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%'e report first measurements of the velocity dependence of an alkali-rare-gas fine-
structure-state-changing collision with adequate range and resolution to reveal a peak
in the cross section. The method uses crossed atomic beams and selective laser exci-
tation. ' Results are presented for Na colliding with Ne, Ar, and Kr. The results for Na-
Ar are in good agreemext with theory, while those for Na-Ne and Na-Kr are in serious
disagreement.

Fine-structure-state-changing (FSSC) colli-
sions of alkali atoms with rare-gas atoms repre-
sent a model process for the study of inelastic
collisions in an electronically excited system.
Extensive calculations of excited alkali-rare-
gas potentials have been carried out, "and the
results have been used by a number of workers
to calculate velocity-dependent FSSC collision
cross sections. ' ' Although experimental studies
of FSSC collisions have a long history, ' compari-
sons of the predicted velocity dependence of the
cross sections with experiment have only recent-
ly become possible. We present here the first
measurements of a FSSC cross section with suf-
ficient velocity range and resolution to reveal the
general features predicted by theory, including
the velocity at which the cross section peaks.

Previous work includes gas-cell measurements
by Gallagher' on the temperature dependence of
FSSC collisions for Rb and Cs. For these atoms,
the fine-structure separation AE is so big that
for thermal velocities the Massey parameter,
$ = AE7/h (where ~ is the effective collision time),
is large. The cross section, which has a maxi-
mum when $ is of order unity, is observed to in-
crease rapidly with velocity. Gallagher's experi-
ments took advantage of this rapid increase to
achieve a velocity resolution of 30-40%, but the
method does not permit observation of o „,sc(v)
with good resolution over a range which includes
the peak cross section.

Anderson et al. ' have used atomic beams to
study o Fssc(v) for K-He collisions with 20-30% ve-
locity resolution. The use of K, with AE= 58
cm ', again resulted in a Massey parameter so
large that only a linear increase of v~s,c with v
was observed. Apt and Pritchard" have applied
the technique of velocity selection by Doppler
shift" (VSDS) to study Na-Ar and Na-Xe FSSC col-
lisions in a gas cell. While the experiment cov-

ered a velocity range which was theoretically pre-
dicted to include the peak cross section, the res-
olution, 30-80%, only permitted observation of
a monotonic increase (Xe) or decrease (Ar) in
the cross section.

We have combined the techniques of crossed
atomic beams and VSDS to measure o Fssc(v) for
the process

Na(3I'„,)+X-Na(3I „,)+X+~E,

where X represents Ne, Ar, or Kr. The velocity
range was (0.4-2.6) && 10' cm/sec, and the veloc-
ity resolution was between 5% and 15%. Isolation
of the transfer and resonance signals, separat|. d

by ~E = 1V cm ', was achieved by use of a double
monochromator and careful optical design. The
technique yields good counting rates and should
be applicable to a wide range of systems.

The experiment uses a collimated Na beam, a
free rare-gas beam, and a laser beam which in-
tersect in an interaction region. The rare-gas
beam is operated in the regime of supersonic
flow; its velocity spread was estimated to be
less than 10/o on the basis of measurements by
other workers with similar operating condi-
tions"" A cw single-mode tunable dye laser pro-
vides the laser beam which intersects the Na
beam at an angle of about 5' and excites the tran-
sition 3$,(2 3P312 The velocity of atoms which
are excited is selected by varying the laser fre-
quency in a manner similar to the VSDS tech-
nique. The selective excitation process has been
studied in some detail by Hertel et aE. '

The collision energy range can be extended by
varying the angle between the Na and rare-gas
beams. To obtain data in this manner the rare-
gas beam is rotated horizontally while the laser
is directed vertically along the rotation axis. Be-
cause the velocity resolution with this method
was only about 40%, the data obtained are not in-
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FIG. 1. OFssc vs relative velocity. Solid curves are
theoretical (Ref. 6); dashed curves are estimated fits
to experimental points.

a, , .(E) = rJ, „(E')(E'/E)g, /g, . . (2)

eluded below. With the addition of a velocity se-
lector the rotation method would yield much high-
er resolution.

