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SPECTRAL DISTRIBUTION OF DOUBLE LIGHT SCATTERING BY GASES
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We compute the spectral distribution for double light scattering by a pair of optically
isotropic molecules in a gas. We obtain a good fit with experimental data in CH4 when
we use a Lennard-Jones potential to calculate classical relative trajectories of the two
particles. Observed depolarized intensities are compared with calculated ones.

Light scattered by optically isotropic gases
has long been known to be slightly depolarized.
Several calculations of the depolarization ratio
have been proposed, either using the concept of
an anisotropic Lorentz local field acting on an
atom' or considering double light scattering by
two nearby atoms. ' For low densities, these cal-
culations yield a depolarized intensity varying
as the square of the density. More recently,
Levine and Birnbaum' have calculated the de-
polarized line shape using a pair polarizability
varying exponentially with the separation of the
two atoms in the pair. This was taken by analogy
with far-infrared pressure-induced absorption
spectra. ~ This depolarized component was first
observed by Mc Tague and Birnbaum' in Ar and
Kr gas under pressure and later by a number of
authors. '

This type of experiment should prove very val-
uable in studying short-range correlation func-
tions in dense fluids where pair distribution func-
tions as well as higher-order distribution func-
tions are involved. This spectrum may be ob-
served in any system, provided rotational Raman
scattering or the usual Rayleigh wing scattering
does not overcome it completely.

The purpose of this Letter is to make a detailed
analysis of the line shape of the depolarized
spectrum from low-density gases, both experi-
mentally and theoretically, using the model of
double light scattering in which we consider that

the electric dipole induced in one atom by the in-
cident field creates a dipolar field which is going
to polarize a nearby atom that will in turn scatter
light at great distances.

l.et X be the wavelength of the incident light
field EJ. and R the vector connecting two nearby
atoms; provided IR t«A. , the scattering electric
dipole is given by

P = -2o.' grad(E R/I & I'),

where a is the atomic polarizability. If we as-
sume that only pairs of atoms need to be con-
sidered, which is true at low densities, the de-
polarized scattering cross section is given by

da 72~ 2~ ', , n

ff(x)x 6 exp — x ck,x 4'T

where U(x) is the interatomic interaction poten-
tial in reduced units x = R/&, N is the number of
atoms per unit volume in standard conditions,
and p the density in amagat units.

To calculate the power spectral density, we
take the Fourier transform of the correlation
function of the scattered field,

C(T) J" &E (t &) ~ E *(t))dt,

where one takes a statistical ensemble average
over all possible relative trajectories of the two
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I FIG. 2. Velocity-averaged correlation function.
Dashed line is computed for a Lennard-Jones potential;
crosses are calculated from the zx spectrum scattered
by CH4 at 70 amagats and 20'. Notice a change of scale
by a factor 10 for t —1 psec.

FIG. 1. Correlation function for double light scatter-
ing by pairs of CH4 molecules vrith initial rms relative
velocity. Dashed line is for the hard-sphere interac-
tion potential, solid line is for the I ennard-Jones 6-12
potenti31, and crosses are for the modified Buckingham
potential (Ref. 7). Notice a change of scale by a factor
10 for t-1.1 psec.

particles. We neglect the motion of the center
of mass as it corresponds to correlation times
much longer than the duration of the collisions.

In the case of CH4 molecules, we have per-
formed numerical calculations of C(T) taking as
initial relative velocity in the collision the rms
relative velocity v = (3kT/p)'I', p, being the re-
duced mass. Classical trajectories were de-
termined for three intermolecular potentials'.
(1) hard sphere; (2) Lennard-Jones, U(R) =4m[(o/
R)"-(o/R)']; and (3) modified Buckingham,

U(R) =
I

—exp n(1——
) -( ) I.

Integrations were performed on a computer over
initial times I;, impact parameters, and orienta-
tion of the initial relative velocity. The results
are shown in Fig. 1. The results for (1) agree
with those of Thibeau and Oksengorn. ' Note the
change of sign in C(v). We see that there are
slight differences between the results calculated
with the two more realistic potentials (2) and (3).

The time scale being c/v, we see that it is
necessary to compute C(r) for various values of
the relative velocity v and to perform an integra-

tion over v.. Assuming a Maxwellian velocity dis-
tribution, the average C(r) we obtain is shown as
the dashed curve in Fig. 2.

