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Neer data and calculations on collision-induced light scattering in rare gases are pre-
sented. The theory and experiment are in quantitative agreement. The spectra are
found to be approximately piecewise exponentials vrhose decay constants are directly
related to atomic collision parameters.

Collision-induced light scattering (Cls) in
atomic gases bears a close relationship to the
more familiax Raman effect in molecular gases.
In place of pex'manent molecules, however, one
has colliding pRix's of atoms. The scRttex'ed
radiation is depolarized Rnd cast into a broad
spectrum of fx equencies. By interpreting this
spectrum one can obtain information about atom-
ic-collision par~~eters in an energy range not
easily accessible by other methods. These scat-
tering techniques may also be extendible to the
study of multiple-body eoQisions in dense gases
and liquids.

In the present article CIS in the rare gases is
studied both experimentally and theoretically.
The detailed spectrh, l shape is analyzed in terms
of atomic px'opertles. %8 find thRt typically there
appear to be several slopes on a semilogarith-
mic plot of the spectral intensity. The high-fre-
quency slope i.s related to the form of the xepul-
sive part of the interatomic potenhal, F(R),
while the lower-frequency slopes x eflect the de-
tailed structure of the anisotropic part of the
polarizahllity of a colliding pair P(R) and the
attractive part of V(R).

Previous theoretical studies of CIS have fo-
cused largely on the qualitative interpretation of

the phenomenon. Thus in the Levine-Birnbaum
theory' a somewhat artificial model for P(R) is
invoked and straight-line trajectories are as-
sumed. Their theory predicts that the radiation
would be scattered into an exponential spectrum
whose slope is related to the inverse duration
of a collision. Thibeau and Oksengorn' have ex-
tended the theory somewhat by including hard
sphere coOisions and the correct asymptotic
form for P(R). The present paper generalizes
to realistic forms for P(R) and V(R), and proper-
ly describes the collision trajectories. Previous
expex'lm8ntRl 1Dvestlgations of CIS hRve been
made by McTague and Birnbaum. 3 %'bile the
gross features of these experiments agree with
theoly~ Do reRI quRntltRtlve comparison hRS yet
been possible.

Collision-induced Raman spectra for Ar and
Kr gas at room temperature are shown in Fig. 1.
The dots represent experimenta1 points. These
spectra were excited by -200 mW of linearly
polarized 5145-A Ar laser radiation. Light scat-
tered at 90' with polarization in a plane orthogo-
nal to the incident laser polarization was ana-
lyzed by a double spectrometer, detected by a
photomultiplier, and digitally averaged over
many sweeps using R small computer. Only
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where we have defined a scattering integral

I = f P(R)e' "" dt (2)
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FIG. 1. Experimental and theoretical coQision-in-
duced light scattering spectra for Argon 0.00 atm) and

Krypton (50 atm) at T =300 K. Is is the scattered light
intensity in arbitrary units. The dots are digitally
averaged data, the dashed line is the extension of the
initial slope, and the solid lines are theoretical curves
adjusted in absolute intensity fer best fit.

Stokes scattering was analyzed. The data were
digitally cox rected for Brillouin, Rayleigh, and
"dirt" scattering (most important at small fre-
quency shifts) and for the dark current of the
photomultiplier (most important at large frequen-

cy shifts). The spectral form was found to be
constant for pressures up to 50 atm for Kr and

100 atm for Ar. 4 For these pressure ranges the

integrated intensity was found to vary as the
square of the density. This implies that the spec-
tra in Fig. 1 characterize only two-body atomic
collisions. At higher pressures the spectral
widths begin to increase, probably because of
higher-order collisions. The results obtained
here are similar in~a qualitative way to those
obtained previously. ' Our data are more accu-
rate since both elastic scattering and photomulti-

plier dark current are subtracted using precision
digital techniques. ' Previously, the spectrum
has been interpreted as predominantly a single
exponential. Both the Ar and Kr data in Fig. 1

can be approximated by several nearly exponen-
tial regions. For each region I~-e ', where
5 is the frequency shift of the scattered light and

b is the decay constant. We find that 4 = 5.9
(7&5&14), 8 (14&5&31), and 9 (Sl &5 &60) for Kr
and b, =11 (7&5&23), 13.3 (23&5&53), and 1'7 (53
«&100) for Ar, where 5 and A are in cm '. Ex-
tensions of the first slopes are shown as dashed
lines in Fig. 1. We will show below that the pa-
rameters describing these three regions are
directly related to P(R) and V(R).

