
VOLUME 15, NUMBER 26 PHYSICAL REVIEW LETTERS 2? DECEMaER 1965

%e would like to thank Professor N. Bloem-
bergen, Dr. F. Quelle, and Professor S. P.
Davis for stimulating discussion.

*This research was supported by the U. S. Office of
Naval Research under Contract No. Nonr-3656(32).

F. J. McClung, %. G. wagner, and D. Weiner, Phys.
Rev. Letters 15, 96 (1965); D. Weiner, S. Schwarz,
and F. J. McCtung, J. Appl. Phys. 36, 2395 (1965).

Y. R. Shen and N. Bloernbergen, Phys. Rev. 137,
1787 (1965).

N. Bloembergen and Y. R. Shen, Phys. Rev. Letters
13, 720 (1964}.

S. Bhagavantam, Scattering of Light and the Raman
Effect (Chemical Publishing Company, New York,
1942}.

5N. Bloembergen and P. Lallemand, private com-
munications.

~R. Chiao, E. Garmire, and C. H. Townes, Phys.
Rev. Letters ~13 479 (1964).

~In Ref. 3, the modes are assumed to have random
phases. This assumption leads to a factor of logN
in the enhancement of the Stokes gain.

SELF-FOCUSING OF LASER BEAMS AND STIMULATED RAMAN GAIN IN LIQUIDS*

P. Lallemand1' and N. Bloembergen

Gordon McKay Laboratory, Harvard University, Cambridge, Massachusetts
(Received 19 November 1965}

Anomalies in the gain of stimulated Raman
processes in liquids have been investigated
by several groups. ' ' The study with a Stokes
amplifier cell4 revealed a regime where the
gain per unit length was one to two orders of
magnitude larger than the value calculated from
the spontaneous Raman-emission cross section.
The multimode theory of Bloembergen and Shen'
is inadequate to explain this discrepancy, and
the experiment of McClung has shown that the
same anomaly exists when the input laser pow-
er is essentially in a single mode. The ampli-
fier cell studies4 suggested that partially de-
polarized filaments of high intensity are formed
as the laser beam passes through the liquid.
This self-focusing action of laser beams was
foreseen by Chiao, Garmire, and Townes, '
Askarjan, and Talanof. It is due to the inten-
sity-dependent index of refraction coupled with
transverse gradients in the initial intensity
distribution. This focusing action should be
strongest in liquids with a large quadratic Kerr
effect due to anisotropic polarizabilities of the
molecules. ' The purpose of this Letter is to
describe new experimental results which sup-
port this view and extend the considerations
of our very brief previous communication. '
In the meantime Hauchecorne and Mayer" have
independently arrived at similar conclusions on
the basis of an elegant, experiment. Shen and
Shaham' have also carried out experiments
with results similar to ours.

In a conventional Raman oscillator experi-
ment with a collimated laser beam, one can
define a threshold condition depending on pump
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FIG. 1. (a) The threshold length for stimulated Stokes
production in a nitrobenzene cell as a function of the
length of a cell filled with bromobenzene placed imme-
diately in front. The vertical dashed line indicates the
threshold for Stokes production in bromobenzene.
{b) The threshold length for stimulated Stokes produc-
tion in a nitrobenzene cell preceded by a 30-cm long
bromobenzene cell, as a function of the distance be-
tween the two cells.

1010



VOLUME 15, NUMBER 26 PHYSICAL REVIEW LETTERS 27 DECEMBER 1965

intensity and cell length, such that @thlth~ = con-
stant, where the exponent has the experimen-
tal range of value 1 (x (2. The threshold con-
stant can be lowered significantly, if the laser
beam first traverses a cell with another fluid.
Figure 1(a) shows the reduction in the thresh-
old length of a nitrobenzene cell as the length
of a cell filled with bromobenzene and placed
immediately in front of the nitrobenzene cell
is increased. Note that the reduction occurs
even before the first cell reaches its Stokes
limit. The Stokes shift of the substance in the
first cell is far from the nitrobenzene Stokes
shift of 1345 cm '. In addition, filters are
used to insure complete decoupling between
the cells. The Stokes emission in the first
cell may also be suppressed by selective ab-
sorbers without affecting the creation of hot
filaments. The reduction of a factor 10 in thresh-
old length means that the effective pump inten-
sity is enhanced by almost two orders of mag-
nitude. If the distance between the two cells
is increased, the reduction is decreased. The
effect of the first cell does not extend beyond
20 cm from its end face, as shown in Fig. 1(b).
%e have also shown the enhancement of inten-
sity in filaments by means of another nonlinear
process, the harmonic production in a quartz
platelet placed at the end of the cell. This tech-
nique has been used in a more elegant and quan-
titative manner by Hauchecorne and Mayer. "

The creation of the filaments in the first cell

has been recorded on a Polaroid film. The
difficulty in making them visible for the cell
lengths used in our experiments is that the main
fraction of the laser intensity goes through
without taking part in the focusing process.
Since we had previous evidence that the effec-
tive pump light is partially depolarized, we

put the cell between a crossed polarizer and
analyzer to suppress most of the laser light.
The image of the end face of the cell is record-
ed in Fig. 2. %hen the cell length is not suf-
ficient for self-focusing, a weak homogeneous
intensity distribution shown in Figs. 2(a) and
2(b) appears. When self-focusing occurs with-
in the cell length, bright spots appear. Their
number increases with increasing cell length.
Their diameter is between 20 and 80 p, . This
dimension is in agreement with the loss of the
filamentary structure due to diffraction in 20
cm of air. The pattern changes from laser
shot to laser shot, unless strong reproducible
inhomogeneities are introduced into the beam
by apertures. Figure 2(e) shows that filaments
preferentially form in a circular pattern after
diffraction of the beam through a circular hole
before entering the cell.