Experiments have been performed using a 1-W
ionized argon laser, a 1-m double monochro-
mator, and standard photon counting equipment.
We have studied several gases at room tempera-
ture, ' but we only present results for CH, .

We first measured the depolarization ratio,
which we find equal, to within 5 /q, to that of the
rotational Raman lines of N, or H, that was used
to calibrate our optics and detection system. We
have measured the total depolarized intensity by
comparison with the ~, Raman line of a small
quantity of hydrogen added to the gas in the pres-
sure cell. This allows us to neglect the usual
local-field correction factor [—,"(n'+2)]', since we
may expect it to have the same value for one hy-
drogen molecule and a pair of atoms of the gas.
We find that at low density (p(30 amagats) the
depolarized intensity varies as p'. We can there-
fore obtain an experimental value for the cross-
section ratio

(do/dQ), „(depolarized at 1 amagat)
(dc/dQ), „(S,of H, at 1 amagat)

Experimental values are shown in Table I to-
gether with theoretical values calculated for a
Lennard- Jones U(R), experimentally known op-

0
tical polarizability, ' and n t|-n &

——0.314A for an
H, molecule. "

1080



VOLUME 25, NUMBER 16 PHYSICAL REVIEW LETTERS 19 OCTOBER 1970

Table I. Theoretical and experimental values for the
ratio of the depolarized cross section at 1 amagat to
that of the 8& Baman 1ine of hydrogen at 1 amagat.

Theory Experiment

H)
Ar
CH4

SF6

1.3 x 10
1.6x 10

0.68 x 10
2.1x 10

(1.7+0.2) x10-3
(1.3 +0.2) x 10

(0.70 +0.1) x 10
(3.7 +0.5) x10

There exist other ways to determine the depo-
larized cross section. One of them is to mea-
sure the depolarization ratio of the scattered
light as was done by Thibeau, Oksengorn, and

Vodar, ' who obtained a good agreement between
experiment and the same theory for Ar gas. The
other one is to measure the pressure-dependent
part BK of the Kerr coefficient, "as it is related
to the depolarized cross section by

(do/dQ), „27 2m' 4 n2

B„47T x (a( &)'

in the double-light-scattering theory. Here 0'. '
is the static polarizability. In the case of SF„
experiments performed by Buckingham and
Dunmur" have shown that theory and experiment
differ by about a factor of 0.6, as we present in
Table I.

We see from Table I that the depolarized cross
section varies roughly as n /o'. This will be
tested further as more gases become available.

The line shape has been measured using an
instrumental width of about 1 cm '. We have
found no change in the spectrum when the pres-
sure was varied from 10 to 100 atm in CH, . No

change was detected either for the other gases
we studied. We find that within experimental
error, the ~x spectrum is identical to the ~z
spectrum. We have checked that the Stokes-anti-
Stokes intensity ratio varies as exp(hv/kT) with
T close to the operating temperature.

From the experimental data we obtained in CH4
at 70 amagats and 20 C, we have calculated the
experimental correlation function that is plotted
as crosses in Fig. 2.

We see in Fig. 2 that the calculated correlation
function (dashed line) is in good agreement with
the experimental one (crosses). Here we ad-
justed the relative intensity, but as we mentioned
before, the integrated observed intensity agrees
well with the theoretical one. This result means
that the term Gc.'/R' for the pair polarizability
as a function of distance" is the dominant one.

We have obtained the same kind of agreement
for Ar and H, . The fit is not as good for SF,
when we use 0=5.51 A. '

At higher densities, higher-order distribution
functions become important. The next additional
term to the ratio @.they give rise to is -bp'. '
They lead to spectra that ought to be broader as
we expect higher-order distribution functions to
vary faster in time. In addition our present cal-
culations assume linear trajectories at large
distances. They will not be adequate when the
mean free path is no longer large compared with

This will lead to changes near the center of
the line as was discussed by Lewis and Van Kran-
endonk. "

In conclusion, we see that for low-density
gases, double light scattering leads to calculated
spectra that fit quite well with the experimental
depolarized spectra. Therefore, we think that a
plausible test of molecular-dynamics models in

dense media" would come from comparison of
experimental depolarized spectra and spectra
calculated using 6o."/A' pair polarizability.

We thank Professor J. Brossel and Dr. M. A.
Bouchiat for stimulating discussions.
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