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point phonon splitting determined from the long-wave-
length approximation to that determined from the
short-wavelength approximation and obtained a value
of four. Thus, both approximations yield the same order
of magnitude for the ground-state splitting when used
in conjunction with the Debye spectrum.

III. CONCLUSIONS

We have demonstrated that, even when admixtures
arising from spin-orbit coupling are included, the orbit-

lattice interaction yields a ground-state splitting for
CaF2'. Gd'+ which is orders of magnitude smaller than
the measured value, gives the incorrect order of the
levels, and increases instead of decreases with tempera-
ture. Consequently, in concurrence with our initial
6ndings' on this subject, it is concluded that the orbit-
lattice interaction, without configuration mixing, may
be eliminated as a possible mechanism which is re-
sponsible for the splitting of the ground level of S-state
ions.
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Stimulated Brillouin scattering transverse to the laser beam, external to the laser cavity and free from
frequency-dependent feedback, has been studied using a specially designed laser. The laser beam is focused
by a cylindrical lens so that the direction of maximum gain is transverse to the beam. The hypersonic
velocities of several liquids have been measured at high power levels without frequency-pulling eGects.
Transverse filaments have been observed, and an approximate measurement of the power contained in a
single 6lament has been obtained. A stimulated anti-Stokes scattering in benzene has also been observed,
which has a 200-MHz frequency shift. This scattering is tentatively identi6ed as stimulated thermal Ray-
leigh scattering.

I. INTRODUCTION

K have studied stimulated Brillouin scattering
transverse to the laser beam and external to the

laser cavity. With this arrangment no frequeecy
dependent feedback occurred in either the longitudinal
or transverse direction. This experiment has been made
possible by the design and construction of a mode-
selected 350-MK ruby laser whose spectral width is
approximately 300 MHz. With this device we have
been able to observe stimulated Raman and stimulated
Brillouin scattering transverse to the laser beam in
almost any liquid without any external resonator.
Thus, it has been possible to measure the hypersonic
velocities of the liquids at high power levels without
the frequency pulling usually involved. Because of the
good separation of the incident and scattered light, we
have been able to observe light shifted by less than
0.01 cm ' from the laser frequency. It has also been
possible to study the spatial distribution of light in-
tensity in the scattering region.

Several studies of stimulated scattering in liquids
have been carried out in which the direction of the
stimulated scattering was not parallel to the laser
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beam. ' ' Dennis and Tannenwald' used a transverse
resonator external to the laser cavity to study stimu-
lated Raman scattering emitted at 90' to the laser
beam. Dennis' observed stimulated Brillouin scattering
in a transverse resonator, but the observed frequency
shift was somewhat ambiguous because of the multi-
mode nature of the laser source. Takuma and Jenningse
studied stimulated Brillouin scattering in an oG-axis
external resonator at small angles to the laser beam.
In the latter experiment two frequency shifts were ob-
served, corresponding to the two angles from the for-
ward laser beam direction. Pine4 has studied stimulated
Brillouin scattering from many diGerent liquids using
an external transverse resonator. His experiments were
performed with a laser with sufficiently good mode
selection to allow unambiguous determination of the
Brillouin shift and threshold phenomena. Pine pointed
out the difhculty with frequency-pulling eGects caused
by the external resonator. Frequency pulling by the
laser resonator has also been noted'' in longitudinal
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experiments, and it complicates accurate measurements
of the hypersonic velocity in a stimulated scattering
experiment.

In addition, the lack of stimulated anti-Stokes Bril-
louin scattering in the transverse geometry has been
reported' even though acoustic waves and pump source
propagate in antiparallel directions. Stimulated anti-
Stokes scattering has been reported by Burlednger and
Puelp in the longitudinal direction from a liquid cell

placed in the laser cavity. Their paper did not, however,
indicate how an unambiguous determination was made
as to which of the three lines observed was the laser.
It is, therefore, possible that they observed the laser
plus two successive Stokes-Brillouin shifts. Kick et al.
have clearly demonstrated stimulated anti-Stokes scat-
tering of multiple orders in the longitudinal direction,
external to the laser cavity although the exact mecha-
nism is somewhat unclear.
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Pro. 1. Experimental setup used to study transverse stimulated
scattering.
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II. EXPERIMENTAL

