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Gaseous Ar, Kr, and Xe are observed at room temperature to scatter light into a broad
frequency band whose intensity varies as the square of the density at low densities. Such
scattering is attributed to an incremental polarizability due to the distortion of the electronic
distributions of colliding atoms. Studies of the depolarization ratio show that the collision-
induced spherical polarizability is negligible with respect to the induced anisotropy. Within
experimental error, the (relative) integrated depolarized intensity at low densities and the

second virial Kerr coefficient, to which it is directly related, are in agreement.

Studies

made at wave-number deviations of about 5 —100cm™! from the laser frequency show that the
spectral shape is exponentiallike and the bandwidth is of the order of the duration of collision.

1. INTRODUCTION

It has been known for a long time that there is a
slight depolarization of the light scattered elastical-
ly in liquids® and gases? consisting of spherical
molecules. Such results are anomalous if one re-
gards the fluid as being composed of isolated, non-
interacting spherical molecules. However, rather
recently Buckingham and Stephen, ® Kielich, %5 and
Theimer and Paul® have theoretically shown that
such scattering can occur if account is taken of the
fact that the polarizability is changed as a result of
the interaction between the dipole moments induced
by the applied field. This interaction induces an
effective anisotropic polarizability in interacting
spherical molecules, and anisotropic scattering
results. Thibeau, Oksengorn, and Vodar™® dem-
onstrated depolarized scattering from Ar by making
measurements of scattered intensity as a function
of pressure up to 800 bar.

The experimental and theoretical work mentioned
thus far have dealt with the integrated intensity of
gases composed of spherical molecules, and the
question of the spectral distribution of scattered
light did not arise. Levine and Birnbaum, ° how-
ever, considered this question, and derived on the
basis of a highly idealized model the spectrum of
depolarized light for gases at low densities where
binary collisions predominate. They predicted that
the intensity in the wings of both the polarized and
depolarized lines should decrease essentially ex-
ponentially with increasing frequency deviation from
the incident radiation. McTague and Birnbaum, !°
using a laser to illuminate the sample and a mono-
chromator to analyze the spectral distribution of
the scattered light, obtained the line shape for gas-
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eous Ar and Kr and confirmed the essentially ex-
ponential line wings, as well as the dependence of
the scattered light intensity on the square of the
density at sufficiently low densities.

This paper gives a full account of this experi-
ment, and includes improved measurements on Ar
and Kr and new results!! on Xe. The integrated
intensity of the depolarized spectrum is compared
with the second Kerr virial coefficient'? to which
it is directly related, ® and with calculations which
have been made of the induced polarizability based
on the point-dipole model. 2 Although we consider
the spectral shape of the scattered radiation, a
treatment of this problem will be presented else-
where. 13

II. THEORETICAL CONSIDERATIONS

The phenomenon of Rayleigh scattering by atoms
and spherical molecules ingases is well known, For
monochromatic incident radiation, this scattered light
is Doppler broadened by the thermal motion of the
atoms and produces a line with a width at room tem-
perature of the order of 0.1 cm™ for visible light.
However, during a collision the electronic distribu-
tion of the colliding atoms is distorted by interatom-
ic interactions producing a polarizability in the
colliding complex which differs from the sum of the
polarizabilities of the separated atoms. This in-
cremental polarizability is anisotropic and scatters
depolarized radiation into a band whose half-width
is typically of the order of 10 cm™, a value deter-
mined essentially by the duration of collision. This
type of scattering differs markedly from the usual
Rayleigh scattering not only in that the scattered
radiation is depolarized and its bandwidth is very
much greater, but also in the fact that at low den-
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sities the intensity of the scattered light varies as
the square of the density rather than linearly.

Scattering from the polarizability increment can
be thought of from two points of view. On the one
hand, it can be viewed as Rayleigh scattering by
the time-varying polarizability induced in colliding
atoms. On the other hand, it can be thought of as
Raman scattering involving a change in the transla-
tional state of the relative motion of atoms. In the
latter point of view, the frequency shift Aw of the
scattered light is related to the relative velocities
of a pair of colliding atoms before and after colli-
sion, v and v’, by the Bohr energy condition

FAw=im@?-v"?)

b

where m is the reduced mass.
A. General Relations

Expressions suitable for analyzing the experi-
mental results can be obtained from the formalism
developed by Ben-Reuven and Gershon. * Consider
first a beam of light scattered by a homogeneous
isotropic fluid consisting of nonspherical molecules.
Let E;, n,, f{,, and w,; be, respectively, the elec-
tric field amplitude, polarization unit vector, prop-
agation vector, and frequency of the incident beam.
Cons1der the scattered light propagating in the di-
rection k,, and let the detector be located at a dis-
tance Ry from an arbitrary reference point in the

sample. The frequency distribution w=w; - w; of the
scattered light is
1 f“ -twtd
== ¢ (1)
I(w) o _“J(t)e ’

where

J(t)=Cpe( Zg[fi,- @(B; 1)1, ]0,- (A ; 0)-1;]

x exp{ik- [F(B; t) - 74 ; 0)]}) (2)
and
C =VE{1,(41R,)2. (3)

Here a(B; t) is the polarizability tensor in the lab-
oratory frame of molecule B at time ¢; a(4; 0) is
the polarizability of molecule A at time ¢ = 0; I;
-cEz /4m is the intensity of the incident light beam;
r(B t) is the separation of molecule B from the
reference point in the sample at time ¢; T(4 ; 0) is
the separation of molecule A from the reference
point at £=0; k= k, k,, and € is the permittivity of
the fluid at the applied frequency. The summation
over molecule A has been replaced in (2) by pV
times a thermal average, denoted by the angular
brackets, over all positions and orientations. Here
V is the scattering volume and p is the number of
molecules per cm?®,

Since the wavelength of light is very much greater
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than the range of molecular correlations of interest
here, the exponential in (2) is replaced by unity.
Another important simplification is to consider only
self-correlations, and not the correlation of mole-
cule A with all other molecules B. We therefore
replace B by A and drop the summation over B in
(2). Using the methods of tensor algebra, Ben-Reu-
ven and Gershon'* separate all geometrical from
molecular factors in the correlation function. If
one defines

F(t)=J(t)(e?/Cp),

their result with the above simplifications, but gen-
eralized here to allow for a time-dependent polar-
izability, is

F(t) =Fg(t) 6% +ng(t)¢gz, (4)
where

Folt) = 3(a(0)a(?)), (5)

$0o= 30y 1), (6)

F2,(t) =572 (B(0)B(1)P,(x)), ™

b= [6(5V%)]7[3+ (8, 1)), (8)

The function P,(x), where x = cosf(¢), is the Le-
gendre polynomial

P,(x) = 3[3cos®6(¢) - 1].

The molecules are assumed to be axially symmetric
so that

a= %(C!“+2Q_L), (9)
B=a,-a, (10)

where @, and ¢, are, respectively, the polarizabil-
ity parallel and perpendicular to the symmetry axis.
The angle 6(t) is the angle of the molecular axis at
time ¢ relative to that at £=0. Then (5)-(8) give

F(t)={a(0)a(t))(n, T )?
+ (B(O)B(t)Pz(x)){(45)'l[3 + (ﬁi,‘ﬁ’)z]}‘ (11)

Similar results have been presented by Gordon.!’

These results may be extended to a pair of inter-
acting atoms or spherical molecules by regarding
the interacting pair as an axially symmetric mole-
cule whose polarizability is a function of the inter-
nuclear separation . We let a(tf) and B(¢), which
are functions of time through the intermolecular
distance 7(¢), represent the incremental polarizabil-
ities defined by

a(r) = %[an(r)'l-zaj.("')]— 2a, (12)
3(1’)= CY,,(T)— (11(1')_ (13)

In these equations @,(r) and a,(r) are the parallel
and perpendicular polarizabilities of a pair of in-
teracting atoms, considered as one axially symmet-
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ric molecule, and & is the polarizability of a single
isolated atom. Although these equations show that
a(r) and B(r) may be positive or negative, the sign
plays no essential role in the present experiment,
which measures (@%(»)) and (8%(»)). To convert (2)
into a form applicable to the spectrum of light scat-
tered by molecular pairs of the same species, we
need only replace the density p by 3 Vp? to obtain

V%41
J(t) =——-—-'-2—‘-—2-(4ﬂR0) % F(t),

where F(t) is given by (11) and the polarizabilities
given therein are defined by (12) and (13).

