in the pre-

focal region. In fact, it was found later that this 50 - ~m 
.--- ' 

' . 
"large - scale filament" they observed was actually composed of many 

"small-scale filaments" of few . d' t 16 1n 1ame er. 

The first quantitative study on the self-focusing dynamics in 

the prefocal region was done by McAllister et a1~3 
with a single-

\ 

mode ruby laser. They measured the on-axis intensity at the end of 

the liquid cell as a function of input power, and found that the 

. ' 

results agree well with the theoretical calculation using Eq. (1) or 

(.2) with for quasi-steady-state self-focusing. (See 

" 
Fig. 7) In particular, they showed that by collecting only light 

which passes through an on-axis pinhole at the end of the cell, 

pulse sharpenin~ occurred as the beam self-focused~8 Later, 

Maier et a1.
24 

made a similar investigation with a single-mode laser 
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and extended the measurements up to the power at which the "small-

scale" filament finally appeared. They found again good agreement 

between theory and experiment for self-focusing in the prefocal 

region. It is then clear that for nanosecond pulse excitation 

in ordinary Kerr liquids, the q~asi-steady-state theory with 

describes correctly the self-focusing dynamics in the 

prefocal region. 

Most of the self-focusing experiments·used linearly polarized 

laser light, and the light coming out from the region was also 

linearly polarized. 1 73 1. f However, Close et a .. showed that even 

circularly polarized laser light was used, the light from the focal' 

region· {or the "filament 11
} was still linearly polarized. This can 

be understood as the result of nonlinear coupling between the two 

circular polarizations through the field~inquced refr~ctive indices.73 

{8) 

where the subindices "+ 11 and 11
-

11 refer to the two circular polari-

zations and A and B are the two coefficients. For ordinary liquids, 

A < A + B, and hence the weaker one of the two circular com-

ponents will self-focus first and become stronger •. Since iQ practice, 

the input beam can never have perfect circular polarization, the 

weak component will a;t.ways grow in intensity in the self-focusing 

process until the two circular components have equal amplitude.
73 

The quantitative solution of this proble~ has not yet been worked 

out. 

B General Characteristics of 11 Small~Scale Filaments" 

. 16 . . ' .· 
Ch1ao et al. first found the existence of 11 small-scale 
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filaments" in a self-focused beam. They observed that in a given 

Kerr liquid, the 11 filaments" have nearly the same diameter and the 

same intensity, independent of the input conditions as long as the 

.input·power is above the self-focusing threshold. Side--view 
) 

phot·ographs by Brewer et al~ 7 ' 
19 

showed that these filaments of 

constant diameter last over .a distance of a few em. .·These observa- . 
\. 

tions, made with multimode Q-switched ruby lasers, were then believed 

to be a.·manifestation of the self-trapping phenomenon predicted· 

' , 1, 317 ' 
earl1.er. Later, they were shown to be due to 

moving foci. 

The filaments and their formation have the following general 

characteristics in a 1
. .19,36 

Kerr 1.qu1.a. 

1) Self-focusing of a multimode laser beam gives rise to multiple 

filaments, but, at least for P < 10 p ' cr 
self-focusing of a 

single;...mode laser beam leads to only one single filament. (Fig. 2' 

shows the end-view picture of a typical filament.) 

2) When the cell length 5I, is very close to zf(Pmax), the diameter 

of the single.:...mode beam profile depends critically on the input· 

power, but as 5I, or P· increases, it soon, decreases to a limiting max 

sizeG (Fig. 2) 

3) The limiting diameter is of a few ~m, and is constant to with-

in ± 200ft>. 

4) If 5I, is larger than_ 100 em., the filament is likely to 

disappear .at the end of the cell. 

5) The filament is linearly polarized, independent of the polari-

zation of the input beam for the reason mentioned earlier · 

in Sec.IVA. 



-24- J LBL-2703 

6) 
-3 

lln in the' filament is of ·~he order of 10 , close to the 

7) If a photodetector is used to - collect only light diffracted from 

the filament within·a few em near the end of the cell, then the 

observed light puls~ has a _pulsewidth w{lich varies ,,from - 200 ps 

when zf(P ) ~ Rmax 

smallerthan L 

to less than 100 ps when zf(P ) is appreciably max 
. " 2 

The' energy density in such a pulse is few J/cm 

2 (- 4 J/cm for cs2 and .toluene). 

8) is appreciably smaller than R-, the intensity of 
' 

the filament is approximately constant (tens of GW/cm
2

) for a 

range of pmax· 

9) The filament diamet'er ·in liquid mixtures varies smoothly from 

one limiting value to the other as the composition of the 

mixtures changes from one limit to the other,. 

10) The spectral broadening of light from a .filament.depends 

critically on the characteristics of the input pulse, and is 

more appreciable for liquids with larger n2 .. 

Lin\ited by available instruments, most-measurements of 

the filament characteristics have· not been very accurate. 

results can be expected with the help of the new fast streak 

75 
cameras and more sensitive photodetectors. 

C. Evidences of Moving Foci Constituting the "Filaments". 

Better 

As discussed in Sec.III, it seems more reasonable to inter-

pret the observed "small-scale filaments" as the tracks of 

moving foci, although before 1969, the !filaments were believed 

-to be due to self-trapping. In this section, we shall 

review the experimental evidences for the moving-focus picture. 
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' 21 
The first evidence is an indirect one found by Loy and Shen. 

They took an end-view picture of the filament, but instead of 

focusing the camera at the end of the cell, they focused it into 

the cell, at few rom away from the end. If a moving focus is 
' " 

responsible for the filament, this change of focusing should not 

distort the image. However, if the filament is a self-trapped 

filament, then the image · should be distorted because of 

refraction and reflection of light in the filament. The experi-

ment showed that the former is true. They also found that only 

when 9- -+ zf(F ) a bubble was generated in the liquid by the max . 

laser pulse at the end of the cell. This can be considered as 

another evidence for the moving focus. As seen in Fig.6, the 

moving focus spends a much longer time around zf(Pmax)' - and can 

therefore deposit enough energy through optical breakdown or 

ionization in that local region to create the bubble. 

The direct evidence of a movi~g. focus was first obtained by 

bk . 134 . ' k Koro 1n et a • us1ng a strea , camera. Their motion picture 

showed a clear backward moving focus. One would expect the back-

ward moving focus to turn around at zf cP ) and move for. ward. . . m~ 

The fact that this has not been observed can be understood ~s 

32 
follows. Stimulated Raman and Brillouin scattering is initiated 

at the focus all along the filament. As shown in Fig.8, the 

backward Raman and Brillouin radiation should propagate along the 

dashed-dot lines with its wavefront initiated at E. It intersects 

the incoming laser light before the.latter self-focuses and through 
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amplification, effectively depletes the laser power. Con-

sequently, the incoming laser beam may no longer have enough power 
., 

to self-focus, and the motion of the focus is terminated. 

Figure 6 shows that one should also see a forward moving focus 

if the cell is lbng enough. For a reasonable cell length ( Q. < 100 ,ern) 

and a laser pulse ·with low P.eak power (P-. ~ 2P ) , . this can be · max cr 

achieved if K in Eq. (5) is relatively small. Assuming a 10 ns 

input pulse with a transverse. Gaussian profile, we find K; ~ should 
cr 

be around 4 ern (corresponding to z (P ) ~ 10 ern) or the beam 
f max 

radius a (variance of the Gaussian_profile) should be about 100 ~m. 

. 31 
The -experiment was carried out by Loy and Shen using a ~ingle-

mode Q-switch_ed ruby pulse with a peak power of about 100 kW and a 

radius of about 150 l.lm propagating in a 36· ·ern toluene cell. They 
' / . 

first measured the threshold power for self-focusing at various 

as a function of P • max 'The data 

Plotted as .1/zf(P · ) ' max 
1/2 . versus P - appeared to be a straight line max , 

from which they could deduce K and P using Eq. (5), as was done 
0 

14 
by Wang.. (Fig.9) Then, knowing P (t) ·from the 

oscilloscope trace for a given input pulse, .they wereable:to plot 

the entire U curve using Eq. (5). A section of it is shown in 

Fig.lO for a typical input pulse ( - 8 ns in pulsewidth). It is 

seen that if the cell length is larger than 23 ern, then one should 

find a focal spot which starts at 23 ern and moves forward towards 

the end of the cell with a velocity faster than the light velocity. 

In order to prove this experimentally, they inserted a 100 1.1m 

rnicroslide at a certain distance in the cell. When the focal 

spot hit the rnicroslide, it created a short pulse of diffracted 
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light. They could then measure the time delay between this pulse 
r 

and the pulse created when the focal spot hit the end window. It 

was found that the time delay was positive indicating a forward 

moving focal spot. In addition, the delay w'as smaller than the 

distance between the microslide and the end window divided by the 

light velocity,showing that the focal spot was indeed moving faster 

than light. The measured time delay also compared well with the 

value predicted by the U curve as shown in Fig.lO. This quantita-

tive agreement between theory and experiment therefore proves con-

elusively the moving focus model. 