There is a very good correlation between
the self-focusing ability of a liquid and its in-
tensity-dependent index of refraction. Liquids
are decreasingly effective in the order CS„
nitrobenzene, bromobenzene, benzene, and
acetone, while no detectable focusing action
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FIG. 2. Photographs of the end face of a nitrobenzene cell, between crossed polarizer and analyzer, of variable
length indicated in mm. (a) and (b) The length is below threshold. (c) The length is at threshold for Stokes produc-
tion. (d) The length is well above threshold. (e) The laser beam is diffracted by a small circular aperture before
entering the cell. Filaments are found on rings of maximum transverse intensity gradient.
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occurred with isopentane, alcohol, water, and

CCl~. %e have found no good correlation with
the electrostrictive properties nor with a reso-
nance associated with two-quanta absorption.
Theory also predicts that their contribution
to the intensity-dependent index should be small-
er than that of the anisotropic polarizability.

The experimental threshold for Raman laser
action appears to be determined not so much
by the value of the Raman susceptibility, but
rather by the self-focusing capability of the
fluid. This suggests that stimulated Raman
oscillations may be induced in liquids that re-
main below threshold in the unfocused laser
beam by mixing them with a focusing liquid.
A cell with pure cyclohexane was below thresh-
old in the collimated laser beam. Stimulated
Stokes lines of cyclohexane were produced if
the cell was filled with a mixture of two-thirds
cyclohexane and one-third nitrobenzene. The
totally symmetric CC14 molecule does not have
sufficient focusing action of its own. %e have
observed three orders of stimulated Stokes
light with the characteristic shift of 459 cm
of the totally symmetric vibration of CCl,
in a mixture of 75 cc CC1„15cc nitroben-
zene, and 10 cc CS,. It was necessary to use
a mixture of the last two focusing fluids in or-
der to stay below the Stokes threshold of both
of these.

The characteristic focusing length follows
from the curvature of light rays in a transverse
gradient of index of refraction. This length
should be smaller than the Fresnel length of
the beam, d'/a, and than the cell length. If
the intensity drops by an amount 0 over a dis-
tance a on either side of an intensity maximum
in the beam, the self-focusing length is

where n, 80 is the intensity-dependent change
in index of refraction. A more detailed calcu-
lation of the focusing action in the laser beam
has recently been given by Kelley. " If one
takes a equal to the size of the laser beam d
and puts yo equal to the intensity at the beam

center, he finds that the focusing length under
the conditions of our experiments is 1 m for
CS~ with n, = 10 "esu; and 3 m for benzene
with n, =0.2x10 "esu. The experimental
focusing lengths are an order of magnitude
smaller. Furthermore, the whole beam does
not focus as a unit. The multimode effect must
still be invoked to explain this discrepancy.
Apparently random small-scale intensity varia-
tions present in the input laser signal are re-
sponsible for more rapid and piecemeal focus-
ing of the beam. It is not clear at this moment
what factors determine the diameter of the
filaments. Apparently some opposing defocus-
ing effects set in after the filaments have reached
a given size or intensity.

*This research is supported by the Office of Naval
Research and the Advanced Research Project Agency.

fNorth Atlantic Treaty Organization, Office of Eco-
nomic Cooperation, Europe, Fellow.

~G. Bret and G. Mayer, Compt. Rend. 258, 3265
(1964).

P. Lallemand and N. Bloembergen, Appl. Phys. Let-
ters 6, 210, 212 (1965).

3D. Weiner, S. E. Schwarz, and F. J. McClung, Appl.
Phys. 36, 2395 (1965).

N. Bloembergen and P. Lallemand in Proceedings
of the International Conference on the Physics of Quan-
tum Electronics, Puerto Rico, 1965, edited by P. L.
Kelley, B. Lax, and P. E. Tannenwald (McGraw-Hill
Book Company, Inc. , New York, 1965).

5N. Bloembergen and Y. R. Shen, Phys. Rev. Letters
13, 720, (1964).

6F. J. McClung, W. C. Wagner, and D. Weiner, Phys.
Rev. Letters 15, 96 (1965).

VR. Y. Chiao, E. Garmire, and C. H. Townes, Phys.
Rev. Letters 13, 479 (1964).

G. A. Askarjan, Zh. Eksperim i Teor. Fiz. 42, 1672
(1962) [translation: Soviet Phys. —JETP 15, 1161
(1962)]. W. I. Talanof, Izv. Vysshikh Uchebn. Zavede-
nii, Radiofizika 7, No. 3 (1964).

9F. Gires and G. Mayer, Compt. Rend. 258, 2039
(1964).

N. Bloembergen and P. Lallemand, Bull. Am. Phys.
Soc. 10, 1129 (1965).

G. Hauchecorne and G. Mayer, to be published.
Y. R. Shen and Y. Shaham, this issue [Phys. Rev.

Letters 15, 1008 (1965)].
3P. L. Kelley, this issue [Phys. Rev. Letters 15,

1005 (1965)].

1012