OF»c is determined from measurement of the
fluorescence. Resonance fluorescence at the
3&3/2 38]i2 wave length provides a measur e of the
number of excited Na atoms in the interaction re-
gion, while the transfer fluorescence at the 3P, y2

-3S,], wavelength revelas the number of atoms
which have undergone the FSSC reaction, Eq. (1).
The ratio of transfer fluorescence to resonance
fluorescence is proportional to the FSSC collision
rate; dividing this rate by the collision velocity
yields relative values of v„ss~(v). We have not
attempted to measure absolute cross sections,
which are better measured by gas-cell tech-
niques. ""

Figure 1(a) shows results for Na-Ne measure-
ments taken using laser Doppler velocity selec-
tion with the atomic beams intersecting at 35 .
The experimental points, normalized to the maxi-
mum cross section, are compared with the theo-
retical prediction of Pascale and Olson, ' similar-
ly normalized. The uncertainties represent the
scatter between data taken in different runs.
Since the theoretical curves have been calculated
for the proc ess 3P ] /2 3P312 we have used de-
tailed balance to provide the relation

to obtain v», »,(E) from v„, »,(E') where E is
the initial center-of-mass energy and E'= E+ AE.

g,. is the degeneracy of the j state.
From Fig. 1(a) it is clear that while the theoret-

ical cross section peaks at about 2 &10' cm/sec
relative velocity, the data peak near 1 x10' cm/
sec. This conclusion is corroborated by the low-
er-resolution data taken by the beam-rotation
method (not shown) which clearly show that the
cross section decreases at velocities above 1 &10'
cm/sec.

Figure 1(b) shows Na-Ar cross-section curves
compared with the Pascale-Olson theory. Agree-
ment is good, and the peak cross section is ac-
curately located. Detailed comparison at the low-
est and highest velocities is difficult because of
poor statistics, but it is clear the the general
shape of the curve is correctly predicted by theo-
ry. The relatively large uncertainty at low veloc-
ities arises from corrections for excitation of
fast atoms from the 3S,»(E= 1) state in addition
to slow atoms from the 3S„2(F=2). Data taken by
the rotation method (not shown) agree with the
theory to within the experimental errors of about
3/o.

Figure 1(c) shows Doppler-selected data for Na-
Kr collisions with the beams at 35' and 120'. The
data for the two different angles have been sepa-
rately normalized to the peak cross section at v
= 1.5 &&10' cm/sec and are compared with the nor-
malized Pascale-Olson prediction. There is a
clear disagreement, but in this case the theory
is seen to predict a peak at too loze a velocity, in
contrast to the case for Na-Ne.

Qur conclusion is that the velocity dependence
of Na-Ar FSSC cross section is accurately pre-
dicted by theory while Na-Ne and Na-Kr calcula-
tions make a serious error in the location of the
peak cross section.

When our results are suitably averaged over
the collision velocity distribution-for the VSDS
experiment, we obtain collision rates which are
in good agreement with those measured by Apt
and Pritchard for Na-Ar" and Na-Ne. "

Pascale and Qlson' have related the general
features of the cross -section curves to the be-
havior of b, V= V(Z) —V(II), .the separation be-
tween the quasimolecular Na-X potentials arising
from the 'P state of Na in the absence of spin-
orbit coupling. They suggest, for example, that
behavior such as we observe in v„ssc (Na-Ne) cor-
relates with a larger slope of 4V than assumed
in the region where lb, VI= AE (around 15 a.u. ).
Interpretation of the discrepancy between theory
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and experiment for Na-Kr is complicated by the
fact that theory predicts that there are two re-
gions around 13 and 15 a.u. for which I 4VI= ~E,
and that vFss, c has two peaks, one at too low a ve-
locity for observation with our present techniques,
Calculations of crFss~(v) for Na-Kr using other po-
tentials are needed to identify the cause of the
discrepancy.

Carter et al. ' have found disagreement between
the results of elastic scattering experiments with
Ne and excited Na and the predictions based on
the Pascale-Vandeplanque potentials. They ob-
served a well depth for the II potential 20 times
greater than predicted. The experiment was sen-
sitive to internuclear separations smaller than
those important for FSSC collisions; taken togeth-
er with our results, the experimental picture sug-
gests that the calculated Na-Ne potentials may be
in error over a wide range of internuclear separa-
tion.

Although our collision measurements agree
with calculations based on the Pascale-Vande-
planque potentials for Na-Ar, spectroscopic
measurements on the A-X transition in Na-Ar by
York, Scheps, and Gallagher" reveal that the II
potential well depth is about twice that predicted.
In contrast, for the case of Na-Kr, the York-
Scheps-Gallagher measurements are in better
agreement with the Pascale-Vandeplanque poten-
tial, but our FSSC measurements disagree sharp-
ly with theory. The spectroscopic measurements
are sensitive to the potential at smaller distances
than are FSSC collisions; and it is apparent that
agreement between theoretical and spectroscopi-
cally observed potentials is no guarantee of theo-
retical accuracy in the difference potentials at
larger distances where inelastic collisions occur.

We thank David E. Pritchard for helpful discus-
sions.

KoI,e added. —R. P. Saxon and R. E. Olson have
communicated to us new theoretical results for

o Fs,c(v) based on an ab initio configuration-inter-
action calculation of the potential. Their results
are in excellent agreement with our data for Na-
Ar.
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