In the experiment we use right-angle scattering
with the geometry defined by a coordinate system
with the ¥ axis parallel to the direction of propaga-
tion of the incident light and the x axis parallel to
that of the scattered light. For the case that the
detector measures both the y and z polarized com-
ponents of the scattered radiation, we obtain from
(11)

F(#) =(a(0)a(t)) +g5 (B(0)B(£)P,(x)), (15)
F(t) =% (B(0)B(t)P,(x)), (16)

where the subscripts x and 2z refer to the direction
of polarization of the incident light. The spectral
distribution of the scattered intensity is then

I(w)= CV”/ F (e dt,

(14)

(17)

where n=x or z.
ier transforms

It is convenient to define the Four-

Lo (a(0)a()) et dt = A(w), (18)
S (B0)B(t)Py(x)) e™t**dt = B(w). (19)
The depolarization ratio defined by
D(w) = I (w)/I (w) (20)
is then from (18) and (19)
2
B (w) (21)

D)= Zw)+ 5B (@)

B. Integrated Intensity

Equation (17) provides a complete description of
the experiment at low densities if the correlation
functions F,(t) are known. However, important in-
formation can be obtained from the integrated inten-
sity

1= [ Iw)dw=J(0), (22)

which is simply related to quantities of interest.
Thus, using (15) to (17), one obtains'®
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—Czﬁ:-z‘i [(e¥r)) +35 (BN, (23)
szv 2
with
V() =an [~ B0)glryrtar (25)

and a similar relation for Va?(r)). Here g(7) is the
radial distribution function which for gases at low
density is given by

g (r) = exp[~ V(r)/kT], (26)
where V(7) is the intermolecular potential. The
depolarization ratio from (23) and (24) is

%(Bz(‘r» (27

~(a¥r)) + X BEr))

It is clear that, in general, D and D(w) may differ.
In investigating the Kerr constant of gases com-
posed of atoms or spherical molecules, Buckingham
and Dunmur*? found a density-squared dependence
which they interpreted as arising from the induced
anisotropic polarization in molecular pairs. This

contribution is characterized by the second Kerr
virial coefficient

Bg= gg;gT / Bo(r)B(r)g(r)r®ar,

(28)
where Ny is Avogadro’s number and By(r) and B(»)
are, respectively, the optical and static values of
the polarizability anisotropy. Unless the laser fre-
quency is close to an atomic transition, it is usually
sufficiently accurate to take By(7)=p(). Then,
comparing (24) and (28), we see that

I'® /B, = 27CRT /21€*N %; (29)

e., the depolarlzed intensity (integrated over the
entire band) I’ =1/p? is directly proportlonal to
the second Kerr virial coefficient.® As far as we
know, there is no experiment other than the one
discussed here which measures (o%r)), although
the second dielectric virial coefficient measures
(al). "

To understand how the polarizability of a spheri-
cal molecule changes due to its interaction with
neighboring spherical molecules, one considers the
induced dipole moment in a given molecule due to
the applied field E and the internal field ¥ due to
all the surrounding molecules,

M=aE+F). (30)
In the dipolar approximation, where it is assumed
that the applied electric field induces a point dipole
in a given molecule which then induces point dipoles

in neighboring molecules, one obtains from (30) for
a pair of molecules®®
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alr)=4a*"¢, (31)
Br)=6a%r= . (32)
To evaluate (@%()) and (8%(r)), we use the Lennard-
Jones potential for V(r) in (26) to obtain
V(e?(r)) = 16m0°H,,(y) /3y*c®,
V(B () = 1210 H, (y) /v'o®,
y=4¢/kT ,

(33)
(34)

where 0 and € are the Lennard-Jones parameters,
and H,(y) are tabulated functions. !°

III. EXPERIMENTAL ARRANGEMENT AND RESULTS

Right-angle scattering was observed using as the
exciting source the 5145- A line of a Coherent Radia-
tion Laboratories model 52 argon ion laser with an
output power of about 0.4 W. Spectral analysis and
detectionwere accomplished with a Spex model 1400
double monochromator and a cooled ITT FW 130
photomultiplier with a dark count of 0.4 sec™.

