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Crossed-beam measurements of differential cross sections for elastic scattering and charge.
exchange in. low-energy Ar+-Ar collisions.
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Differential cross sections for Ar+-Ar collisions, have been measured at four liboratory energies in the
range 2.7-20 eV and laboratory scattering angles from 2 to 90 deg using a crossed-beam apparatus. