
VOLUME 20, NUMBER 16 PHYSICAL REVIEW LETTERS 15 APRiL 1968

ane, as given by Bartell. ' The agreement of
theory and experiment shows that the indepen-
dent-atom model of the molecular scattering
process is an excellent approximation with re-
gard to the computation of cross sections and
electron spin polarization for the two cases
under investigation. Our calculation also showed
that except at small angles (below 30'), the
double sums in (5) are relatively unimportant.
This suggests that the polarization and, hence,
the intensity are insensitive to the atomic sep-
aration and depend primarily on the uncorre-
lated atomic terms for the cases studied. %e
also note that if enhancement of polarization
by molecular scattering over atomic scatter-
ing is to occur it must occur through the mo-
lecular interference terms. This can only hap-
pen in molecules containing a large number
of heavy atoms in close proximity. It might
be expected that significant deviations from
the proposed theory would occur if an appre-
ciable number of electrons in the molecule
were involved in chemical binding (-50%)"
or if the atoms in the molecule were sufficient-
ly large and in the appropriate geometry to
favor strong intramolecular multiple scatter-
ing. "

The author is gratefuI to Professor R. A.
Bonham for suggesting this problem and also
for his continued interest and assistance through-
out. Further, acknowledgement is made to the
Indiana University Research Computing Cen-
ter for use of their facilities.
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Stimulated thermal Rayleigh scattering that has been seen previously in absorbing liq-
uids has been observed in gaseous nitrogen and carbon dioxide using small amounts of
NO2 and I2 to produce absorption. The anti-Stokes shift of half the half-intensity width
of the incident light, thresholds, gain narrowing, and critical absorption coefficients
were observed.

The stimulated scattering from localized ther-
mal fluctuations in an absorbing medium, stim-
ulated thermal Rayleigh scattering (STRS),
was first predicted by Herman and Gray. ' In
absence of other competing stimulated effects
which have lower power thresholds, the rap-

id thermalization of absorbed energy by the
molecules enhances the thermal fluctuations
and can produce an intense back-scattered wave.
The signature of this stimulated effect is an
anti-Stokes shift approximately equal to one
half of the half-intensity width of the incident
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respectively. Here the molecular polarizabil-
ity emol, the molecular mass M, the refrac-
tive index n, thermal expansion coefficient P,
and specific heat at constant pressure cp, re-
fer to the scattering medium. The Brillouin
shift (&~)B, the hypersonic sound speed v,
and the Brillouin and the Rayleigh linewidths
I'B and I'R, respectively, can be determined
from spontaneous scattering data. IELI is
the usual laser intensity, c is the velocity of
light in vacuum, k~ is the wave number for
the scattered light, and n is the absorption
coefficient of the medium at the laser frequen-
cy. The minus sign for gR implies that the
maximum gain for STRS occurs at an anti-Stokes
shifted frequency, the shift being equal to —,'(rL
+ I'R). If Eqs. (1) and (2) are applied to a gas-
eous medium, it can easily be seen that, in
a given gas, gB is approximately proportion-
al to density of the gas through the factor n'-1,

light. Experimental evidence of this scatter-
ing in liquids was reported by Rank, Cho, Foltz,
and Wiggins. ~ They confirmed the anti-Stokes
shift in solutions of I in CC14 and CS,. In ad-
dition, gain narrowing and the presence of a
threshold associated with a stimulated process
were observed.

An investigation in connection with STRS was
later reported by Zaitsev, Kyzylasov, Staru-
nov, and Fabelinskii. They studied STRS in
benzene but were unable to verify their predict-
ed Stokes shift of 10 '-10 cm '. STRS has
also been investigated by Gires and Mayer. 4

The nonlinear gains for the stimulated Bril-
louin- and thermal Rayleigh-scattered light in

an absorbing medium in the neighborhood of
the laser frequency with the frequency shift
~~ are given by'

n (n'-1) (n'+ 2)'(&ru)