In order to display the line shape most clearly,
spectra were recorded from the logarithmic output
of a photon count rate meter. The frequency was
scanned at approximately 2 A/min. Typical scans
of the depolarized radiation scattered from com-
pressed Ar, Kr, and Xe are shown in Figs. 1-3.

The density dependence of the intensity at a given
wavelength was determined by counting photoelec-
tron pulses for approximately 10 min, then increas-
ing the density and repeating. It was found neces-
sary to allow at least 30 min after each change of
pressure for thermal equilibration.

In order to study the polarization properties of
the scattered light, the incident beam was rotated
using a half-wave plate. In order to maximize the
observed signal, the polarization of the scattered
beam was not analyzed. For isotropic systems such
as gases, such analysis would add no new informa-
tion.

COLLISION-INDUCED LIGHT SCATTERING: -
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IV. DISCUSSION OF EXPERIMENTAL RESULTS
A. Density Dependence

The density dependence of the intensity of the
scattered light for Ar, Kr, and Xe was investigated
at a number of frequencies for the x and z polariza-
tions. The results for two frequencies are shown
in Figs. 4-6, where the intensity per unit density
is plotted as a function of density. In the limit that
p-0, the intensity varies as p? indicating that the
scattering is due to atomic pairs. Departure from
a p? dependence may be seen at the higher densities,
and over the density range measured may be rep-
resented by a component of the intensity which
varies as p®. Thus the density dependence of the
scattered light at low densities may be represented
by

I(@) = pT P(w) - p°IP (), (35)
where n=x or z is the direction of polarization of
the incident light, and the x axis points from the
scatterer to the detector. The lack of data at den-
sities less than 30 amagats for Ar at 20 cm™ does
not allow us to distinguish between the two curves
fitted to the data for Ar at 20 cm™ in Fig. 4.1%

The coefficient of the p® term may be attributed
to interactions of three atoms, the negative sign
indicating that there is a destructive interference.
From Figs. 4-6 one observes that, at a given fre-
quency, the three-body term which manifests itself in
the curvature of I/p versus p increases in the order Ar-
Kr-Xe, as one might expect. Furthermore, the
three-body term is seen to be relatively more im-
portant at the lower frequency. On a quantitative
basis, at a frequency deviation of 20 cm™, -1’/
1% is 1.3, 4.0, and 5.6 x 10" amagat ! for Ar,

Kr, and Xe, respectively. At 40-cm™! deviation,
I®/1® =0, within experimental error.

The effect of destructive interference in three-
body interactions has been observed in collision-
induced absorption arising from interacting quad-
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FIG. 1. Spectrum of depolarized light scattered from Ar at 1250 1b/in.%. Wavelength of incident radiation is 5145 A,
Note that 6v/6A=—3.78 cm™!/A at 5145 A,
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FIG. 2. Spectrum of depolarized light scattered from Kr at 1000 lb/in. 2, Wavelength of incident light is 5145 A. Note
that 6p/6A=—3.78 cm™!/A at 5145 A,

rupoles. ®'# The reduction in the collision-induced
intensity compared with the intensity expected on
the basis of just two-body interactions becomes
much more pronounced in the liquid state as shown
by measurements on induced light scattering in
liquu: Ar, %2 as well as induced absorption in liquid
Co,. %

B. Depolarization Ratio

The depolarization ratio is 0. 86 +0, 04 for Ar,
Kr, and Xe at 10 and 15 cm™ from the laser fre-
quency. This result is in agreement with (21) if
the polarized component of the scattered radiation,
A(w), is negligible compared with the depolarized
component, B(w). To show that this is the case,
we estimate (a®)/(g?). It is permissible to work

with (@?)/(8?) rather than A(w)/B(w) because D(w)
was found to be a weak function of frequency. On
the basis of the point-dipole model, i.e., (33) and
(34), we obtain

V(a(r)) _4a®Hy(y)
V() ~ o® Hy) °

For rare gases at room temperature, one has y~2,
and H,,(2)/Hg(2) ~0.4. Then since a <0a?(for Ar,
for example, a/0®~3x%x107%), V(a?(r)) asgivenin (33)
is a completely negligible quantity, and (27) re-
duces to §=0. 857, in agreement with experiment.