One may raise the question whether the microslide would diffract 

the self-focused light and affect the results in the above time-of-

flight measurement, but it is clear that because of the sharp 

focusing, a l0011m microslide cannot appreciably change .the position 

of the focal spot at 10 em away from the microslide. However, Loy 

32 
and Shen performed another time-of-flight measurement on the 

moving focus without any microslide in the ce~l. They measured the 

time delay between the backward Raman pulse and the short pulse of 

diffracted light preated when the focal spot hit the end window. , 

From the delay, they could locate where the Raman pulse was initiated. 

On the other hand,' it is known that the short backward Raman pulse 

is.created by continuous amplification ~f the wavefront of the 

b k
. d . . 76 

ac war Raman rad1at1on. Therefore, knowing the U curve, they 

could also predict where the backward Raman pulse was initiated. 

Comparing the two results, they found good agreement as shown in 

Fig.ll for various input powers and cell lengths. This gives 
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further strong support of the moving focus model. 

The moving focus model can also explain qualitatively or semi-

quantitatively the other observation on 11 filaments" generated by' 

~ahosecond input pulses. For example, from the U curve, we can' 

see that if the photodetector collects only light diffracted from 
(' . 

the focal region in the last few em of the cell, then the observed 

light pulse can only be about ·100 ps long: the pulse should be 

longer if 5I, ~ zf(J? ) . 
max 

These predictions agree well with 

. 21 .36 
observat~ons. ' If zf is large, the focus would become long 

. (approaching infinity as zf + 00). Then, the laser light is 

likely to be all converted into Raman and Brillouin radiation in 

the focus. This explains the disappearance of the filament at 

the end window if 5I, is too large. we shall discuss 

how the moving focus model 'explains the other experimental observa-

tion on filaments in the followi?g sections. 

D. Relation between Self-Focusing and Stimulated Raman and 
Brillouin Scattering. 

The sharp stimulated Raman threshold and the anomalously 

high Raman gain in Kerr liquids were a big mystery around 1965. 

·We now. understand that. they are due to self~focusing. Because of 

the high laser intensity, both stimulated Raman and stimulated 

Brillouin scattering are readily initiated in the focal region. 

The sharp Raman and Brillouin thresholds should therefore nearly 

coincide with the self-focusing threshold. 

Experiments have been performed trying to correlate more 

\ 
I 
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precisely self-focusing with stimulated Raman and Brillouin 

. 24 36 
scatter~ng. ' In cs

2 
and toluene, it was found that 

stimulated,Raman and Brillouin scatteringdo not have the same 

threshold. The Brillouin radiation first shows. tip above 

the detectable level when the self-focused beam has shrunk to a 

diameter of about 50 ~m. Then, the Raman radiation appears 

'after the beam has self-focused to within a factor of 2 of the 
'. 

limiting diameter. This can be understood by the fact that 

stimulated Brillouin scattering has a slow transient response 

( - 10 ns for acoustic response time} while stimulated Raman 

scattering has a nearly instantaneous response (- 5 ps for vi-

brational lifetime), but the latter has a much smaller steady

st,ate gain~4 . As the laser intensity inct'e<fses upon self-

focusing, the Brillouin radiation has initially a higher gain and 

.therefore reaches · the detectable level first before the 

Raman does •. Subsequently, further focusing 

of the beam increases the light intensity very quickly and also 

increases the Raman gain proportionally. The Brillouin gain,· 

. however, cannot follow the rapid change of the field intensity and 

now falls below the Raman gain. In that region, the 

Raman effect appears to be dominant. 

The above argument can also be U:sed to understand a number of 

other experimental observations. Figure 12 (for the case f < z0 

in Fig.6, so that the upper branch of the U curV.e is absent) shows 

that the incoming laser pulse is effectively depleted by the 

76 
backward stimulated Raman and Brillouin scattering. When the 

laser power first reaches the self-focusing threshold, the transient 
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stimulated Brillouin sc?-ttering does.not. deplete the laser power 

appreciably. Therefore, the ·incoming laser beam continues to 
) 

self-focus to a smaller diameter. Then, once the stimulated Raman 

scattering is initiated, the large gain in :the focal region and the 
Raman , 

quick jbuild-up soon, deplete the incoming laser power effectively be-

low the self-focusing threshold, cteating_the·sharp dip in the 

transmitted laser pulse in Fig.l2. Termination of self-focusing 

also stops the backward stimulated Raman scattering, and the i~ 

coming laser ··power recovers its strength. When the ·laser power 

again reaches the 'self-focusing threshold, ~rillouin radiation is 

again initiated first,/ but now, it also has a large enough transient 

gain to deplete the incoming laser power effectively. Thereafter; 

by .self adjustment, the backward stimulated Brillouin scattering 

keeps.the transmitted laser power always c.lose to but below the 

self-focusing threshold. If the transmitted laser power is too_ 

high,· the stimulated Brirlouin. scatt~ring would increase to deplete 

more laser power. If the transmitted laser power is too low, the 

stimulated Brillouin scattering would decrease to let mo.re laser 

power get through • Thus; the transmitted laser power is no longer 

. strong enough to self-focus to the limiting focal diameter and hence 

stimulated Ramc:m radiation can no longer be initiated.' The moving 

focus (or filament) is also effectively terminated as mentioned 

earlier in Sec.IV c~ This explaips the flat top of the transmitted 

laser pulse and the·fact that after the short Raman pulse, the sum 

of the transmitted laser pow~r and_ the backward Brillouin
1 

power is 

equaL to the incoming laser· power, as shown in Fig.l2. 
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The extremely short backward Raman pulse is also understood as 

due to th~ fact that the wavefront of the backward Raman radiation 

\ . 

continuously meets the fresh incoming laser· light and gets amplified 

through depletion of the laser power!P We now know that this Raman 

wavefront is initiated either at the end of the cell when .Q, < 

or at zE if .Q, > zE (see Fig.8)~ 2 Therefore, in order to have a 

Raman \ 
shorter/pulse and a higher peak power, we should have a longer. 

interaction length for the backward Raman amplification; in other 

words, either .Q.o:r zE, whichever is smaller, should be larger while 

the input laser intensity remains unchanged. As seen from Eq. (5), 

this can be achieved with a larger input beam radius. On the 

I 

other hand, i~ the cell length is fixed, then the increase of input 

laser power would not increase the interaction length appreciably, 

and the backward Raman pulse would remain nearly unchanged. This 

is in fact what was observed when the laser power was increased 

above the self-focusing threshold~ 6 

The forward Raman radiation is initiated and amplified in the 

focal region and gets further amplified while propagating along 

~ith ~he diffracted laser light. Because of the short~r inter-

action length, the forward Raman pulse is much weaker than the 

' backward Raman pulse just above the threshold. 
I 

.As the input laser 

power or the cell length increases, the forward Raman light 

increases steadily because of a longer interaction length and be-

cause of a long~r section along the axis where stimulated Raman 

scattering is initiated. Since the backward Raman pulse soon.becomes 

saturated for the reason mentioned earlier, the forward Raman 
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pulse may eventually have more en~rgy than the backward one, 

. .· 77 
although it may not be as short as the latter.· This explains 

qualitatively the anomalous forward-backward ratio-of the stimulated 

Raman radiation observed befo~e self-focu~ingwas recogniz~d~' 76 

An example is shown in Fig. 13~ 7 Since the forward'Rarnan radiation 

is generated mainly from the -focal region, if we collect only light 

diffracted near the end of the·cell (say, within 2 ern.), we shoul'd 

expect to find a forward Raman pulse as short as the diffracted 

laser pulse arid also coincident in time with the latter. This was · 

. - - 36 
actually observed in the-correlation measurements. The forward 

' 

Raman scattering ca~ al~o deplete the laser power in the focal 

~egion e~fectively. It was found that in some cases, practically 

only forward Raman light but no laser light was diffracted from the 

36 
·filament inside the cell. -

There are a few other observati-ons on Raman and Brillouin pulses. 

All of them can be explained qualitatively by the·rnoving focus 

36 
model. In pr'inciple, one can ,find quantitatively the solution of 

stimulated Raman and Brillouin scattering by solving the nonlinearly 

coupled wave equations for the laser·, the Raman, and the Brillouin 

fields.- However, this is a difficult job even with the largest and 

fastest computer available. Hopefully, the qualitative-under-

standing of Raman and Brillouin generation we have outlined-here can 

help in making appropriate physical approximations to· simplify the 

solution ~f the equation. 

E. Spectral Broadening of Light from a "Filarnen~" 

If the spectrum of light emitted from a filament is analyzed 
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one often finds app~eciable spectrum broadening .relative to the 

t f th · laser ·l1.' ght. 78-
82 

E · th · 1 d spec rum ·o e incoming . ven Wl. . s1.ng e-mo e 

laser excitation the spectral broadening can be as large as 

-1 
several hundred em and usually has a characteristic semi-

periodical structure (Fig.l4a). This result was interpreted as 

due to self-phase-modulation of light in a 
79,80,83 

} 

self-trapped filament. 

79 
The basic idea was as follows: Assume the laser pulse propagating 

in . a self-trapped filament 'has a bell-shaped time-variation I E2
(t) I . 

