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~e have measured the collision-induced light-scattering spectrum of gaseous helium

at T =298 K for densities between 46 and 366 amagats to obtain the two-body spectrum in

the frequency range 10 to 250 cm . The comparison between the dipole-induced-dipole
theoretical values of the two-body spectral moments and the experimental values show

large discrepancies.

In this Letter we report the first observation
of collision-induced light scattering (CILS) in
gaseous helium together with the determination
of the two-body spectrum in the region up to 250
cm ' and the measurement of the absolute values
of its spectral moments. The comparison be-
tween the experimental values of the moments
and the ones calculated in the dipole-induced-di-
pole (DID) approximation for the pair polariza-
bility shows a large discrepancy, demonstrating
the inadequacy of this model for gaseous He at
room temperature.

The spectral distribution of CILS in gaseous
systems at room temperature has been the object
of numerous investigations since the first experi-
ment was performed by Mc Tague and Birnbaum. '
In particular, gaseous argon has been extensively
studied by various authors' and its two-body spec-
trum determined' up to 400 cm ' in order to de-
rive detailed information about the scattering
mechanism, i.e., the collision-induced polariza-
bility anisotropy P(r).' An important result of
the most recent investigation on argon' was to
recognize that together with the DID and overlap
terms other intermediate-range effects are sig-
nificant. 4 There is no doubt, however, that to
gain insight into the mechanism contributing to
P(r), it is important to study CILS in helium
since first-principles calculations of the pair po-
larizability anisotropy are available. ' ' Never-
theless, up to now only one experiment has been
reported' for He with the vapor at 4.2 K, from
which no information on the two-body contribu-
tion could be derived' as the spectrum at that
temperature is not purely two-body in nature.

The problem which has prevented various in-
vestigators from even trying to detect the two-
body spectrum of He is the difficulty in detecting
the extremely low intensity of the depolarized
spectrum. An estimate of the integrated intensity
can be obtained if one assumes a model for the
collision-induced pair anisotropy P(r) Assumin. g
the DID model, i.e., p(r)=6n, 'r ', where n, is
the polarizability of the single atom and ~ the in-
teratomic distance, we obtain the following for

the ratio between the two-body integrated inten-
sities of He and Ar ' ~ ":

(1)
q, "&(Ar) o.,'(Ar) o„, 1(T„,*) '

Here p, '~ is the zeroth moment of the two-body
spectrum, which is proportional to the integrated
intensity of the two-body spectrum,

I(T*)= J, x ' exp(- U/A T) dx, (2)

where U is the Lennard-Jones pair potential
(L-J), T is the absolute temperature, T*=AT/e.
is the reduced temperature, and e and ~ are the
pair potential parameters. Using the following
values of the quantities" we find that the ratio
in Eq. (1) eciuals 0.7 & 10 ': n, (Ar) = l.642 A',
n, (He)=0. 207 A', v~=3. 405 A, o„,=2.57 A,
=119.8 K, e ,=H10 8K, .T=298 K, I(TJ *)=0.472,
and I(T„,*)=0.562. This means roughly that if
for Ar at 10 amagats the intensity at a frequency
near the exciting line is of the order of 1.0 count/
sec for an -5-% argon-ion laser, for helium one
should expect a depolarized scattered intensity
around the same frequency of the order of -10 '
counts/sec. This is enormously small in com-
parison with the dark-current noise of the best
ave, ilable photomultiplier which is of the order of
0.8 count/sec.

Although the preceding estimate indicates the
difficulty of measuring the two-body contribution
to the CILS spectrum of helium, we have been
able to accomplish this by using extremely long
integration times and working at high densities.
With regard to the second point an inspection of
what one can expect for the shapes of the quad-
ratic and cubic density contributions to the depo-
larized spectrum of helium at T= 298 K shows
that this spectrum is dominated by the contribu-
tion of the two-body collisions up to very high den-
sity. This ean be deduced by calculating the inte-
grated intensities y, ~'~, p, ~' and decay constants

, b, of an exponentiallike spectrum for both
quadratic and cubic contributions, respectively,
within the DID approximation by means of the ex-
pressions given by Barocchi, Neri, and Zoppi"
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and using the L-J potential with the parameters
given above. We then obtain b =58.4 cm ',
=0.37 cm ' and p ' =2.75~10 A p & ~=-9 19
A" which indicate that up to very high density the
cubic contribution to the spectrum for He at T
= 298 K should be confined to within the first 7
cm '.