(36)

C. Integrated Intensity

Table I gives the integrated intensity I{¥ nor-
malized to the values for Ar, since we do not de-
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FIG. 3. Spectrum of depolarized light scattered from Xe at 720 1b/in.2, Wavelength of incident light is 5145 A. Note
that 6v/6A=-3.78 em™1/A at 5145 A.
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FIG. 4. Density dependence of the depolarized light
scattered from Ar,

termine the absolute intensity. To obtain the in-
tegrated intensity, we extrapolated the observed
spectrum to the origin on the assumption that it
follows an exponential shape. We feel that the ma-
jor source of error in the relative integrated inten-
sity is due to the lack of knowledge of the true line
shape in the region near the laser frequency. How-
ever, a very crude estimate based on the arbitrary
assumption that the spectrum in this region is not
exponential, but becomes constant in intensity,
leads us to assume an error of very roughly 15%.
Also shown in Table I is the second Kerr virial co-
efficient By determined experimentally and calcu-
lated on the basis of the point-dipole model, namely,
(34). Within the combined experimental errors, the
normalized values of I ‘¥’ and B, are seen to agree.
In all cases, By(calc) > B,(expt), the discrepancy
increasing with the mass of the rare gas.

The deficiency of the point-dipole model has al-
ready been noted in measurements of the second
dielectric virial coefficient where negative values
of (a(r)) were obtained for the light rare gases He
and Ne, '7 an impossible result on the basis of (31).
For Ar and Kr, the measured values of {a(r)) are
positive but significantly less than the values com-
puted from (31). These facts clearly mean that
there must be a negative contribution to a(») and
B(»), and that a,(r) - 2a and @, () - 2@ have op-
posite signs over the important part of the inter-
action.® To gain some insight into such results,
DuPreé and McTague?® calculated the polarizability
tensor as a function of internuclear separation of

COLLISION-INDUCED LIGHT SCATTERING-: ..
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two interacting hydrogen atoms in the nonbonding
triplet state and found that there is a substantial
contribution both to a(r) and B(r) arising from the
overlap interaction, and that they have signs oppo-
site to those of the long-range dispersion contribu-
tions.

D. Line Shape

In Figs. 1, 2, 3 we show in a semilogarithmic
presentation the spectral line shape for the de-
polarized light scattered by Ar, Kr, and Xe, re-
spectively. The Rayleigh peak in the region of zero
frequency deviation is not shown and is approxi-
mately 103-10* times more intense than the col-
lision-induced spectrum. The spectra are shown
only up to the point where the logarithmic ampli-
fier became nonlinear in its response.

The negative frequency or Stokes side of the
spectra corresponds to an inelastic collision of a
photon with a pair of interacting atoms in which the
atoms separate with greater relative kinetic energy
and the scattered radiation is shifted to a lower
frequency. The anti-Stokes side corresponds to the
inverse process. It has been verified that the ra-
tio of the Stokes to anti-Stokes intensities is equal
to the Boltzmann factor exp(Zw/kT), where w is the
frequency shift.

As with collision-induced absorption, several
things can be said at the outset about collision-in-
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FIG. 5. Density dependence of the depolarized light

scattered from Kr.
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FIG. 6. Density dependence of the depolarized light
scattered from Xe.

duced light scattering, provided bimolecular col-
lisions predominate and the contribution of dimers
is not significant. Then, since the light scattering
persists only during a collision, the width of the
collision-induced band is from the uncertainty prin-
ciple given in order of magnitude by

Aw~v/7, . (37

Here v is the mean relative velocity, and 7, is the
range of the interaction, which for long-range in-
teractions is of the order of the kinetic diameter.
Furthermore, the shape of the band is independent
of density, although the intensity at each wavelength
should vary as the square of the density at suffi-
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ciently low densities.