The corresponding field-induced refractive index· is Lln(t). = n
2

1E(t) 1
2 

(assuming instantaneous response). Because of 

Lln(t), the self-trapped light, after propagating through a filament 

of length L, acquires a time-dependent phase increment 6¢(t) = 

(w/c)L Lln(t). This phase modulation in turn gives rise to a 

a w · 
. frequency modulation t.w(t) =,-at [ <-c> Q. Lln(t)]. The maximum of 

t.w( t) appears when the slope of Lln(t) or IE(t)l
2 

is a maximum, and 

represents the extent of spectral broadening. Furthermore, on a · 

bell-shaped curve, there are two points of the same slope 

i.e. 1 tWO fieldS at tWO different timeS With the Same flW These 

two fields can interfere constructively or destructively, creating 

peaks or valleys respectively in the power spectrum. ·This then explains the 

semi-periodic structure of the spectral broadening. More generally, 

one can include bhe transient response of Lln to the pulse 

-field in the calculation. · The net effect of the transient 

response of Lln is to reduce the spectral broadening on the anti-

Stokes side with respect to the Stokes side. 

Using ,the pulsewidth W and the filament length L as adjustable 

parameters, (W- a few picoseconds and L _a few centimeties), 
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83 
Gustafson et al. showed that the calculated spectrum agreed very 

well with the observed one. (Fig. 14b) •. · Because of this apparently 

su-ccessful interpretation, spectral broadening had always been 

used as the major evidence to-support the self-trapping model. Jt 

is however difficult to understand how the self-trapped filament 

is formed and why only a few ps portion of the few ns Q-switched 

pulse is being , self-tr.apped in the filament. 

35 
As demonstrated by Shen and Loy, we now know that a moving focus 

r 

can also induce phase modulation and hence spectral broadening. 

-
With essentially no assumption, they can predict semi-quantitatively 

the spectral broadening from a given input condition. The . 

. predictions are in good agreement ·with · 

35 

experimental results. 

The basic theory is as follows. 

We must show that the light emitted from the axial region 

at the end of the cell is in fact phas·e modulated in time. 

Figure 15 shows again the trajectory of the moving focus corre~ 

ponding to a nanosecond input pulse. The beam entering the cell 

at time tA propagates along the dashed line, self-focuses ~sharply 

at A (defined as the position where the diameter of the self-

focused beam is minimum), and leaves the cell at A'. Knowing the 

self-focusing geometry, we·can find the intensity distribution 

2 . . ' 2 
l~(z,t)l , : and in particular, IE(£,t)l · From IE(z,t) 1

2
,. we can 

obtain iln(z,t) from the relaxation equation 

a(iln) +iln = n2 IE(z,t)l2 
dt T T 

(9) 

~·:d'ter.e T is the relaxation time of the order of a few ps. in ordinary liquids (2, ps 

',4. 
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for cs2 ). We realize that b.n(z, t) is only appreciable in the 

focal region (denoted by the shaded region around the U curve in 

Fig. 15) where IE(z,t) 1
2 

is large •. The self-focused beam 

traversing the cell should now acquire a phase increment .6.¢ due to 
' 

the presence of b.n. From Eq. (2b); we find. (at r=o) 

b.¢(t J
R, w 

tA + R-n/c) = 
0 

(~) b.neff (z,t' = tA + zn/c)dz (10) 

where b.neff assuming that the trans-

'verse ·field profile can be approximated by a Gaussian with y
0 

being 

the variance. This second term in b.neff is due to diffraction. 

' Eq. (10) shows explicitly that the light emitted·fromthe axiaL 

region at the end of the cell is phase modulated. From IE (R., t) 1
2 

and .6.¢ (t) 1 we can then obtain the power spectrum by Fourier 

transform. 

Let us now be somewhat more quantitative. we know that in 

the focal region, the pulsewidth of IE(z,t)l 2 is of the order of 

the relaxation time T •. It cannot be much smaller since the 

observed. b.n .is not much less than the steady-state value max 

b.n ~ n2· IE(z,t)l 2
. . o max 

It cannot be much longer since 

otherw1se the stationary self-focusing theory would hold even in 

the focal region and would t~en predict a sharp focusing and a 

pulsewidth smaller than T 1 contrary to the assumption. Therefore, 

in Fig.l5, the shaded region has a width of the order of T , 

I 
and essentially only light emitted from the shaded part at z = R-

contributes to the power spectrum. To calculate ·the phase increment 

acquired by this part' of the light, we can approximate-the last 
' 

I ' 
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portion of the u curve towards the end of the cell by a straight 

line, and then ~he phase increment is given approximately by 

fl¢ "' (w)(!!.- l)-1 ft fin (.R, t')dt' 
c c v t eff ' (11) 

0 

' 
where· v is the velocity of the focal spot towards the end of 

the cell and t
0 

is the time when. fln(.R-,t) . becomes non-negligible. 

The corresponding. frequency modulation is 

_ flw( t) w · n 1 -1 
= -(-)(-- -) flneff(.R-,t) c c v 

and the maximum Stokes broadening is given by 

flw 
max 

W' n 1 -1 -(-)(-- -) (fin ) . 
c c v eff max 

(12) 

As seen from Eq. (13), the maximum Stokes.broadening depends 

on the detailed self-focusing dynamics only through {:fin f ) , 
e f max 

which is actually not very sensitive to the variation in self-

focusing dynamics. 

(fin ff(.R,)). e max 

·For a rough estimate· of flw , 
max 

we can let 

where I E(.t, t) 1 2 
max 

can.be obtained from the approximate relation nciE(.R.,t)l
2 

d
2
/8 = P(zf=t) . max 

where d is the filament diameter and P(Zf=.R-) is the beam power 

whi9h self-focuses at .t-. For cs2 and tolU:e~e with .t - 10 em, we 

have ~ fln
0 

approximately equal to 1. 5xlo-3 and 4 x lo- 4 respect-

' 
ively. Therefore, in ordelt to obtain a maximum Stokes broadening 

-1 -1 of about 100 em in cs2 or 30 em in toluene, we must have 

. 1 ' 
(n/c - 1/v)- = 7 c/n -or = 1.15 c/n, i.e., the f6cal-spot 

velocity towards the end of the cell must approach. the light 
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velocity. From Eq. (5), we find 

1 . 1 ' 'l2 . 1. d ( ) 
(E. - -)- = (-K )[ , '2.. p t lp 
c ,v p..LI' dt = ( 14) 

This shows that for v = L 15 c/n at· fl· 10 em, we need an input 

I 

pulse with a pulsewidth around o. 7 ns. The shorter the input 

pulse, the closer v approaches c/n and the larger b.w 
max. 

becomes. 

On the other hand, if an ordinary Q-switched pulse .of 10 hs pulse-

width is used, our estimate gives a spectral broadening of less 

-1 -1 i 1 than 10 em ~- in cs2 and less than 3 em n to uene. This is indeed 

I 

what one observed in experiments . As reported in the 

, , · 31 1 79 • ' h 1 ' d 
l~terature, whenever a s~ngle-mode Q-sw~tc ed aser ~s use 

in the self-focusing experiments, spectral broadening of light 

from the. filament is always not appreciab~e. With much shorter 
r 
I 

pulses, however, spectral broadening can readily be seen. using 

84 
a weakly mode-locked pulse of - 1. 2 ns long, Wong and Shen were 

able to verify eq. (13) .semi-quantitatively. (Fig.l~). 

Physica~ly, the moving focal spot induces locally in the 

medium a b.n which ·lasts at least for several relaxation times; 

or one can imagine that there is a channel of b.n of several 

long trailing after the focal spot. If the focal-

spot velocity is larger than c/n but approaches c/n, then the 

-defocused light from the focal spot will see over a relatively 

long distance ·an appreciable b.n and will diffract nonlinearly 

' 
from the channel of · b.n. Only in this ideal limiting case, the 

defocused light is completely_trapped in the dielectric channel of 
j 
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6n. The result of nonlinear diffraction or partial trapping 

is to lengthen the trailing edge of the filament pulse IE(~, t) 12. 

emitted at the end of the cell. This will change the absolute 

·value of (6neff)max ' and hence 6wmax' but in general not by a 

factor of ·2 ·or 3. The detailed forms of IE(~,t)l 2 
and 4¢(t) are 

responsible only for the details of ~he semi-periodical ~tructure 

in the broadened power spectrum. To find IE(~,t) 12 and 6¢(t) 

rigorously, however,'- we have to solve Eqs. (1) and (9) coupled with other 

eq~ations which describe the other nonlinear processes induced 

in the focal region. ' This .is unfortunately a rather formidable 

'task. 