B M k 2 )( 3 / 2v s L
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and on the other hand the gain for the stim-
ulated thermal Rayleigh per unit absorption
coefficient, gR/n, is nearly independent of
density. In order to examine the possibility
of observing STRS in gases, one may compare
the values of gR in gases with the correspond-
ing values in liquids, such as CC14 and CS2 in
which the effect was observed. This value can
also be compared with gB, the competing stim-
ulated Brillouin gain. An inspection of Eq. (1)
reveals that gB for a gas at a density of 1 ama-
gat is at least 3 orders of magnitude smaller
than that for liquids. A simple calculation for
gR/e also shows that the value for CO, is al-
most identical to that for CCl~.

These considerations lead to the interesting
conclusion that the value of gR in a gas may
be large enough to produce STRS with a very
small value of e compared with the value re-
quired to produce the effect in liquids because
of the small Brillouin gain. It may be postu-
lated that rapidity of the thermalization pro-
cess involved would decrease considerably at
small densities (&10 amagat), and such a phe-
nomenon would prevent observation of STRS
with available incident laser power.

It is the purpose of this Letter to report ob-
servation of stimulated thermal Rayleigh scat-
tering (STRS) in gases. The experimental ar-
rangements are similar to that used in the pre-
vious work. ' Because of the lower index of
refraction of gases compared with liquids,
even more effort was required to suppress
stray light in order to observe the small fre-
quency shift predicted. In addition, the small-
er size of the Brillouin shift in gases restricts
the choice of interferometer spacers that may
be employed. The experimental arrangements
are shown in Fig. 1. The Korad laser system

Camera
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FIG. 1. Experimental arrangement for observation
of stimulated thermal Rayleigh scattering in gases.
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produced pulses of 60 MW in a time of 10 nsec
with a divergence of 6 mrad and a spectral
width of 0.026 cm '. After suitable attenua-
tion the power was monitored for each exper-
imental condition. Attenuating the beam rath-
er than adjusting the cryptocyanine dye or flash-
lamp voltage insured that the spatial, spectral,
and temporal characteristics of the beam were
unchanged. The beam was focused into a 5-
cm high-pressure gas cell with a 10-cm focal-
length lens. The temperature of the gas cell
could be varied from room temperature to 150'C.
A beam splitter reflected part of the back-scat-
tered light into a Fabry-Perot interferometer
and camera. Spacers of 64 and 100 mm were
used. This beam splitter also reflected a por-
tion of the incident light through a quarter-wave
plate and attenuators. The light was returned
to the interferometer through the quarter-wave
plate so that its plane of polarization was ro-
tated 90 with respect to the incident beam.
Analyzers in the focal plane of the camera al-
lowed the separation of the light beams so that
the incident light appears in two opposite quad-
rants and the back-scattered light in the remain-
ing two.

Figure 2 shows an interferogram using the
100-mm spacer obtained with CO~ at a densi-
ty of 71 amagat at 26'C to which NO, as an ab-
sorbing gas was added. The absorption coef-
ficient measured using low light intensity was
0.025 cm '. The incident power was 3 MW.
The measured anti-Stokes shift in Fig. 2 is
0.012 cm ', slightly less than one-half the
half-intensity width of the laser light. Stimu-
lated Brillouin scattering was not observed
in pure CO2 at these conditions. The total pow-
er of STRS observed was approximately 15%
of the incident power. STRS in the gas was
observed at various incident powers and it was
found that the frequency shift decreased if the
incident power is well above threshold. This
may be attributed to saturation in the STRS
process permitting an asymmetric gain due
to the presence of high-intensity light at fre-
quencies between the STRS line and the center
of the laser line. A similar effect has been
observed in N, and in some liquids. It has al-
so been found that with lower CO, densities
a higher input power is required to exceed the
STRS threshold using the same amount of ab-
sorbing gas. Although this dependence of the
STRS threshold on density cannot be explained
by means of Eq. (2), it may arise from the

', «G

FIG. 2. Interferogram of stimulated thermal Ray-
leigh-scattered light from a CO2+NO2 gaseous mixture
at the density of 71 amagat. Measured n =0.025 cm
at A, =6943 A, and interferometer spacer of 100 mm
was used. The lighter sectors are due to STRS light
and the darker sectors the incident laser light.

thermalization process in the gas. Further
investigation is being carried out for the quan-
titative determination of this dependence.

