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of sound measurements very close to the X line,
both at vapor pressure and at higher pressures,
is apparent.
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Recent experiments' ' have revealed the forma-
tion of high-intensity filaments in the laser beam
during its passage through Raman-active liq-
uids. Such high-intensity filaments are believed
to be formed by the self-focusing action of la-
ser beams, " which in turn is due to the inten-
sity-dependent index of refraction. "' It has
been noted' that the experimental threshold for
stimulated Raman emission appears to be de-
termined not so much by the value of the Raman
susceptibility, but rather by the self-focusing
capability of the liquids. In particular, the on-
set of stimulated Raman emission has been ob-
served to occur only af ter the beam has traveled
some distance through the liquid, "and it has
been proposed4 that this is the distance required
for self-focusing to develop. In this Letter we
report our length-dependent threshold data for
stimulated Raman emission in several liquids,
and show that these data can be interpreted in
terms of the predicted dependence of self-fo-
cusing. By extrapolating the results to liquid
cells of infinite length, we obtain values of criti-
cal power for self-trapping' of the laser beam
in liquids. We believe this is the first measure-
ment from which the critical power for self-
trapping has been deduced.

The self-focusing effect can be understood
by considering the diffraction of a laser beam
in material which exhibits an intensity-depen-
dent index of refraction. For normal dielec-
trics, the index increases with increasing in-
tensity so that the phase velocity decreases
with increasing intensity. A lens effect is thus
produced whereby the rays move toward the
region of highest intensity and the intensity there
increases. This increase in intensity is accom-
panied by a reduction in effective beam width,

[Pl/2 P l/R]
cr

Here n, is the linear index of refraction, c is
the speed of light in vacuum, n, is related to
the dc change in index as defined in Ref. 7,
P is the input laser power, and Pcr is the crit-
ical power for cylindrical beam trapping, '

P = (1.22k)2c//256ncr 2
(2)

Equation (1) has been modified slightly from
that used by Kelley. ' Here f is the ratio of
the radius of the beam, a, to a characteristic

and continues until it is limited by other fac-
tors. A threshold exists for the onset of self-
focusing as it must overcome the spreading
of the beam due to diffraction. Chiao, Garmire,
and Townes' have predicted that a light beam
may be trapped at any arbitrary diameter and

will thus not spread. They have further pre-
dicted that self-trapping occurs at a critical
power level independent of the beam diameter.
Experiments" with high-power laser beams
have shown that high-intensity filaments of 20
to 80 p in diameter are formed, presumably
due to self-focusing. While it is not yet under-
stood which factors determine the size of the
filaments, the distance required for the estab-
lishment of these filaments should depend very
little on the terminal filament size if the beam
is reduced in diameter by an appreciable fac-
tor; this is particularly so because the nonline-
ar nature of the focusing causes the beam di-
ameter to decrease more rapidly the more the
beam diameter decreases. This distance has
been calculated by Kelley, 4 and has been referred
to as the self-focusing length l,
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transverse radius of curvature of the laser in-
tensity, ' it is introduced here as a parameter
to allow for deviations from an equiphase Gauss-
ian intensity profile. f=1 for such a Gaussian
beam assumed by Kelley. ~

Equation (1) may be rewritten as

where

(4)

Equation (3) gives the threshold power for the
formation of filaments in a liquid column of
a given length. Thus if P is to be taken as the
observed threshold for stimulated Raman emis-
sion, the plot of P'" vs 1/f for various materi-
als should yield straight lines. The intercepts
on the ordinate of these straight lines should
give the values for Pcr, whereas the slopes
of these lines should be proportional to (a'/f)
and could thus be used to determine the ratio
f of radii introduced in Eq. (1).

The experimental setup used to obtain the
threshold data for stimulated Raman emission
has been described elsewhere. ' The observed
Stokes power as a function of the incident la-
ser power was plotted over 10 orders of mag-
nitude in a log-log plot. The value of the thresh-
old laser power was then determined by observ-
ing the sharp break in the curve as transition
took place from the linear spontaneous region
to the stimulated region. The relative accu-
racy of the threshold values thus obtained is
typically +20/o for most liquid cells, and slight-
ly higher for very short cells. The absolute
power measurement is estimated to be accu-
rate to +50/q. Figure 1 shows these threshold
data for benzene, toluene, and nitrobenzene.
One observes that Eq. (1) is well satisfied for
all three liquids investigated.

With the data compiled in Ref. 5 for n2, the
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values of Pcr calculated from Eq. (2) and from
Eq. (2) of Ref. 7 are listed in Table I along with
the observed values. Note that the power cal-
culated from our Eq. (2) is one-fourth as much
as the critical power deduced in Ref. 7 on the
basis of elementary considerations. The ob-
served values fall between these two values.

Also included in Table I are the values of
(f/a') obtained both in benzene and in nitroben-
zene. These two values for (f/a') are found

to be the same within experimental accuracy.
This is to be expected since (f/a') is charac-
teristic of the laser beam.

We have studied experimentally the intensity
profile of the incident laser beam. The laser
beam was found to contain four nearly circular
spots approximately equal in intensity and each
about 0.1 + 0.02 cm in diameter. Experiments
with two of the spots blocked gave the same
results within experimental error. The inten-
sity distribution of these spots was asymme-

FIG. 1. Plot of the square root of the threshold laser
power for stimulated Raman emission as a function of
the inverse of the cell length for benzene, toluene, and
nitrobenzene.

Table I. Comparison of critical powers for self-focusing and of ratios f of radii.

Material Observed

Critical power Pcr(~)
Calculateda Calculatedb

(f/a )
(cm2)

Benzene
Nitrobenzene

Toluene

0.064
0.019
0.055

0.021
0.005

0.085
0.021

7.9x 102

8.3 x10'

aReference 4.
Reference 7.
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FIG. 2. Same plot as Fig. 1 for benzene, but with
beams of different cross sections. The beam cross
section used is (a) 1.25x10 cm2, (b) 0.78x10 cm,
and (c) 0.48x10 cm . This corresponds to a ratio of
1.6:1:0.615 among the cross sections, as may be com-
pared with the ratio of 1.5:1:0.6 among the observed
slopes.

trical and exhibited curvature smaller than
the curvature for a Gaussian beam. Assuming
a circular spot, one obtains from Table I val-
ues of f near 2. Previously, ' f has been esti-
mated to be ~10. Beams whose curvature is
greater than the curvature for a Gaussian beam
will have larger values of f and thus have short-
er self-focusing length. Multimode effects"
should also increase the f values. On the other
hand, possible two-photon absorption tends to
impede the self-focusing action, and will re-
duce the f values.

We have also performed threshold measure-
ments with laser beams of three different cross
sections. The result for benzene is plotted in

Fig. 2. Here the experimental points are fit-
ted to three straight lines with common inter-
cept on the vertical axis; the slopes of these

lines are seen to increase in linear proportion
to the cross sectional area of the beam. This
is in agreement with the predictions that the
critical power for self-trapping is independent
of the beam cross section, and that the quan-
tity (P"'-Pcr"') expressing the threshold for
Raman laser action should increase as the square
of the ra.dius of the beam. Qualitative results
of a similar nature have also been observed
by McClung.

The author is indebted to R. W. Terhune for
several very useful discussions, and to G. W.
Racette for assistance in conducting the exper-
iments.
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