, In Fig.l7, we show a calculated power spectrum of the fila-

-

ment obtained from a 1. 2 ns input pulse in a 

35 . 2 
22.5 em cs 2 .cell. The pulseshape IE(~,t)l here was arbitrarily 

assumed with the restriction that the pulsewidth is not more than 

several T. The corresponding phase increment 6¢(t) is_then 
. ' 

calculated (the diffraction effect is not included'in this 

calculation). Finally, the power spectrum is obtainedby Fourier 

·transform which reveals the characteristic semiperiodic spectral 

broad~ning. It has been shown that the detail of the semi-

periodic broadening doe9 depend rath~r sensitively on the pulse

shape· of IE(~,t) 12
, but the maximum Stokes broadening does not as 

long as 6w · max 
' . 35 

is much larger than the inverse pulsewidth. In 

this respect, it is interesting to note that while Gustafson et 

al~3 have to assume a self-trapped pulse of few ps long in OFder 

to explain the observed spectral broadening, the output filament 
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pulse jE(.Q.,t)] 2 in our model appears naturally a few ps long, as 

restricted by the relaxation time T • 

We show in Fig.l8 a typical experimental spectrum of a filament 

obtained with a single-mode 1. 2 - ns laser pulse~4 There is a 

strong central peak in the spectrum. This indicates that part of 

the light emitted from th
1
e .filament has little phase modulation. 

It presumably comes from the periphery of the beam which self-

fOcuses and diffracts sharply. In a longer cell and with a 

shorter input pulse, both self-focusing and nonlinear diffraction 

should appear to be more g'radual, and the relative intensity of 
.I 

the central peak should reduce. In the limit of total trapping, 

we would expect to see only the broadened semiperiodic structure 

with no central peak. A calculated power spectrum is also shown 

. in Fig.l8 
84 

for comparison • In the calculation, the filament 

/ 

pulse is assumed to be a coherent superposition of a phase-modulated 

part and a phase-unmodulated part. 

Under 'nanosecond pulse excitation, the spectral broadening·on 

the anti-Stokes side is always much less and weaker. As seen 

from Eq. (12), the anti-Stokes broadening comes from the period 

when 6neff(.Q,, t) is negative. This corresponds to the region 

where the intensity J.E(.Q.,t) 1
2 is low because of diffraction and 

depletion by other nonlinear processes. Th~ maximum value of the 

negative is also expected to be small. Consequently, 

the power spectrum on the anti-Stokes side should.be weak arid should 

not extend very far. 

Finally, we should mention that there are many earlier reports 

in the literature on the observation of spectral broadening of light 
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The results were from a filament with Q-switched pulses. 

always interpreted using the self-trapping model. In retrospect, 

we,believe that multimode lasers were used in these experiments, 

and the observed spectral broadening must come from the subnano-

seconc(~pikes in the Q-switched pulses., Unfortunately, the input_ 
( 

conditions for the formation of each individual filament in, these 
f. 

experiments cannot be deduced, and therefore no quantitative 

ap.alysis using the moving focus model can be done to interpret the 

results of these experiments. 

We shall postpone our discussion on spectral broadening under 

· pico~econd pul~e exc~tati6n to Sec.VI. 

F) Limiting Filament-Diameter. 

As mentioned earlier, the obse~ved fil~ent in self-

focusing has a limiting diameter. From the moving focus model, we 

now understand that this limiting diameter corresponds to the 

diameter of the focal spot. 
r 

However, the fact that. the diameter 

is roughly a constant in a given medium,\ indepe'ndent of the input 

I 
conditions, -is not yet clearly understood and· is still a subject of 

controversy. The main difficulty is that in order to predict the 
f 

filament diameter correctly, one must know the complete self-

focusing dynamics through the focal region with all the other non-

linear processes properly taken into account. There does not exist 

any reasonable approximation which one' can make to circumvent this 

difficulty. 

S~veral.different mechanisms of limiting the filament-diameter 

·.have been suggested by various .authors. All of them aim for a 

limitation in the increase of !:J.n so that diffraction can overcome 
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self-focusing at a reasonable field intensity and beam diameter. 

We discuss these proposed mechanisms separately. in the following. 

1) Saturation of /1n for a Kerr liquid may occur in 

high fields as the molecules approach perfect align-

t
- 26 I 2 7 I 85 86 men • ' However, it has been 'shown for non-, 

f, 

· interacting molecules that this would happen at much larger 

than the values observed in a filament~6 l 27 
I 

85 

' 
Even if the molecular interaction is taken into account, it 

is believed tha~ I·E I~ required for saturation of /1n would 

be much larger than the field intensity in a filament. 86 · 
I 

2) Steric and compressibility effects may prevent perfect 

alignment of molecules and make /1n appear to saturate at 

. a much lower value. 58 The model calculation on /1n in' 

this case has ·not been verified by experiment. 

3) ·Two-photon absorption may effectively reduce the increase of 

/1n . h h f. ld . . ,26 
w1t t e 1e 1ntens1ty~ This is probably not·the 

dominating mechanism for limiting the filament diameter in many 

~err .liquids i~ wh~ch two-photon absorption is weak. Also, two photon ab-

sorption is probably not nonlinear enough to, be the limiting mechanism. 

4) 
'' 54 . :-.. . . 57 87 ' 

Multiphoton absorption and pre-breakdown ' ionization may 

effectively reduce the increase of /1n with I El 2
. This is 

perhaps the limiting mechanism for the picosecond case, but 

for nanosecond pulses in liquids the field intensity at which 

these mechanisms become important may be somewhat too large compared 

with the observed value. Also, in practice, stimulated 

scattering appears in the focal region before multiphoton 

ionization becomes operative. 

5) Stimulated Raman and Brillouin scattering may be responsible 
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in terminating self-focusing~ ' . As discussed earlier, 
.~ 1 

the backward stimulated Raman and Brillouin scattering can 
·: ... '•:- .. 

deplete the energy in the incoming laser beam and ~erminates self-

focusing. It effectively eliminates the lower 

branch of the U curve for the moving focus. Even for 

the ~pper branch, it may carry away an appreciable portion 

of the energy· in the self-focused beam and reduce its self-

f 
. . 46 

ocus1.ng act1.on. 
55' 

Recently, however! Rahn and Maier have 

shown that the forward stimu'lated Raman scatteri~g is more 

important in limiting the filament diameter, since it 

strongly depletes the laser energy in the self-focusing pro-

cess, and reduces !:m through the following mechanisms: 

a) excitation of molecular vibration and,hence a reduction 

of electromagnetic energy in the self-focused beam, b) strong 

conversion of laser light into Stokes light in the ?entre of 

the beam,- and c) the dif~raction of Stokes light out of the 

self-focused beam. By solving the coupled time-independent 

wave equations for the laser'and the forward Stokes waves 

on a computer to find, the. sel,f-focusing geometry, they obtain 

a minimum diameter for the self-focused beam. The incident 

laser power was chosen to have the limiting diameter
1 

reached 

at the end of a.given liquid cell (1=30 em). Then, the 

calculated limiting diameters are in, good agreement with the 

observed ones for both pur~,liquiqs and liquid mixtures • .... ,., . ~:; -· 

Therefore, this explan~tion of the limiting diameter seems 

to be very pla\}sible. However,· from what we discussed 
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excitation, it is clear that self-:-focusing in the focal region is governed by 

the transient response of the medium. It is rather doubtful that the steady-

state theory of self-focusing can correctly describe the real self-focusing 

.dynamics. Rahn and Maier55 also did not mention how the calculated limiting 

diametervaries with the cell length, while in practice, the observed filament 

diameter is nearly independent of the cell length. 

Clearly, the subject is still open. · It is most' .:likely that in different 

cases, different nonlinear optical processes are responsible for the limiting 

diameter, but a convincing answer would require a full solution of 'the self-

focusing dynamics taking into account all the relevant nonlinear processes. 

A few words should also be. said about the· measurement of a 

filament diameter. Normally, it is done by taking a time-

.integrated photograph of the' beam profile at the end of the cell. 

(Fig. 2) The filament diameter is then obtained from the densit-

ometer trace of the filament ·on· the photograph. A small disk is 

often used to block the unfocused light from reaching the camera. 

However, even if the unfocused light is not blocked, the filament 

can still show up clearly on the photograph. This is because it 

usually contains an energy density of few Jjcm2 which is much 

higher compared with the energy density of few tenths of a Jjcm2 

in an unfocused laser pulse. Even though the unfocused background 

is no.t important, we should still keep in mind that because the 

photograph is a time-integrated one, the observed filament diameter 

/ 
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may be somewhat larger than the ·actual, limiting diameter. 

G) Discussion. 

We have seen that for nanosecond pulse excitation, the 

moving focus model does give a consistent description of the "small-

scale filament" which agrees qualitatively and sometimes 

quantitatively with what have been observed. Certain character-

istics of the filaments depend critically on the input conditions, 

and hence it becomes impossible to explain quantitatively the 

earlier experimental results obtained with unknown input conditiops. 

Nevertheless, most of these results can still be explained 

qualitatively by the moving focus picture. For example,' D~nariez-

82 
Roberge and Taran found with a multimode laser the followingresults. 

About 50 filaments were observed in CS2 with a laser beam of 500 urn 

in diameter. The·filaments were still present if a screen with 

30 urn holes was inserted in the cell. The number of filaments 

reduced by a factor of 3 when a 1 rnm glass slide was inserted in 

the cell at l. 3 ern away from the end window. The observed spectral 

broadening increases with the length of a filament. These results 

can be explained by the moving focus model. ·The filaments were 

probably created by self-focusing of local intensity humps of 

30 umor less in diameter in the laser beam. These humps could 

go through the >SCreen Without being blocked, but WOUld be smoothed 

out by diffraction in passing through the 1 rnm glass slide. Also, 

according to the moving focus model {Sec. III), a longer filament 

is obtained with a highe~ input power or a longer cell length. 