The above-mentioned consideration gave us con-
fidence in the feasibility of the experiment. The
experimental apparatus and procedure has already
been described in detail, ' although it is important
to emphasize its great overall stability for per-
iods of several days. This stability permitted the
detection of signals the order of 200 times small-
er than the dark current of our photomultiplier
(0.8 count/sec).

The helium gas contained impurities of only a
few parts per million. A spectroscopic search
for impurities was performed by us on a sample
at 1000 bars and neither N, nor 0, could be de-
tected by their vibrational lines. This, together
with the comparison between the signal around
the maximum of the pure rotational bands of N,

and O„which we measured in pure N, and 0„
and the intensity of He at 100 bars, indicated
that these impurities could contribute at most
5~/p of the observed spectrum at the pressure of
He.

Figure I shows typical depolarized spectra of
He at three different densities. The level of the
dark current of the photomultiplier which is also
shown is considerably greater than the depolar-
ized scattering except at the lowest frequencies
and highest densities.

The behavior of the depolarized intensity ver-
sus density p is shown in Fig. 2, where 1„,(~)/p
is given for e = 30 cm '. Similar behavior has
been found for frequencies between 10 and 250
cm '. From Fig. 2 it is clear that the data show
only a quadratic dependence of the intensity ver-
sus p in the overall density range 46 to 366 ama-
gats. This is in agreement with the qualitative
prediction made in the preceding section.

From the data we have derived, by means of a
least-squares fitting procedure, the two-body
spectrum I„,i'l(u) which is plotted in Fig. 3 for
the frequency range 10-250 cm '. Similar to the
case of argon, the spectrum cannot be represent-
ed by a single exponential, although the shapes
in the two cases are quite different.

By means of the absolute intensity calibration
of the spectrum with the $(1) line of H, as a stan-
dard" we have derived the absolute values of the
first three even moments of the two-body spec-
trum. Table I gives the values of those experi-
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FIG. 1. Three typical CILS spectra of He at differ-
ent densities; the intensity I is given in counts per
second.
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FIG. 2. Behavior of the depolarized intensity I» (~)/p
of He at ~ =30 cm '. The dots are the experimental
data, awhile the line represents a least-squares fit to
the data points; a typical error is also given.
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InP TABLE I. Experimental and theoretical values of
the moments of the two-body spectrum of He.

-$0'

Moment

@ {2)&&1P2 ($9)

q I('&~1P " (A'/sec')
(2) )( 10 52 (A 9/s ec4)

Experiment

4.71+0.47
8.9+2.7

0.64+0.32

Theory

2.75
6.66
1.85

-12

-13 '

100 200 3pp cm '

FIG. 3. Behavior of the two-body spectrum I„~ (w)

of He (logarthmic plot).

mental moments together with the values we have
calculated identifying P(x) with the leading term
of the DID approximation'4 and using the Lennard-
Jones potential. (The contribution of the second
term in the classical DID expansion to the zeroth
moment is less than 1/c of the value of the first;
this is why only the leading term has been re-
tained. )

The comparison of the calculated and experi-
mental values of the moments in Table I dramat-
ically shows the insufficiency of the point-dipole
approximation for the pair polar izability. The
discrepancy is so large that it clearly cannot be
resolved with a slight change in the pair potential,
which could be plausible for He. The comparison
shows also that the light-scattering mechanism,
similar to the case of argon, ' must be ascribed
to a polarizability anisotropy which besides the
DID and overlap terms has a positive intermedi-
ate-range term. In the ease of helium the effect
of the non-DID terms, which are shorter range
than x ', is amplified with respect to the case of

argon because the experiment has been performed
at a reduced temperature TH, * = 27.6 which yields
a much larger interparticle penetration during a
He-He collision than for an Ar-Ar collision for
which T~*= 2.487.

