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Collision-induced light scattering from fluid methane at high densities
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We have studied the collision-induced light-scattering spectrum of fluid methane at several densities

between 75 and 780 amagat. The results indicate that only two- and three-body contributions are significant

up to densities much higber than found in previous work. The two- and three-body intensities are found to
have rather similar frequency dependences.

I. INTRODUCTION

Light scattered by a fluid of atoms or isotropic
t

molecules is observed to include a depolarized
component which extends as far as 300 cm ' on
either side of the laser frequency. This so-called
collision-induced scattering (CIS) is attributed to
the incremental polarizability associated with
molecular collisions. The basic problem in in-
terpreting the data is to separate the contributions
of many-body dynamics from that of cluster
polar izabilities. '

In the low-density limit, the observed CIS spec-
trum is exponential, while the integrated intensity
is proportional to the square of the density. '
These features were predicted on the basis of a
binary-collision model, where the incremental
polarizability results from electronic overlap
during the collision. ' Another mechanism pro-
posed to explain CIS is the dipole-induced dipole
mechanism, where the scattered spectrum is due
to the fluctuating local field seen by each in-
dividual scatterer. 4

In the binary-collision model, the exponential
spectrum has a decay constant which is related to
the duration of a collision and is independent of
the density. Analytical calculations indicate that
this decay constant is independent of the form
chosen for the intermolecular potential or the pair
polarizability. '

Departures from the binary-collision predictions
are evident in the CIS spectrum of gases at densi-
ties as low as 50 amagat. The integrated intensity
saturates as the density is increased as a result
of the reduction in the polarizability anisotropy
associated with colliding groups of three, four,
or more molecules. ' Also, an additional exponen-
tial region, with a different decay constant, has
been observed at larger frequency shifts in the CIS
spectrum of rare gases under moderate pressures. '

The scattered intensity from argon within this new

region was found to have a density-squared depen-
dence up to a density of 220 amagat. ' 'As con-
cluded in Ref. 7, this might indicate that the
longer-ranged dipole-induced dipole mechanism
is responsible for the low-frequency region while
the shorter-ranged electronic overlap is re-
sponsible for the region at large frequency shifts
since the latter will not suffer cancellation effects
at higher densities. The argument provided is
that even in a multiple collision an atom has a
low probability of overlapping more than one atom
at the same time. ' In any event, the exponential
region at high-frequency shifts should be sensitive
to the form of the short-range repulsive part of
the intermolecular potential.

Similar exponential CIS spectra have been ob-
served in liquids. ' " Since binary collisions are
no longer predominant at such high densities, the
intensities are lower and the decay constants are
higher than expected from the binary-collision
model. In fact, the decay constant 4 for argon
has been shown to follow the empirical relation

~ = &.[ &+ (v&v.)'], (1)
I

where p is the density in amagats, po = 500 amagat,
and 4, depends on the temperature. " This ex-
pression was later written in a corresponding
states form which was successfully applied to
other fluids. "

The most fruitful attempt to extract information
from CIS data has been carried out by McTague and
co-workers, who studied gaseous argon and
methane at densities where only two- and three-
body collisions are important. ""They could thus
separate the two- and three-body contributions by
fitting the observed intensity to a virial expansion
with up-to-cubic terms in the density. In the case
of methane, at a temperature of 293 K and densi-
ties to 110 amagat, Barocchi and Mc Tague" found
an exponential two-body intensity extending well
beyond 300 cm ' and having a drastic change of
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the decay constant around a frequency shift
of 100 cm ', from 15.5 cm below to 138 cm '
above 100 cm '. This low-frequency decay con-
stant agrees well with calculations using the
dipole-induced dipole model for the polarizability
anisotropy, and either a hard-sphere or a I.en-
nard- Jones pair potential. '""

Barocchi and Mc Tague" found an exponential
three-body intensity extending to frequency shifts
of 120 cm ', with a decay constant of 11.8 cm '.
A recent theoretical calculation" of this decay
constant using the dipole-induced dipole model
for the pair polarizability and neglecting three-
body irreducible polarizabilities resulted in good
agreement with experiment for both hard-sphere
and Lennard- Jones pair potentials.