The spectral intensity of the depolarized radia-

In the above, Io is the intensity of the incident
light, ~ is the frequency of the scattered light,
g=2nc5, F~& are spherical harmonics, n is the
atomic density, e is the velocity of a colliding
pair, and b is the impact parameter. The colli-
sion trajectory is described by R(t) and y(t), the
radial and azimuthal coordinates. In Eqs. (1)
and (2) a classical description is assumed.

The high frequency wings of I~ will be sensitive
to the sharpest features in the scattering pro-
cess. These occur near the turning point of the
trajectory. Not only is the trajectory varying
most rapidly there but the P(R) function is peak-
ing most rapidly also. Thus we introduce a
dynamics which is applicable only near the turn-
ing point. This must be done in a manner which
respects the analytic behavior of a trajectory in
the complex time plane. Hence R and y must be
double-branched functions in time. From New-
ton's second law it can be shown that, through
second order in t,

and

R =r,[1+(t/$, )']'", (Sa)

sing = bet/Rr „ (Sb)

P(R)=6m (R +pR 6)=Q„P„R ", (4)

where o, is the atomic polarizability. The need
for the R term has long been recognized. The
R ' term is the next term in the multipole series
and stems from the second-order dipole-dipole
interaction. Higher terms in the multipole series
are omitted. To fix the value of the parameter

where ro is the turning radius, and $c = (my J
F,)' '. Here m is the reduced mass, and Fo is
the sum of the interatomic and centrifugal forces
acting at the turning point. The parameter $0
is a measure of the duration of a collision. In
the limit as V(R) approaches zero Eqs. (Sa) and

(Sb) reduce to the exact expressions for a straight-
line trajectory.

The evaluation of the scattering integral of
Eq. (2) may be performed using this pseudody-
namics. First a model for P(R) must be intro-
duced. We take the following model:
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2mbdb = (2nr, 'Eo/mv')dr, . (6)

For the interatomic potential the Lennard-Jones
potential was employed. The parameters for Ar
were taken to be e/k = 119.8 K and a =3.405 A,
and for Kr e/k = 171 K and o = 3.60 A. ' As a final
step a thermal average over relative velocities
was performed numerically. The results after
this velocity averaging are quite similar to those
obtained using the mean thermal velocity except
for a slightly sharper rise at low-frequency
shifts.

In Fig. 1 the theoretical curves are repre-
sented by solid lines. The agreement is quite
good. There are no adjustable parameters in the
theory. Only the intensities were normalized
for comparison in Fig. 1.

A series of calculations was performed to de-
termine the sensitivity of each slope to V(R) and

P(R). It is found that the high-frequency slope is
most influenced by the form of V(R) near the
classical turning point. The middle slope is
affected considerably by the size of the param-
eter p in Eq. (4). Thus it is an indicator of the
short-range part of P(R). The low-frequency
slope depends on the contribution from distant
collisions, and thus is sensitive to the asymp-
totic parts of P(R) and V(R). If one had to make
a connection with the Levine-Birnbaum theory'
it would probably be that the low-frequency
slopes should coincide.

The high-frequency slope can be correlated
with the location of the branch point of P(R) in the
upper-half t plane. In fact it is not difficult to
show from Eqs. (2), (3), and computer averaging
over velocities that this slope is given approx-
imately by b, = &vc$„where $, is evaluated for a
head-on collision at mean thermal velocity (e.g. ,

p we evaluate the Kerr constant corresponding
to Eq. (4) and compare it with the experimental
measurements of Buckingham and Dunmur. ' The
Kerr constant corresponding to Eq. (4) can be
expressed analytically in terms of parabolic
cylinder functions. ' Ne find for Ar p=-9.87 A

0
and for Kr p=-17.6A'.