84 
In both cases, one should expect to see a broader spectrum. 
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There are of course still a number of problems on quasi-steady..!. 

stat!: self-focusing which are unsolved. The·controversy on the filament 

diameter, is. yet to be clarified. The self-focusing dynamics in. the 

focal region is yet to be understood; in particular, how the beam 

- diffracts from the fo~al region is not known. How stimulated 

Raman and Brillouin scattering depletes the laser energy in the 

focal region is also an interesting problem to solve. The obser-

vation of Stokes and anti-Stokes rings around the filaments has 

not yet been explained by the moving focus model. Our present 

knowledge about the characteristics of a filament has been limited 

by the speed and sensitivity of the detection systems. The recent 

. 75 
advance on fast streak cameras can of course greatly improve 

those measurements. ·A fairly accurate determination pf tm (;,t) 

throughout the beam path would of course be most interesting. 

V Self-Focusing of Nanosecond Pulses in Transparent Solids. 

5 ,. 
- Hercher first reportred the observation of damage-tracks in 

i 
solids induced by high-power laser beams. These damage tracks are 

usually few microns in diameter and several em long. It was soon 

1 
recogniz~d by Chiao et al that self-focusing is probably the cause 

of these damage tracks. They proposed the self-trapping model in 

order to expla~n the filamentary characteristic of the tracks. 

There is however an obvious difficulty in their interpretation: a 

self-trapped light pulse cannot have sufficient energy to create a 

damage track of several'cm long unless energy is co~stantly fed 

into the optical waveguide from the side. On the other hand, the 

moving focus model ha.s no such difficulty since ·the beam energy is 
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constantly being fed into the focal region. 
' 

LBL-2703 

33 
Zverev et al and 

' 38 
Giuliano and Marburger have in fact s~own that· t.he moving focus 

model correctly describes the formation of damage tracks, a~though 

the model needs some modification as we shall see. 

Let us first give a'brief description of the characteristics 

88 
of the damage tracks in solids, as reported by Steinberg. A 

damage track usually occurs in the form of a cylindrical region 

of altered refractive index, a few microns in diameter, straight 

to within an rrns deviation of one wavelength, and up to 9 ern long. 

It always .s,tarts with a damage star and may disappear t-owards the 
/ 

exit face of the sample, but the exit surface usually has a p~t 

on the extended axis of the track. Track formation is characterized 

by a flash of scattered white light from the track, an increase 

'. 

in the exi·t divergence angle of the laser beam, and a short· pulse 

of backward stimulated Brillouin radiation. It is also accompanied 

by a detectable cylindrical sound wave. The damage threshold 

depends on the incident beam radius and pulsewidth.It is as low 

as 10 kW for a ruby laser beam sharply focused ( -5 ern. focal length) 

in dense flint glass, and more than 2 rnw'for an unfocused beam in 

fused silica. With a single-mode laser beam, only one damage 

38 
track can be observed from each laser pulse •. 

If a streak camera is ·used to study the track formation, one 

can actually observe the damage spot (marked by t·he emission of 

broad-band light) propagates in the solid.
33

•
38 

Giuliano and 

'38 
Marburger showed that in their experiment with a Q-switched laser 

pulse in sapphire, the damage spot first appeared when the input 
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laser intensity was at the pulse waist, the:q travelledback towards 

-the laser· as the input intensity increased, and finally reached 

the end of the track at the peak of the input laser pulse. (See 

Fig. 19). The damage spot stayed at the end of the track for a 

relatively long time and created a damage star. 

These results qave been explained qualitatively by the ,moving 

d 1 
33,37,38 

focus mo e .• There is however an important difference-be-

tween the present case and the case descr~bed in the previous 

section for· Kerr liquids. In most solids, molecular libration, 

-
reorientation, and redistribution are frozen out, and the electronic 

contribution to the nonlinear refractive index is often negligible. 
/ . ' 

Electrostrictive effect appears to be responsible for self-focusing.· 

1, 21 67' 89 .But then, electrostriction has a response time longer 

than the pulsewidth of the input q'-switche~ pulses, and therefore, 

the quasi-steady-state theory of self-focusing described in Sec.III 

is not even valid in the prefocusing r-egion. 

The transient solution of·self-focusing must be obtained by 

solving the wave equation (1) together with the equation of motion 

for 6n. In the present case, . 6n is proportional to the density 

variation t:.p induced by electrostriction. The equation of motion 

for t:.p , and also for t:.n is simply the driven acoustic wave 
' ' 

equation. In the. small-amp~itude approximation, we have 

-+ 
It. is seen that because of sound-wave propagation, t:.n(r • t) 
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depends not only on the history of local intensity variation but' 

also on the hist6ry of intensit1 v~~iation at other spatial points. 

This makes the analysis of electrostrictive self-focusing more 

difficult. 

we can ho~_ever expect that as a result of the transient res-

ponse of 6n ~ self-focusing and defocusing' of the beam should be 

much more gradual than in the case of quasi-steady-state self-

f
. . . . 49( 
OCUS1ng. ' A focus- with a longitudinal :dimension of a few em 

"' would not be impossible. Then, at any instant, if we plot the 

beam radius along the axis, we may find a section' of a fe:w em of 

'nearly constant beam radius. Note that it is now only a problem of 

semantics to call-it either a long focus or a trapped filament 

(dynamic trapping - partial beam trapping or nonlinear diffraction 
,, 

due to 6n induced by the ·earlier part of the beam)~ 1, 
48

•
51 

These 

67 are in fact the results obtained by Kerr from computer calculation. 

When the focus is·long, the definition of a focal spot becomes 

ambiguous. One can of course define the focal spot as·the position 
' . 

of the minimum radius in the focus, but in fact, for self-focusing 

in solids, the more relevant quantity is the damage spot which 

appears whenever the local field intensity of the self-focused be~ 

reaches the critical value. The darnage'would then effectively stop 

further self-focusing of'the rays. Thus, the damage·spot is well 

defined. 
67 

It moves along the axis in the solid as the input laser 

power varies with time. The trajec"tory. of the damage spot can be 

plotted out if the axial intensity variation with time due to 

self-focusing is known. Since the self-focusing threshold depends 
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on the incident beam radius and pulsewidth, the damage threshold 

also does. The numerical solution of the damage trajectory has 

b k d b 
67. 

een wor e out y Kerr. 

In some solids, the electronic contribution to the nonlinear 

refractive index is not negligible. Thus, in semiconductors, 

Tzoar and Gersten
90 

have shown that the non-parabolicity of the 

bands or the velocity-de~endent effective masses ca'n give rise to a 

large nonlinear refrac~ive index. In InSb, their calculation 

suggests a self-focusing action even much stronger than in 'cs 2• No 

experiment has yet been ,performed to verify their predictions. 

91 
Borsheh and Brodin have observed self-focusing in cdS; but have 

not been able to resolve the physical mechanism responsible for 

self-focusing. 

Laser engineers wh0 design high-power laser amplifiers have 

long been aware of the importance of eliminating self,.;.focusing in 

order to avoid damage to the laser rods. Quantitative study of 

self-focusing in an amplifying medium has however been rare. 

92: 
Recently, Fleck and Layne have made a simple numerical calculation 

on sue~ a'problem. ,Their results seem to agree quite well with 

the experimental observ~tion.· 

VI Self-Focusing of Picosecond Pulses and Transient Self-Focusing in Kerr Liquids. 

A large number of self-focusing experiments has been done on 
\ . 

Varl·ous 1 . 'd 39-41,43,45-47 d l'd 39,43,44 'th . d 1qu1 s · an JSO 1 s w1 p1cosecon 

pulses. In almost all the experiments, emphasis is on the study 

of .. small-scale filaments". The general characteristics of these 

filaments are quite similar to those observed with nanosecond pulses : 

they are'a few microns in diameter, somewhat smaller than in the 

·j 

' ' • i 
i 
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nanosecond case, and a few em in length; the light emitted from 

a filament often shows exceedingly large spectral broadenin-g, 

occasionally larger than the fundame.ntal vibrational frequency 

of the medium. 

·Unlike the nanosecond.case, the experiments with picosecond 

pulses,~~ve usually been don~ with multimode lasers. Many, or 

at least several, filaments appear on each shot. 

B~cause of experimental difficrilties, the charariteristi6s bf the 

input picosecond pulses are never carefully meas~red. As we have 

seen in Sec.IV, 8ome characteristics of the filaments, such as 

spectral broadening, depend critically on the input cond{~~6ns~ 
. ' 

This statement would presumably also apply to the pre.sent case. 

Therefore, quantitative analy-sis ___ of th-e experiment~l results becomes rather impossible. 