Finally, comparison of calculated and mea-
sured integrated intensities led Barocchi and
Mc Tague to the conclusion that there must be a
short-range interaction, not present in the noble
gases, which determines the high-f requency- shift
region of the two-body spectrum in methane. " In
this paper, we present additional data on the CIS
spectrum of fluid methane at substantially higher
densities.

II. EXPERIMENTAL DETAILS

The high-'pressure optical cell, which is equipped
with sapphire windows, has been previously de-
scribed. " The gas under investigation, in this
case high-purity methane gas from the Matheson
Gas Co. , was used as the pressure-transmitting
fluid.

The CIS spectrum of fluid methane up to fre-
quency shifts of nearly 200 cm ' was recorded
at 240 +0.1 K and pressures to 8 kbar, corre-
sponding to densities from 75 to 780 amagat. "
They were obtained with the 5145-A line of an
argon-ion laser in the usual 90 scattering geom-
etry, a beam power of 0.5 W, a Chromatrix DS-
40 double monochromator at a resolution of 2.2
cm ', and photon-counting techniques. Pressure
was measured to better than 5 bars with a high-
precision manganin gauge.

Even though the sapphire windows depolarize
light to some extent, in an attempt to measure
the density dependence of the scattered intensity,
all spectra were recorded within two days, during
which time the experimental setup remained un-
touched.
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FIG. 1. t IS spectrum of fluid methane at several

densities from 75 to 780 amagat. The spectra have
been displaced upward for the sake of clarity. The
circles are experimental points. The solid lines are
least-squares fits to the data; the negatives of the slopes
are the decay constants. The instrumental resolution
was 2.2 cm ~.

region cannot be adequately described classically
and is complicated by the rotational spectrum of
methane dimers. " Above 20 cm ', the CIS spec-
trum of Fig. 1 shows three exponential regions,
with the exception of the spectrum taken at 75
amagat, where the spectrum is much weaker at
high frequency shifts. The decay constants 4„
&,, and &„a,ssociated with the low-, intermedi-
ate-, and high-frequency-shift exponential regions
have quite different behavior at high densities.
However, up to 530 amagat, all three decay con-
stants follow the relation given by Eg. (1) with 6,
=16.5, 23.2, 44.2 cm ', and p, =425, 480, and
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III. RESULTS AND DISCUSSION

Figure 1 shows the CIS spectrum of methane at 240
K and several densities between 75 and 780 amagat.
The spectrum at frequency shifts below 20 cm ',
not shown in the figure, has been discussed in a
previous publication. " The CIS spectrum for this
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FIG. 2. Decay constants 4& (circles), 62 (crosses),
and 63 (triangles), associated with the low-, intermedi-
ate-, and high-frequency-shift exporientia1 regions of the
CIS spectrum in Fig. 1 vs density squared.
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680 amagat, respectively. . The decay constants
are plotted versus density squared in Fig. 2. All
decay constants are well represented, up to 530
amagat, by straight lines of nearly the same slope,
given by &,/po. This indica, tes that all three decay
constants are affected in the same manner by
three-body collisions and that higher-order colli-
sions are not significant in the CIS spectrum of
fluid methane at 240 K below 530 amagat. Al-
though &, and 4, clearly deviate from a density-
squared dependence above 530 amagat, 4, follows
such a dependence to higher densities, but with
a different slope. This change in slope might cor-
respond to a change in the mechanism responsible
for the light scattered in the high-frequency re-
gion. The electronic-overlap mechanism could be
more important above 530 amagat while, at lower
densities, the dominant mechanism could be the
frame-distortion effect proposed by Bucaro and
Litovitz for molecular liquids. " The short- range
interaction alluded to by Barocchi and Mc Tague"
could well be frame distortion.