The equipment used in the transverse stimulated
scattering experiment is shown in Fig. 1. The laser
consists of a sapphire etalon output mirror mode selec-

tor, ' a ruby rod 6 in. long, —', in. diam, with ends cut
at the Brewster angle, a cryptocyanine Q switch,
a reRection etalon mode selector, " and a Brewster-
angle roof prism. The dye cell and reQection mode
selector are combined, such that the two surfaces of
the reQection mode selector are the correctly aligned

ends of the dye cell. This reduces the number of optical
surfaces subject to degradation. The cryptocyanine-
methanol solution Aows continuously through the dye
cell, eliminating the degradation of the dye in the Q
switch, which otherwise occurs from pulse to pulse.
The laser is usually operated at a peak power of 300 MK
with a pulsewidth of 8 nsec. Changes in laser intensity
are accomplished by a series of reQection attenuators
so that the operating characteristics of the laser do not
have to be altered. This provides greater pulse-to-pulse
reproducibility of beam intensity profile and spectral
width. Under these conditions it is possible to maintain
a spectral width of less than 300 MHz and to ensure
operation in a single longitudinal mode.

A cylindrical lens of 10—30-cm focal length is used to
focus the beam into a cell containing the liquid under
study. The ends of the sample cell are not parallel,
which prevents them from operating as an inadvertent
resonator. In addition, neither end is perpendicular to
the focal line. Kith this equipment it is possible to
observe stimulated Brillouin scattering and stimulated
Raman scattering transverse to the laser beam along
the line focal region in almost any liquid. The laser was
separated 2.5 m from the liquid cell. This provided a
14-nsec delay between the laser pulse and any back-
scattered radiation at the monitor. It was thus possible
to observe and eliminate any iteration of pulses between
liquid cell and the laser. Since only stimulated Brillouin
scattering was studied, 6lters were used to remove the
stimulated Raman scattering. The reQection atten-
uators allow the beam intensity to be adjusted from
well below to well above threshold for the transverse
stimulated scattering processes. Observations of both
stimulated Raman scattering and stimulated Brillouin
scattering indicated that the polarization of the trans-
verse scattering was the same as the laser to 1 part in
1000. It is a signidcant advantage of the transverse
geometry that scattered laser light can be reduced to a
negligible level by proper bafHing of the equipment.

Since the stimulated transverse scattering is plane
polarized and the scattered laser light can be com-
pletely eliminated, it is possible to display separately
both the laser and the stimulated Brillouin scattering
on the same interferogram. As shown in Fig. 1, a portion
of the laser beam is picked off and its polarization ro-
tated 90' by a half-wave plate. This is combined with
the stimulated Brillouin scattering on the beam splitter
just ahead of the Fabry-Perot interferometer. In the
61m plane of the camera is a four-quadrant polaroid
analyzer which provides the separation of the laser and
the scattering.

An interferogram of water at 20./'C taken with this
apparatus is shown in Fig. 2(a) . The laser is displayed
in the upper right and lower left quadrants while the
stimulated Brillouin scattering is displayed in the re-
maining two quadrants. The most intense line in the
scattered spectrum corresponds to the Stokes shift for
Brillouin scattering at 90' from the laser beam. The
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FIG. 3. Transverse stimulated Srillouin spectrum of SiC14 showing
multiple 180' shifts produced just above threshold.