Most of .the experiments were on Kerr liquids~ 9-41 , 45 , 46 The 

' -40 45 
results of Svelto and co-wo~kers ' are probably most well 

presented and have been most carefully analyzed •. Instead of 

a train of mode-locked pulses, Reintjes et a1
46 ~sed a single 

' \ 

picosecond pulse in the self-focusing experiment.' This avoids 

complication ·arising from residual effects induced in the medium 
\ 

by the preceeding pulses in the train. Their results are similar to 

those of Svelto et al. These experiments give the following 

filament characteristics. 

l) The filaments have a characteristic diameter of a few microns 

in· a given medium, and have an approximate Gaussian intensity 
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The side-view pictures show that the filaments are usually 

few em long. They do not necessarily terminate at the exit window. 

3) Radiation from the filaments show extensive spectral broadening 

with semiperiodic structure., In some cases, broadenings on 

Stokes and anti-Stokes sides are nearly equal (See Fig.20). 

4) Spectral broadening appears to have no radial dependence 

over the cross-section of a filament. 

5) Spectral broadening increases with the input peak power and 

the cell length. 

Svelto et al40 ' 45 have used the self-trapping model to explain 

these results. For successful interpretation, they have to assume 

a physical mechanism (rocking of molecules) that contributes no~ 

negligibly to t.n and has a relaxation time in the sub-picosecond 

40 
range. They have also arrived at the unreasonable conclusion 

that t.n . must have the form t.n = t.n1 ( r) + t.n2 ( z, t) where the 

time-independent t.n1 (r) which depends only on the radial co-

ordinate is responsible for trapping and the time-dependent 

t.n2(z,'t) : which depends on the field· intensity is responsible for 

h d 1 . d 1 b d . 45 
p ase mo u at~on an spectra roa en~ng. We now know that a 

• d 1 lf f • d • • t t 48 I 50 ' p~cosecon pu se can se - ocus ~nto a ynam~c trapp~ng s a e. 

The above-mentioned experimental observations can be well explained 

by the dynamic trapp,ii1g .model ~hich can also be consid,ered as a modified .moving 

. 36 50 focus ~odel ' as we shall see). The assumptions.used by Svelto et al. in their 

interpretation can be avoided. 

The difference between self-focusing of a nanosecond pulse 

ordinary 
and self-focusing of a picosecond pulse in an/Kerr liquid is in the 
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fact that while the pulsewidth is much longer than the relaxation time T of, 

the Kerr effect in the former case. it is comparable or shorter in the latter 

case. Consequently, for self-focusing of a picosecond pulse in Kerr liquids the 

quasi-steady-state theory no longer holds, and the entire self-focusing process is a 

transient phenomenon. The self-focusing dynamics is then only correctly 

described by the solution of Eq. (1) coupled with the relaxation equation for tm 

(16) 

48 
Akhmanov et al have considered an approximate analytical solution of the 

\ 

problem. Fleck and Kelley
49 

did the numerical calculation_. More recently, 

. Shimizu and Courtens 50 and Fleck and Casman 51 have repeated the numerical 

calculation_ with a finer mesh. 

Let us first give a qualitative description of the solution one would expect 

from physical reasoning. Since the input pulse is short. the response of b,.n 

to the pulse never reaches the steady state. From Eq. (16}. we can write 

(1 7) 

where f,; = t -zn
0

/c. It is then clear that if the pulsewidth is comparable to 

the relaxation time T. the 1ater part of the pulse may see· a larger b,.n than 

the former part. Consequently. different parts of the pulse will propagate in the 

medium differently as sketched in Fig. 21. The very first part (a in the figure) 

~f the. pulse sees little induced b,.n and diffracts almost linearly as it propagates 

in the medium·. The· next part (b in the figure) of the pulse sees somewhat larger b,.n,. 

but not large enough to cause self-focusing; and therefore it still diffracts but not 

as strongly. T~en. b,.n induced by the front part is large enough to cause the 
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middle part (c-f in the figure) -to self-focus. 

However, as the beam propagates on, it sees a gradually decreasing 
, I 

~n because the front part of the pulse has diffracted in the medium. The middle· part 

of the pulse then self-focuses first and eventually diffract. Both self-focusing 

and diffraction are very gradual. leading to a long focus. The minimum diameter 

of the focus depends on how large a 6.n if sees. The later part of the pulsemay see 

a larger 6.n · and therefore tends to self-focus earlier to a smaller minimum 

diameter, but the diffraction is still slow since the front part of the pulse 

diffracts rather slowly. It is likely that the minimum diameter is limited by 

some other highly nonlinear process. When this happens, we may find that the 

minimum diameter reached by self-focusing is the same for a finite section of 

the pulse. 

\ 
The above picture shows that we can still talk about moving focus if we 

define the position of the focus as the position where the minimum diameter 

occurs. Aleshkevich et a1
48 

have discussed the problem in terms of a moving 

focus. However, we see from Fig. 21 that it is not really appropriate to talk 

about moving focus in this case : the longitudinal dimension of the focus {a few em) 

is much longer than even the pulse length { ~ 1 mm); the transverse dimension of 

·the focus varies markedly as the focus moves along the axis; the corresponding 

field intensity at the focus also varies appreciably as the focus moves. In fact, 

the field intensity at a local point is not necessarily a maximum when the focus 

arrives at that point. This picture is therefore quite different from the 

moving focus picture we discussed in Sec.-III for the case of quasi-steady-state 

self-focusing, but the differences are really only in the focal dimensions and in 

the detailed geometry of focusing and defocusing. 

Knowing how the various parts of the pulse propagate in the medium. we 
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have immediately the picture of how the transverse profile of the pulse gets 

deformed. This is also sketched in Fig. 21. Upon self-focusing, the middle 
·."': ~-.-. . 

part of the pulse shrinks in diameter as it propagates, so that the pulse is quickly 

deformed into a horn shape. Because of the slow focusing and diffraction, the 

horn- shape pulse soon appears to have reached a stable state of deformation and 

can then propagate on for many em without appreciable change in its shape (See 

Fig. 21 ). This stable form ofpropagation of the pul~e has received the name of 

93 
dynamic ~rapping, in order to be distinguished from the self-trapping picture 

originally suggested by Chiao et al
1 

It is then clear that the neck part of the 

horn sweeping along the axis leads to the observed filament, and the diameter 

of the filament corresponds to the diameter of the neck. The filament 

finally disappears ~hen the transverse profile of the entire pulse expands 

through diffraction. This could happen inside the cell if the cell is sufficiently 

long. 

The spectral broadening of light can also be understood from the above 

pic~ure. 3 B, 
50 Since the various parts of the pulse see differ~nt b.n · along their 

paths in the medium, the phase ~ncrements b,¢> (or ks in Eq. (2b)) they acquire 

along the paths also vary. This means phase modulation, and hence spectral 

broadening of the light pulse. As a first crude approximation, we neglect the 

phase increment acquired by the pulse before the pulse reaches the more or 

less stable horn shape. Assuming a given intensity distribution in the horn-

shape pulse which propagates for a distance z to the end of the cell without change 

of shape, we can then find the phase modulation of light emitted from the axial 

region at the end of the cell~ The corresponding broadened spectrum can then 

be obtained by Fourier transform. An example is shown'in Fig.22?
6 

The 

spectrum has indeed the semiperiodic structure with Stokes' and anti-Stokes 

broadening nearly equal; the extent of broadening is proportional to z. The anti-
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Stokes broadening here comes from the neck region of the pulse. The fast 

reduction of the radius of the pulse close to the neck region increases the 

diffractive contribution Lmeff in Eq. (1 0 ). and consequently, Lmeff and 6<f>(t) 

decrease with time. The large negative slope on the lagging part of the. 6¢(t) 

curve then gives rise to appreciable anti-Stokes broadening. The more or less 

symmetric curve of 6¢(t) is responsible for the nearly symmetric Stokes and 

anti-Stokes broadening. In general# the Ll¢(t) curve is of course not necessarily 

symmetric1 depending qn the detail of the horn shape. More rigorously1 

r 
propagation of the pulse in the region before the pulse turns into the stable horn 

shape may also affect the Ll¢ ( t) curve appreciably. 

Shimizu SO has confirmed the above picture by the numerical solution of 

Eqs. (1) and (16). He has also calculated the spectral broadening under various 

conditions. The semi periodic structure of the broadened spectrum is indeed 

nearly independent of the radial coordinate over the cross-section of the filament. 

Fleck and Carman 51 have obtained similar results. The experimental observa-

tions on self-focusing of picosecond pulses in Kerr liquids are therefore 

qualitatively explained. 

Shimizu's calculation50 however indicates that the filament diameter depends 

critically on the peak power of the input picosecond pulse; a higher input power 

gives a thinner filament. Experimental results show no dependence of the 

filament diameter on input power. It is therefore suspected that some highly 
\ 

nonlinear optical process is responsible in limiting the filament diameter. 