Theoretical calculation of the behavior of the
pair-polarizability anisotropy of He at short range
(r & c) have been performed both from ab initio
calculations"' and with a local polarizability den-
sity model of the atom. ' Those calculations pre-
dict a short-range contribution to the polarizabili-
ty anisotropy which is negative in sign in strong
disagreement with our experimental results. An
empirical behavior for the pair-polarizability
anisotropy of He can now be derived with a meth-
od similar to the one adopted for Ar (Ref. 4); this
lengthy calculation is now in progress in our lab-
oratory.

We express our gratitude to Dr. George Birn-
baum and Dr. George Tabisz for very helpful dis-
cussions and suggestions regarding the prepara-
tion of the manuscript.
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A new theory of atomic motion in a resonant standing or traveling electromagnetic wave
is presented. It is shown that, when effects of spontaneous emission are negligible, the
motion of a two-level atom in the resonant radiation is determined by two noninterfering
wave functions, each of which satisfied a time-dependent Schrodinger equation with time-
independent potential energy. An experiment is proposed to test the theory.

There has been renewed interest in recent
years in the theory of atomic motion in resonant
and near -resonant electromagnetic waves. This
interest was initiated by the development of high-
power tunable lasers, and interest has continued
because of possible application of the theory to
problems of laser isotope separation, ' ~ atomic
trapping and cooling, ' ' neutral-atom accelera-
tion, ' ' and atomic-beam-deflection spectros-
copy 10 12

An atom il.luminated by resonant radiation ex-
periences at least two types of radiation force:
a force associated with spontaneous emission,
and a force due to interaction of the induced atom-
ic dipole moment with the amplitude gradient of
the applied field. The radiation pressure asso-
ciated with spontaneous emission has been exten-
sively investigated both theoretically" and ex-
perimentally, '""and will not be discussed in
this Letter. A theory of the induced-dipole force
has been developed by Ashkin for the case where
the atomic response may be described by a po-
larizability, ' and a certain off-resonance focusing
effect associated with this force has recently
been detected experimentally. " A description of
the atomic response in terms of a polarizability
also involves spontaneous emission to the extent
that it is spontaneous decay that causes atomic
relaxation to the near —steady-state condition de-
scribed by a polarizability. If the atom-field
interaction is brief (less than a natural lifetime),
a theory based on the steady-state polarizability
is no longer appropriate, and, in general, Schro-
dinger's equation must be solved to determine
the atomic response. In this case, effects of

iR ' = — V'g, +E,g, —p, S(x) cosset p, ,~t 2M

iA'= — , V2$, + E,y, —pS(x) cosset P, ,

(2)

where p = (1 ~ p ~ i~ 2) is the transition dipole mo-
ment. In the case of exact resonance, &u=(E,

spontaneous emission are negligible.
The purpose of this Letter is (1) to present a

new theory of atomic motion in a resonant elec-
tromagnetic wave, applicable when effects of
spontaneous emission are negligible, and (2) to
propose an experimental test of the new theory.

The Hamiltonian for an atom in a classically
prescribed electromagnetic field, in the dipole
approximation, takes the form

H = P'/2M + Ho —p, ~ E(R, t ),
where P'/2M is the kinetic energy associated
with the center-of-mass momentum P, H0 is the
Hamiltonian for the internal motion of the atom,
p, is the dipole-moment operator, and E(R, t) is
the electric field evaluated at the center-of-mass
position R. Consider first the motion of a two-
level atom with energy levels E, and E& in a
monochromatic standing wave E(x, t) = egx) cosset.
Here the amplitude S(x) will be a solution of the
time-independent wave equation V'S+ (&u/c)'tt' = 0,
but is otherwise arbitrary. Let P,(x) and g,(x) be
the amplitudes for the atom to be located at posi-
tion x. and occupy energy levels E, and E„re-
spectively Then i.t follows from Eq. (1) that the
Schrodinger equation for the two-component wave
function is
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