A typical scattering integral may be expressed
in terms of modified Bessel functions, K„. Thus,
letting Io=g„p„IO~"~, we have

I,& & = [2n'~'g, /2"~ "+ 'I'(n+-,')](g,q)"Z„(g,q). (5)

The integration over impact parameters implicit
in Eq. (1) is more readily performed as an inte-
gral over distances of closest approach. Thus
we employ the following relation:

for Ar the calculation shown in Fig. 1 gives 4
=16 cm ' as compared with —,wc/, =17.1 cm ').
It seems possibIe to select, on the basis of the
experimental high-frequency slope, the most
appropriate repulsive potential. Other realistic
potential forms give a difference in this slope of
approximately +1 cm ' which we are able to re-
solve with our present experimental accuracy.
The experimental data for Ar and Kr seem to be
adequately described by Lennard- Jones poten-
tials; however, a more precise measurement of
the Kerr constant would lead to a more definitive
conclusion. It should be pointed out that this tech-
nique enables one to study chiefly the repulsive
part of the potential at thermal energies, a
domain not easily studied by other methods.

As mentioned earlier, the present analysis
employed the Kerr constant measurements of
Buckingham and Dunmur. 7 The agreement be-
tween theory and experiment indicates that these
numbers are sound (despite the uncertainty of
nearly 100% quoted for Krypton). ' Alternatively,
one can invert the problem and employ CIS to
measure the Kerr constant. The agreement of
theory and experiment also lends support to the
assumption that higher multipoles in Eq. (4) are
unimportant. An ab initio calculation of p would
be helpful in estimating the contribution of these
higher-order terms. Finally it should be pointed
out that some of the bumps in the large frequen-
cy shift region are reproducible but are not yet
understood in detail. For Ar and Kr the effects
of dimers do not appear to be important, since
the agreement between theory and experiment is
very good in the low-frequency region where
dimers might be expected to affect the spectrum.

In conclusion, the excellent agreement between
theory and experiment obtained here indicates
that this technique might be of general use for
obtaining atomic collision parameters for spheri-
cal atoms and molecules. In principle one could
extend the present techniques to anisotropic
molecular gases.
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%e present a direct observation of an ultrafast time-resolved emission spectrum of a
dye molecule in solution, the time resolution of the system being 2 X10 2 sec. Vibra-
tional relaxation within the vibrational manifold of the excited electronic state of rhoda-
mine 66 occurs within 6 x10 sec. %e discuss the implications of these results for the
understanding of homogeneous broadening of excited electronic states of 1arge molecules.

Inhomogeneous line-broadening effects result-
ing in the broad optical absorption bands for
intravalence electronic excitations of large or-
ganic molecules in solution can be attributed to
two major sources: (a) intramolecular sequence
congestion, '

(b) intermolecular coupling (via
linear and quadratic terms in nuclear displace-
ments) of each molecular vibronic level to the
lattice' (or rather to the solvent molecules in
the nearby environment of the guest molecule}.
When the molecule is characterized by a signif-
icant change in the equilibrium geometry be-
tween the two electronic states, then electronic
excitation from the ground state will result in a
distorted nuclear configuration in the excited
electronic state, which subsequently relaxes
vibrationally via intramolecular and intermol-
ecular channels. The final result of this relaxa-
tion process involves dissipation of vibrational
energy to the medium. ' This relaxation mecha-
nism, which for large molecules is believed to
be as fast as the time scale of the spontaneous
radiative decay, 4 results in homogeneous line
broadening. Until recently, these ultrafast mol-
ecular processes were not amenable to experi-
mental study.

The recent development of picosecond pulse

techniques' a,nd thy measurements of the pulse
duration by two-6'7 and three-photon" fluores-
cence methods has initiated studies of ultrafast
molecular relaxation processes. ""

Up to date,
time-resolved experimental methods utilized
for picosecond spectroscopy have been based
upon averaging of several laser shots" at each
wavelength to display the "average" time-depen-
dent spectrum. In this note we present what we
believe to be the first direct observation of an
ultrafast time-resolved emission spectrum of
a large organic molecule in solution. A method
has been developed for monitoring a time-versus-
frequency spectrum by a normal spectr ometer.
The time resolution is limited by the width of
the mode-locked laser pulse and by the rotation-
al relaxation time of the optical shutter. 'With

obvious modifications the time resolution of this
system can be less than 10 "sec, while the
frequency resolution is strictly spectrometer
dependent.

The experiment utilizes as a time-resolving
element an optical shutter consisting of a O. j.-
mm Cs, liquid ceO located between a paix of
crossed polarizers. ""The shutter is opened
by a picosecond pulse of the first harmonic of a
Nd+'-glass mode-locked laser. The shutter ad-