Scattering Laser

pIG. 2. Transverse stimulated Brillouin spectrum of @rater at
20.7'C. (See text for line identification. )
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second line in the scattered spectrum is stimulated
rillouin scattering, corresponding to 180 scatteI'lDg

driven by the 90' line. It also propagates transverse to
the laser beam. The 180' line in Fig. 2 has overlapped
one order of the I'abry-Perot interferometer. Inter-

ferometers with interorder spacings of 0.2680, 0.5560,
and 0.8950 cm ' are used in order to evaluate overlap
of orders. Thus, it is possible to measure the hypersonic
velocity at two frequencies simultaneously. Table I
compares the values of the hypersonic velocities ob-
tained from the transverse stimulated Brillouin scatter-
ing with those obtained from spontaneous Brillouin
scattering. It is easily seen that, as expected, the values
agree to within less than 5%. The hypersonic velocity
of water at two diGerent temperatures has been in-
cluded in Table I. This shows that the high power
density does not greatly alter the apparent temperature
characteristics of the medium during the laser pulse. A
temperature rise of 15-20'C in the scattering region
would have been easily observabl.

It shouM be noted that in these experiments stimu-
lated anti-Stokes Brillouin scattering is never observed.
At high power levels it is possible to produce several
iterative 180 shifts, as is shown in Fig. 3. Since~in this
case both light waves and acoustic waves are traveling
antiparallel in/the active medium, stimulated]fanti-
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Belovr threshold for appearance of anti-Stokes line.
Above threshold for appearance of anti-Stokes line.

Fxo. 4. Three photographs of the end of the line focal region
shovring large numbers of 6laments.
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Stokes Brillouin scattering should be observed. The lack
of this anti-Stokes scattering was also observed by
Pine4 in his work on stimulated Brillouin scattering in a
transverse resonator. He explains that the coherence
length s.c/2n(o)go —

(crisp ) is smaller than a multiple pass
length in his cavity. The insufhcient coherence length
would then seriously reduce the total gain available
to the anti-Stokes Brillouin scattering. The coherence
length between the Stokes and anti-Stokes Brillouin
scattering is 1-2 cm for common materials, and is about
the same length as the line focal region in the present
experiments. In this case, the Gnite coherence length
would only slightly reduce the gain available to the
anti-Stokes Brillouin scattering. Thus, it is necessary
to suggest another mechanism to explain the lack of
stimulated anti-Stokes Brillouin scattering.

To better understand the processes involved, photo-
graphs were taken of one end of the line focal region.
Essentially the same equipment was used as shown in
Fig. 1 with the interferometer and its camera replaced
with a camera to produce photographs of the end of the
focal region magnified by a factor of 40. Three of these
photographs taken just above threshold for the ap-
pearance of stimulated Brillouin scattering in C6H6
are shown in Fig. 4. Numerous filaments of 10-p
diameter or less are easily seen. Since the Qlaments in
benzene scatter light from the side" a top view of the
focal region was photographed. This is shown in Fig. 5.
It is easily observed that the laser beam breaks up into
61aments and, in addition, transverse 61aments are
formed intersecting the laser filaments. These fila-

Q l.oem p
FIG. S. Top view of a portion of the line focal region showing

transverse and longitudinal Glaments. Laser beam is incident from
right.

"R. G. Brewer and C. H. Townes, Phys. Rev. Letters 18, 196
(1967).
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Pro. 6. Transverse stimulated Brillouin spectrum for benzene
below threshold for the appearance of the anti-Stokes line.

ments, which are transverse to the laser beam, did not
start out as a large-diameter laser beam and self-focus.
Reducing the power of the laser beam reduces the num-
ber of 6laments observed, but under no condition is
stimulated Brillouin scattering observed that is not
contained in filaments. Very similar results are observed
for such diverse materials as carbon tetrachloride and
water.

The transverse 61amentation suggests an explanation
for the lack of stimulated anti-Stokes Brillouin scatter-
ing. If the light waves and acoustic waves traveling
antiparallel in the focal region are not contained in the
same volume of space the anti-Stokes process could not
be stimulated. Since the light waves are contained in
discrete filaments, it is quite probable that diferent
filaments are propagating in diferent directions. Thus,
the spatial overlap required for the stimulation of the
anti-Stokes Brillouin scattering is not achieved.