Some of the conclusions of the previous para-
graphs are substantiated by an analysis of the in-
tensity. However, at this point the reader should
be reminded that, because of the depolarization of
the sapphire windows and the lack of an internal
standard, no conclusions .can be made about ab-
solute intensities from the data presented here.

Qualitatively, the intensity at a frequency shift
of 30 cm ' increases first, saturates around 400
amagat, and then decreases as the density is in-
creased. At a frequency shift of 100 cm ', the in-
tensity reaches a maximum around 550 amagat,
while, at 150 cm, the intensity is still increasing
up to the maximum density reached, 780 amagat.

Following Mc Tague, Ellenson, and Hall, "the ob-
served intensity I(v), which is a function of the
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FIG. 4. Frequency dependence of I2 and I3, the tvro-
and three-body contributions to the CES intensity. Al-
though the units of I2 and I3 are arbitrary, all inten-
sities have been properly scaled.

(v) P(0)e- v/14 9

I (v) — Is(0)e- v /11, 7

with

I,(O)/I, (0) = 400 .

frequency shift v, is assumed to be given by a
virial series in the density,

I(v)/p' =I,(v)+ I,(v)p (2)

Figure 3 then shows the quantity I(v)/p' versus den-
sity for frequency shifts of 20, and 150 cm '. For
v =20 cm, the quantity I(v)/p' is linear in den-
sity up to 530 amagat. The intercept and slope
resulting from a least-squares fit to Eq'. (2) are
I,(v) and I,(v), the two- and three-body contribu-
tions to the scattered intensity. Figure 4 shows the
frequency dependence of I,(v) and I,(v). These
quantities are well represented at frequency
shifts between 20 and 40 cm ' by the functions
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FEG. 3. Density dependence of I/p2, the CIS intensity
divided by the square of the density, at frequency shifts
of 20 cm ~ (circles) and 150 cm (crosses). Although
the units of Ijp are arbitrary, all intensities have been
properly scaled.

The decay constants in these expressions are in
good agreement with the values of 14.5 and 11.8
cm ' obtained by Barocchi and McTague. " We
can then conclude that only two- and three-body
collisions are needed to account for the low-fre-
quency region in the CIS spectrum of fluid methane
at densities below 530 amagat. It is rather sur-
prising that higher many-body collisions are not
significant at such high density if one believes the
commonly accepted view that this region of the
spectrum is determined primarily by the longer-
ranged dipole- induced dipole mechanism.

At intermediate frequency shifts the quantity
I(v)/p' does not follow Eq. (2) in the density range
studied. For instance, for v = 60 cm ', this quan-
tity is nearly the same at 75 and 460 amagat, in-
dicating that in this frequency region the polariza-
bility anisotropy does not suffer the expected can-
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cellation effects due to three-body collisions.
Again, a frame-distortion mechanism can explain
this result since it would tend to increase the
polarizability anisotropy.

At frequency shifts above 120 cm ', the ob-
served intensity is we11 represented by Eq. (2)
in the density range 360-780 amagat, as shown
in Fig. 3 for v =150 cm '. The data points were
least-squares fitted to Eq. (2). The frequency de-
pendence of the resulting two- and three-body con-
tributions are shown in Fi.g. 4. These are well
represented by the functions

(&) Iii(0)e vl47 8

I (+) IIi(0)+- v/33 j

with

I,"(0)/I,"(0)= 330 .

The high-frequency decay constant of the two-
body intensity found in the present study is much
smaller than that found by Barocchi and McTague. "
This is the result of the fact that we have found a
second exponential region in the three-body in-
tensity, wht..reas the data in Ref. 14 showed a
single exponential region at low frequency shifts.
The failure of the latter study to detect any three-
body contribution to the CIS spectrum above. 120.
cm ' is probably due to the weak intensity in this
frequency region at densities pp to 110.amagat.
Looking back at Fig. 1, it is obvious that the rela-
tive intensity of the high-frequency region of the
spectrum increases dramatically when the density

1

is. increased from Vb to 360 amagat. In fact, the
spectrum taken at a density of 75 amagat was, at
a frequency shift of 80 cm ', already too weak to
be observed in this study.