The first attempt to derive a line shape for col-
lision-induced light scattering is due to Levine and
Birnbaum, ® who supposed that the induced polar-
izability varies with interatomic separation as a
Gaussian function whose width is essentially the
duration of collision. Then, assuming straight-
line paths and considering the atoms as point par-
ticles, they were able to obtain a simple analytic
result after averaging over all types of collisions.
Although the parameters in the line shape are not
directly related to those of real gases, the assump-
tion of Gaussian pulses of induced polarizability is
not unrealistic and their prediction of an exponen-
tiallike shape in the wings has been confirmed ex-
perimentally, 101126

Thibeau and Oksengorn®’ have made a more de-
tailed calculation of collision-induced light scat-
tering, adopting the model of induction by a point
dipole. Assuming straight paths, they divided the
calculation into two contributions: one coming from
the glancing collisions and the other from contact
collisions. Since they assumed a single mean rela-
tive velocity instead of performing a machine cal-
culation to average the two contributions over the
Maxwell-Boltzmann distribution, it is not clear
just what the final shape would be. However, we
would not be surprised if this model gave an ex-
ponentiallike dependence.

From the experiment we find that the line shape
may be represented approximately by

J° d(p0)p) Pyl &7 =T, Bye™/ > (38)

where v is the frequency deviation from the laser
frequency in cm™}, B, is an intensity factor, and
from (37),

Av,~ v/2mcr, (39)

Although a single exponential represents roughly
the observed spectrum, the data indicates that the
far wings fall off somewhat more slowly than the
near wings. Fitting the data at 20 and 40 cm™!

TABLE I. Integrated depolarized intensity Iff’ o« {f?) and second Kerr virial coefficient By.

Gas 102 €/k? 10%2 (B2)® 10128, 10128,  Bg(theor)® By (expt)
(cm?) (°K) (cm) relative (esu) (esuw) relative relative
to Ar expt © theor ¢  to Ar to Ar
Ar 1.642° 119.8 3.405 1 4.1+0.61 5.6 1 1
Kr 2.484° 171 3.60 2.6 16 +14 26 4.6 3.9
Xe 4.4051 221 4.100 21 65+22 140 25 16

%J. O.Hirschfelder, C. F. Curtiss, and R. B. Bird,
Molecular Theory of Gases and Liquids (Wiley, New
York, 1964), Table I-A, p. 1110, Force constants from
second virial coefficients.

b25 °K.

°Reference 12. 23°K.

dCalculated in Ref. 12 on the basis of the induced
dipole model.

*Reference 17.

TA. Dalgarno and A. E. Kingston, Proc. Roy. Soc.
(London) A259, 424 (1960).
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by a single exponential, we find, as shown in Table
II, that (39) gives values of Av consistently greater
than experiment. However, the ratios of experi-
mental to theoretical linewidths are roughly con-
stant, suggesting that (39) may be roughly valid to
within a multiplicative constant. However, some
caution must be exercised in drawing conclusions
based on the observed spectral line shape, since in
general one would expect the shape of the spectrum
of light scattered by dimers to differ from that from
colliding pairs of atoms. As shown by Levine, %®
there is a significant contribution to the integrated
intensity by bound states of atomic pairs, i.e.,
dimers. At room temperature, the fractional con-
tribution of dimers is about 10% for Ar, 15% for
Kr, and 25% for Xe.

V. CONCLUSIONS

This work has explored the spectral character
of collision-induced light scattering in the rare
gases where the phenomenon is exhibited in its
simplest form. Indeed, any depolarized scattering
in the rare gases at frequencies well removed from
the laser frequency must be due to the collision-
induced process. The study of such scattering

1383
TABLE II. Linewidth parameter. T'=25°C.
Gas 10% Av(expt) * Ap(cale)® Av(expt)
(cm/sec)  (em™) (em™)  Av(calc)
Ar 5.64 14 8.8 1.6
Kr 3.89 9.1 5.7 1.6
Xe 3.11 7.5 4.0 1.9

*Obtained by fitting exp(—v/Av) to the data obtained
at frequency deviations of 20 and 40 eml, and ata
density of approximately 30 amagats.

bCalculated from (39) with r,=0, where o is obtained
from Table I.

would seem to hold the promise of investigating
atomic motions and interactions.

Note added in proof. We thank Dr. V. Volterra
for suggesting that the Ar data at 20 cm -l in Fig.
4 may be represented by a curve passing through
the origin, which is consistent with his results®®
taken at 10 cm-!. Such a curve is also consistent
with our earlier results'® taken at 10 and 15 cm-!.
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