57 
Various possibilities were discussed in Sec. IV F. Yablonovitch and Bloembergen 

have suggested that the pre-breakdown avalanche ionization is perhaps the limiting 

mechanism. Their estimates appear to be in reasonable agreement with the 

measurements of Brewer and Lee3.9 Shimizu50 has considered various nonlinear 
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sat'uration and absorption mechanisms includ;i.ng stimulated Raman scattering 

in ·his self-focusing calculation. The results are, however, rather complicated. 

In order to have a better understanding of transient self-focusing in Ketr 

liquids, we need more quantitative experimental results. It would be ideal if 

in the experiment, the input conditions can be measured accurately, the stimu-

lated Raman and Brillouin scattering and other nonlinear optical processes can 

be suppressed,. and the input pulsewidth relative to the relaxation time can be 

53 varied. Such an experiment has recently been carried out by Wong and Shen. 

They use an isotropic liquid crystalline material as the nonlinear medium. Be-

cause of pretransitional behavior,·such materials have large fie~d-induced re-
, I 

fractive indices and slow orientational relaxation times which vary with tempera-

52 
ture. For the nematic substance HBBA, the relaxation· time T varies from 40 

nsec to 1 ~sec; It then becomes possible to use a Q-switched laser pul~e to study 

transient self-focusing in such a Kerr liquid. 

prove conclusively the dynamic trapping model. 

53 The results of Wong and Shen 

In their case, stimulated Raman 

and Brillouin scattering do not appear to interfere with self-focusing. The 

laser intensity in the focal region is also not strong enough to cause break-

down. It is believed that multiphoton absorption is probably the mechanism 

responsible for the limiting diameter. However, since ()(t.n)/()t or the phase 

modulation induced by a Q-switched pulse is small, no appreciable spectral 

broadening can be observed in 'this case. 

Self-focusing of picosecond pulses and the resulting small-scale filaments 

with large spectral broadening have also been observed in no,n-Kerr liquids, 94 

li id 43,47 l 39,42 d · l 42,44 I lh d' 1 1 rare-gas qu. s, g asses, an crys ta s. n tt ese me 1a, mo ecu ar 

i 
Ubration, reorientation, and redistribution have presumably negligi.ble contribution 

to t.n. Electrostriction is too slow to respond to a picosecond pulse (in this 

respect, a clean experiment should use a single pulse instead of a train of pulses.) 
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Electronic nonlinearity is believed to be the only dominant mechanism for the 

observed 6n. The corresponding relaxation for 6n is therefore of the order of 

-15 10 sec. One expects that the quas·i-steady-state theory of self-focusing and 

the moving focus model are valid in this case. As shown in Sees. III and IV, 

the moving focus should yield a filament pulse (light pulse emitted from the 

filament at the exit face of the medium).with a pulsewidth of a few relaxation 

times. Th,en, in the present case, we would expect to fin~ a filament pulse as 

-14 short as - 10 sec. This would be the shortest optical pulse ever generated 

in experiments. The actual pulsewidth measurement on such a filament pulse has 

not yet been carried out. The presently available photo-detection system is still 
'\ 

not fast enough to have the necessary time resolution. Spectral broadening of 

the filament pulse can, however, be measured quite accurately. In most cases, 

43 47 the broadened spectrum shows only weak or no semi-periodic structure. ' This 

is what one would expect if the observed spectral broadening is not dominated by 

phase modulation but by the inverse of the pulsewidth. A 5 X ·.1' 0-15 th 1 se~. smoo :pu se 

-1 . 
with no phase modulation would lead to a 1000 cmi spectral broadening with no , 

fine structure. 95 Bloembergen has recently suggested that the anomalously large 

antiStokes spectral broadening could be due to plasma formation during prebreak-

down. The sudden increase in the free electron density through ionization leads 

to a sudden drop in 6n. The large negative rate of change of 6n is then respon-

sible .for the huge antiStokes broadening. 96 Penkover ~ al. have, however, 

proposed that in non-Kerr liquids, this superbroadening may be1 the results of 
i 

stimulated Stokes-antiStokes scattering97 •98 (or stimulated. parametric scattering). 
' I 

Because of the high intensity of the picosecond laser pulse, s'aturation and 

higher-order stimulated scattering can occur and lead to the anomalously large 

spectral broadening. Host interpretations of the resul1ts on filaments 

in rare-gas liquids and solids in the literature have been based on the 
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self-trapping model. We can now see that such interpretations are perhaps in-

correct:-. but in order to be sure that the moving focus model is correct, we 
· ..... 

still nee.d more carefully measured experimental data. The problem is clearly 

a very interesting one and is definitely worth pursuing. 

Other Self~Focusing Effects 

We 'shall briefly discus~ in this section several. other self-

focusing phenomena which have been observed. 

Most of the self-focusing experiments have been done.on 

_liquids and solids, but self-focusing in gases has also been 

59 
reported. Using a Raman-shifted ruby~laser beam (peak power, 

-1 
1.5 kW: pulsewidth, 5 nsec: diameter, 1 mm) at several em above 

'·' 

.. 
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the 7665-~ line of potassium in a 100 - em potassium vapor cell, 

59 
Grischkowsky has observed clear self-focusing of the beam when 

the density of the vapor is sufficiently high. The minimum 

diameter of the self-focused beam detected was about 50 pm.. The 

focal region appeared to extend along the axis for many centi-

meters. No other nonlinear optical processes such as stimulated 

scattering were observed in the experiment. In this case, the 
( 

nonlinear refractive index necessary for self-focusing arises from 

the i'ntensity-dependent anomalous dispersion of the refractive 

59,60 
index. · 

A 
/:m = -w-w 

0 

where A is a positive constant, w 
0 

is the resonant frequency, and 

E8 . proportional to {w - w
0

) is defined as the saturation field. 

For w > w
0

, we find a positive ~n which increases with the field 
I 

and causes the beam to self-focus. From the theoretical point of 

view the problem is most attractive, since no other nonlinear pro-

. . 
·cess is present to complicate the self-focusing process and ~n 

which responds instantaneously to the field is well defined up to 

very high field strength. Thus, a complete solution of the problem 

61 
can be worked out to compare with the experimental results. For 

w < w , ~n · 
. 0 

is indeed what 

well with the 

This 

The results agree 

Spectral broadening associated with self-focusing and self-

100 ,101 . 
defocusing in alkali vapor has also been observed. Arutun~an et 
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100 102 
al. and Akhmanov et al us~d the simple theory of phase modulation 

h
. . . 79 . 80,83 . 

proposed by S 1m1zu and others to expla1n the observed 
';.._) .. ,~,.. 

s"p~C~tral broadening. A correct description of ampli~ude and 

·pha~:;'e modulation on the output pulse should however be obtained 

from the complete self-focusing (or self-defocusing) solution. This 

subject has not been throughly invest·igated yet .. 

Thermal Self-focusing is a different self-focusing problem which 

is well understood. The. ,effect has so fa:J? only. been observed in 

1 . d 103-112 so 1 s. The threshold power for observing thermal self-

focusing is generally low (0.1- 10 W). The nonlinearity arises 

110-:114 
from heating of the medium through absorption of the laser beam. 

b.n = ~~ b.T 

= (an) b.T + (an) (.£.Q.) b.T 
aT P ap T aT 

(18) 

where (an/aT) P can be positive if the absorption bands of the 

medium shift with increasing temperature in such a way that the 

refractive inde.x b.n increases, and (an/ap)T (ap/aT) is always 

negative because the thermal expansion (ap/aT) is negative. In 

some media, the resultant (an/aT) is positive, but in others, (an/aT) 

is negative. · However,· if. a laser pulse is 

used, the thermal effect may never reach equilibrium quring the. 

pulse. Even if the steady state {an/aT)is less than zero, the 

transient (an/t3T)can be positive when the density variation 

which propagates with ·sound velocity is still in the transient. 

111. 
state. Relaxat~on among various energy states may al~o play 

a role in delaying thermalization of the system. The positive b.n 

.. 
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either steady state or transient, can then lead to thermal self-focusi11;g. 

Both steady-state103- 107 and transient106 •108- 112 thermal self-focusing 

have been observed. 
. 103 

Akhmanov et al. first reported the observation of 

steady-state thermal self-focusing in LiNb0 3 doped with Nd. 

studied steady-state thermal self-focusing in lead glass. 

105 Dabby and Whinnery 

They found that at 

least part of the self-focused beam can tunnel into a trapped filament in this 

case (see Fig. 23). Nonlinear spherical aberration in self-focusing was seen. 

108 106 
Dab by ll al. can Carman ll al. used pulsed lasers to study tra.nsient ther-

mal self-focusing in lead glass and Nd doped glass. They showed that the self-

focusing distance indeed varied with time and the output pulse had a frequency 

modulation as predicted by theory. These experiments were all carried out-by an 

109-111 . 112 argon laser. Zverev rt al. and Karlor et al. found with a pulsed 

solid-state laser that thermal self-focusing was probably connected with the 

damage of an absorbing solid. Thermal self-defocusing in various media have also 

been 
. 3 11~ 114 

extensively studied, but we shall not discuss the problem here. ' ' 

115 ' 
Bjorkholm and Ashkin have recently observed steady-state self-focusing in 

potassium vapor with a tunable cw dye laser. Under suitable conditions, the 

self-focused beam can also tunnel into a trapped filament. This case is probably 

quite similar to the case of steady-state thermal self-focusing. Here, instead 

of thermal diffusion, energy can diffuse out of the focal region via resonant 

fluorescence-and atomic collision. 