We would like to point out in Fig. . 4 the similarity
in the shapes'of the' two- 'and three-body spectra.
The decay coristant of the two-body intensity
is roughly —, that of the three-body intensity, in
both the high- and the low-frequency regions.

In summary, the present study indicates that
only two- and three-body collisions are responsible
for the CIS spectrum of fluid methane up to densi-
ties of 530, amagat for the low-frequency region'
and 780 amagat for the high-frequency region.
The results also support the conclusion of Barocchi
and McTague" that there is a Short-range interac-
tion, not present in. the rare gases, which affects
the high-frequency region of the CIS spectrum. We
have suggested that this interaction might be the
frame-distortion effect." In addition, we have
found a previously undetected exponential region
at high frequency shifts which gives the three-body
spectrum a striking resemblance to the two-body
spectrum. We feel that a more detailed study of
the absolute intensities will shed some additional
light on the present, results.

ACKNOWLEDGMENTS
'

This research was supported in pa, rt by the
National Science Foundation under Grant No.
GH-32491-X and by the Unidel Foundation at the
University of Delaware.

~For an extensive review on the subject, see W. M.
Gelbart, Adv. Chem. Phys. 26, 1 {1974).
J. McTague and G. Birnbaum, Phys. Rev. Lett. 21,
661 (1968); Phys. Rev. A 3, 1376 (1971).

3H. B. Levine and G. Birnbaum, Phys. Rev. Lett. 20,
439 (1968).

4M;, Thibeau, B. Oksengorn, ' and B. Vodar, J. Phys.
29, 287 (1968).

~J. I. Gersten, Phys. Rev. A 4, 98 (1971).
J. I. Gersten, B. E. Slusher, and C. M. Surko, Phys.
Bev. Lett. 25, 1739 (1970).

~V. Volterra, J. A. Bucaro, and T. A. Litovitr. , Phys.
Rev. ,:.Lett, 26, 55 {1971).
P. A. Fleury and J. P. Mc Tague, Opt. Commun. 1,
164 {1969);J. P. McTague, P. A. Fleury, and D. B.
DuPrd, Phys. Rev. 188, 303 (1969).

W. S. Gornall, H. E. Howird-Lock, and B. P. Stoicheff,
Phys. Rev. A 1, 1288'(1970).
J, A. Bucaro and T. A. Litovitz, J. Chem. Phys. 54,
3846 |1971).

~'p. A. Fleury, W. B. Daniels, and J. M. Worlock,

Phys. Rev. Lett. 27, 1493 (1971).
P. A. Fleury, J. M. Worlock, and H. L. Carter, Phys.
Rev. Lett. 30, 591 {1973).
J. P. McTague, W. D. Ellenson, and L. H. Hall, J.
Phys. Colloq. 33, 241 (1972).

~4F. Barocchi and J. P. McTague, Phys. Lett. 53A,
488 (1975).

156. D. Mahan, Phys. Lett. 44A, 287 (1973).
~ F. Barocchi, R; Vallauri, and M. Zoppi, Phys. Lett.

50A, 451 (1975).
7F. Barocchi, M. Neri, and M. Zoppi, J. Chem. Phys.
66, 3308 {1977).
F. D. Medina and W. B. Daniels, J. Chem. Phys. 64,
150 (1976).

~The densities were calculated from the' pressure-
volume-temperature data of V. M. Cheng [Ph.D. thesis
(Princeton University, 1972) (unpublished)].
F. D. Medina and W. B. Daniels, J. Chem. Phys. 66,
2228 (1977).

2~A. J. Prengel and W. S. Gornall, Phys. Rev. A 13,
253 (1976).