Measurements have been attempted of the power con-
tained in individual filaments. Just above threshold it is
sometimes possible to observe only several filaments
rather than the several hundred usually observed. To
estimate the power in a 61ament, we have made the
following assumptions: (1) All filaments are equal with
respect to power contained. (2) Average time duration
of the filaments is given by the spectral width of the
Brillouin line. (3) The filaments contain only stimulated
Brillouin scattering. This last statement is probably
justified, since near threshold the total integrated
stimulated Brillouin scattering greatly exceeds the
total stimulated Raman scattering. The total energy
output was observed with an ITT F% 128 biplanar
photodiode with an S-1 photosurface. These estimates
for benzene, which are admittedly crude, indicate that
the power contained in a 6lament is approximately
10 k%. If we use the relation"

I'.)(1.22'~) 'c/64nm,

we can estimate the magnitude of the nonlinear refrac-

~~R. Y. Chiao, K. Garmire, and C. H. Townes, Phys. Rev.
Letters 13, 479 (1964).
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FIG. E. Transverse stimulated Brillouin spectrum for benzene
above threshold for the anti-Stokes line.

tive index e2 to be 21X10 " esu. This value is above
most previous estimates. However, recently Hellwarth"
has calculated the nonlinear refractive index of a wide
variety of liquids. His theory yieMs an even larger
value for the nonlinear index for benzene than our
estimate, although there are still serious uncertainties
in the calculation for densities as high as those of
llqulds.

awhile observing stimulated Hrillouin scattering in
benzene, it was noticed that a line appeared in the
scattered spectrum at an almost identical frequency
with the laser. Detailed measurements of many inter-
ferograms showed that this line was shifted upward
from the laser in frequency about 200 MHz. This line
was observed to have a definite threshold which was
above that of the 90' stimulated Brillouin scattering.
The angular divergence of this anti-Stokes line was ap-
proximately 3' which was about one-third that of the
stimulated Hrillouin scattering. It was also noted under
these conditions that the 90' stimulated Brillouin shift
was approximately 200 MHz low. Figures 6 and 7 show
the transverse stimulated spectrum of benzene below
and above threshold for observation of the anti-Stokes
line.

Since the experimental work discussed here was
completed, two papers have appeared discussing the
origins of such anti-Stokes lines with small frequency
shifts. Herman and Gray" have predicted the existence

~'R. Vf. Helhvarth, Phys. Rev. 152, 156 (j.966); 153, 205
(j.967)."R.M. Herman and M. A. Gray, Phys. Rev. Letters 19, 824
(f967).

of a stimulated thermal Rayleigh scattering in liquids
with an anti-Stokes frequency shift of approximately
one-half the laser linewidth. This has been observed by
Rank gt a/." in carbon tetrachloride and carbon di-
sul6dc to which iodine has been added to enhance the
laser absorption. This is very similar to the frequency
shifts we have observed. In addition the theory" also
plcdlcts thc stimulated scattering to thc Stokes sldc
of the Stokes-Brillouin line with a shift of similar mag-
nitude. The present experiment would not have been
able to separate clearly this new stimulated process
from stimulated Brillouin scattering. However, a com-
posite of both lines would be observed. By reference to
Tab1e I it can be seen that the 90' stimulated Brillouin
line shift, measured at a power level above threshold
for the appearance of the anti-Stokes line, is clearly
less by about 200 MHz than that measured below thresh-
old for this process. Thus, it is possible that both these
effects have been noticed in these experiments. A de-
tailed comparison with the theory would require a de-
tailed knowledge of the various complex nonlinear
multiphoton absorption processes that are taking place.

GI. CONCLUSIONS

Stimulated scattering in liquids is easily obtained
without the necessity of external resonators. In the
absence of frequency-dependent feedback, the stimu™
lated Brillouin frequency provides a reliable measure-
ment of the hypersonic velocity. Near-field photographs
have shown the existence of transverse 61amentation
which has provided a convenient explanation for the
lack of stimulated anti-Stokes Brlllouln scattering. It
has also reemphasized that the details of the stimulated
processes in liquids are really controlled almost entirely
by the self-focusing properties of liquid. %e have also
indicated the possibility of self-focusing thresholds
much below those usually considered. In addition ob-
servations have been made in benzene indicating the
possible presence of stimulated thermal Raylcigh
scattering.
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