116 Self;-focusing in air in the breakdown region has also been reported. ~t 

I 
is presumably responsible for the backward propagation of the breakdown spot. A 

quantitative study of this phenomenon appe~rs to be rather difficult. 

VIII Conclusion. 

We have seen that the phenomenon of self-focusing in various media is 

now fairly well, understood, at least in a qualitative way. A 
\ 
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few problems, such as the filament diameter, the self-focusing 

dynam~fs in the focal region, transient self-focusing in differez:t 
,-;· 

media,' ~t~., still remain to ·be solved. Further progress in this 

field however requires more quantitative results from both 

' 

theoretical and experimental investigation. How self-focusing 

would affect the various nonlinear optical processes in a me,dium 

was originally the motivation for studying self-focusing. The 

answer to the question has nevertheless been impeded by the com-

plexity of the self-focusing phenomenon. Now that we have achieved 

a fair understanding on self-focusing, the time is perhaps ripe 

for us to go back to consider thi'S question seriously again. 
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Figure Captions 

Fig.l. Image of small-scale filaments at the exit window of a 

cs2 cell cre_ated by self-focusing of a multimode laser 

beam (after S.c. Abbi and H. Mahr, Ref. 67). 

Fig.2. Images of a self-focused ,single-mode laser beam at the 

exit window of a toluene cell of different cell lengths 

a) short cell length, beain not yet self-focused (~ 700 JJm) 
, I 

b) cell length clo~e to self-focusing threshold, the 

self-focused beam at near1y· 1/1o of its original size 

( ~50 )Jm); c) cell length above the self-focusing 

threshold, 'the self-focused beam at its limiting size 

- the- filament (10 )Jm .) • 

Fig.3. Sketch showing the distortion of the wavefront and self

focusing of a laser beam in a nonlinear medium. 

Fig.4. Square root of ratio of input power P to critical power 

P c~· versus inverse self-f_ocusing length zf. The dashed 

line is an asymptote of the curve at high powers. (after 

E. Lo Dawes and J. Marburger, Ref. 27). 

Fig. 5. Dependence of· a in Eq. (.6) on (P/P )~ (after E.L. cr 
Dawes and J. Marburger, Ref. 27). 

Fig.6. Lower trace describes input power P(t) as a function of 

time t. Peak power is 42.5 kW and the half-width at 

the 1;e point is 1 nsec. Upper trace; calculated from 

Eq. (5), describes the position of the focal spot as a 
function of time. Values of P

0 
and K used are·s kW 

and 11.6 cm-(kW)~ respectively, which corresponds 

roughly to an input beam of 400 urn in diameter propaga-

ti~g in cs 2 . The dotted lines, with the slope equal to 

the light velocity, indicate how light propagat~s in the 

medium along the z axis at various times. 

Loy and Y.R. Shen, Ref.36). 

(After M. M. T. 
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Fig. 8. 

Fig. 9. 

Fig.lO. 

Fig. 11. 
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Normalized ratio of transmitted axial intensity I to 

the incident axial intensity !
0 

as a function 6f the 

ratio, of the incident power P to the critical power 

p, • The solid line represents the computer solution c . 

(focusing at the dotted line) and the circles re-

present the experimental data (After G.L. McAllister 

e:!=- al. 1 Ref. 23). 

Sketch describing the interaction betwe.en backward 

stimulated scattering and incoming laser radiation. 

Backward stimulated Raman and Brillouin radiation, 

which is initiated along'the upper branch of the u 

curv~~ propagates along the dot-dashed lines and 

interacts with the non-self-focused incoming laser 

light in the shaded region. 

Plot of the.square root of threshold power for self

focusing in cs2 as a function of the inverse cell 

length with both linearly and circularly polarized 

beams (after c. c. Wang Ref. 14). 

Time-of-flig~t experiment on the moving focal spot. 

The experimental set-up is shown on the left. The U 

curve on the right was obtained from Eq. (5) using 

experimentally determined parameters K 1 P . I /and P (t). · 
0 

The dots with error bars at 21 and 29.5 em. are results· 

obtained.from_the time-of-flight measurements with 

respect to the focal spot at the end of the 36-cm 

toluene cell. The dashed line with a slope equal to 

the light velocity is shown for comparison. (after 

M.M.T. Loy and Y.R~ Shen1 Ref.36). 

(a) Schematic diagram showing the relative positions 

of the backward Raman pulse initiated at A and the 

filament pu~se. Pulse separation at t 2 (when the 

focal spot reaches the exit window) is defined as d. 
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Fig. 12. 

Fig. 13. 

Fig. 14. 

Fig. 15. 

Fig.l6. 
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-(b) d as a function of input peak power for four 

different cell lengths. The solid curves are theor-

etical predictions calculated from the U curves 

determined by Eq. (5) 1 using experimentally determined 

values of P and K (after M.M. T. Loy and Y. R. Shenl 
0 

Ref. 32) ~-

Oscilloscope traces of the incident laser pulse (a)'~ 

the total stimulated emission in the backward direction 

( (3) 1 the backward stimulated Raman emission alone 
1
(y) 1 

and the transmitted laser light (0 ). (After M.Maier 

et al. I Ref. 71). 

Variation of Stokes and Brillouin power with laser 

power in 15-cm toluene at two different temperatures. 

(After Y.R. Shen and Y.J. Shaham 1 Ref.72). 

Spectral broadening in a mixture of cs2 and benzene. 

a) Experimental spectrum. (b) Theoretical fit obtained 

by assuming a Gau·ssian pulse of full 1/e width of 5.4 psec 
. 2 ~ 

and.k
0
n 2 IEI L/2r;

0 
= 265 in a self-trapped filament of 

length L. The relaxation time of'the medium is 

assumed to be 9 psec. (After Gustafson et al.l Ref. 

78). 

A U curve describing the moving focus. The refractive 

index change ~n is appreciable in the shaded region 

which has a width of about a few relaxation times. 

Light traversing the cell along the dotted lines ac

quires a phase increment ~¢, which varies with time ,t. 

Maximum Stokes broadening versus input peak power 

for 'given cell lengths. 0 - 15 em of cs2 ~ 10 em 

'V- 15 em of toluene~ D - 10 em of toluene. -

The solid curves are calculated from Eq. (12) with an 
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Fig.l7. 

Fig. 18. 

Fig. 19. 

Fig. 20. 

Fig. 21. 
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input _pulse of 1. 2 nsec full width at 1/ e points, 

and with ( ~neff) max = (2. 4 :... • 085 ) x lo-3 for cs2 
-4 and ( ~%ff) max = (7 - • 3) x 10 for toluene. 

(After G.K.L. Wong and Y.R. Shen, Ref.79). 

Theoret~cal power spectrum of the filament pulse ob

tained from the moving focus model for a 2 - nsec. 

input pulse described in Fig.6 propagating in a 

22.5- em cs2 cell. 

Ref. 35). 

(After Y.R. Shen and M.M.T. Loy, 

(a),Microdensitometer trace of a typical observed 

spectrum of light emitted from a filament, correspond~ 

ing to a 10 ~ em cs2 cell- and a 1.2 - nsec. input 

pulse with a peak power of 27 kW. (b) The calculated 

spectrum using the moving focus model. 

G. K. L. ·Wong and Y. R. Shen, Ref. 79). 

(After 

Typical example of (a) damage filament, (b) Streak 

photograph, 'and (c) oscilloscope trace for a 
temporarily smooth incident pulse (After C.R. Giuliano 

and J.H. Marburger, Ref.38). 

Typical spectral broadening of filaments obtained with 

picosecond pulse excitation (After R.Polloni et al. 

Ref. 40). 

Sketch showing self-focusing of a picosecond pulse in 

a Kerr liquid. Different part (a, b, c, etc.) of 

the pulse focus and defocus along different ray paths. 

The pulse first gets deformed into a horn shape and 

then propagates on without much further change. 
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Theoretical power spectrum obtained by assuming a 

horn-shape pulse propagating for -a distan'ce in a 

nonlinear medium without any change'of its shape. 

a) 
I 

Normalized intensity of ·the output pulse versus 

time. 

b) Field-induced phase increment ~¢ in the filament 

( ~¢ . = 2 2 5 r ad. ) 
max . 

c) Power spectrum of the filament output (after 

M.M.T. Loy and Y.R. Shen, Ref.26). 

Thermal self-focusing of an argon laser: beam inside 

a lead glass rod ( Jl. = 35 em) with input' power a) 
I 

P 0 = 3 W, and b) P 
0 

= 8 W. ·Part of the self-focused 

beam tunnels into a trapped filament (after F.W. 

Dabby and J.R. Whinnery, Ref.95). 

'
' 
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.------------------LEGAL NOTICE--------------------~ 

This report was prepared as an account of work sponsored by the 
United States Government. Neither the United Stf!.tes 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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