STRS has also been observed in N, using NO,
and I as absorbers. With NO, a value of crit-
ical absorption could be determined since the
stimulated Brillouin component could be observed
for low values of absorption. At a density of
47 amagat the threshold for STRS was 10 MW
for absorption coefficients in the range between
0.007 and 0.056 cm '. No STRS was observed
for lower absorption at this density for inci-
dent power up to 60 MW. However, at an ab-
sorption of 0.007 cm ', as the power was in-
creased the stimulated Brillouin component
appeared and was of intensity equal to the STRS
at an input power of 30 MW. The value of o.,
0.007 cm ', can then be defined as the criti-
cal absorption coefficient, acr, for which the
stimulated Brillouin gain is equal to the STRS
gain. The expression for acr can be derived
from Eqs. (1) and (2) and is given by'

(n2-I) (n'+ 2) cP(&co) I" + I'

cr k 2 )( 3 3 Pnv'c I' +I'
B

In a gas, acr is approximately proportional
to the density of the gas. The calculated val-
ue of o.cr for N, at 47 amagat is 0.0069 cm
showing an excellent agreement with the observed
value. It is noted that acr seems to depend
on incident power as well as the density of the
gas.
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Table I. Gases in which stimulated thermal Rayleigh scattering was investigated. Frequency shifts, thresholds,
and critical absorption coefficients vcr are given.

Gases
Density
(amagat) (cm ~)

Anti-Stokes shift
(cm-')

Calc. Obs.
Threshold

(Mw) Gale.

Acr
(cm «)

Obs.

CO2+NO2
N2+ NO2
He+ NO2

N2+ I2

71
47
47
47

0.025
0.007
0.050
0.060

0.013
0.013
0.013
0.013

0.012
0.008

STRS not observed
0.004

3.2
10

&6

0.012 a
0.0069 0.007
0.0018 a
0.0069 &0.05

aNo stimulated Brillouin scattering observed.

A similar result was obtained when iodine
crystals were placed in the gas cell with N~

gas at 47 amagat. At room temperature with

input power of 30 MW, the back-scattered light
corresponded to the Brillouin shift. As the
temperature was raised the Brillouin gradual-
ly weakened and disappeared at 95 C, o. = 0.02
cm '. At 115'C, the L absorption was great
enough (o. = 0.05 cm ') to produce STRS.

The above results are summarized in Table I.
The calculated values of &cr were obtained
from Eq. (3), assuming complete thermaliza-
tion and using available material parameters. '
It was also assumed that (rl + rR)i(ri + rB)
= 1 in gases. STRS was sought in He with NO~

for absorptions up to 0.056 cm '. None was
seen for input powers up to 60 MW, presum-
ably because of the small value of +mol.
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An adequate account of the thermal bounda-
ry resistance between solids and liquid helium
II, first observed by Kapitza, ' has not yet been
found either by extension'&' of Khalatnikov's'
discussion or by the consideration of a vari-
ety of heat-transfer mechanisms. ' Apparent-
ly, discussion of the Kapitza effect requires
a new point of departure. Here we report some
measurements relevant to the suggestion that
the kinetics of adsorbed helium atoms play
an important part in heat transfer between he-
lium and a solid boundary. '- If this is so, the

Kapitza resistance should not depend greatly
on the density, or for that matter the phase,
of the bulk helium.

We have investigated the heat transfer between
helium gas and a copper surface at low temper-
atures. In order to be able to distinguish be-
tween surface resistances and bulk resistive
effects, we constructed a conductance cell in
which the width of the sample space is very
small, nominally 10 p. The cell, shown in
Fig. I, consisted of two oxygen-free, high-
conductivity copper cylinders (2 cm diam) mount-
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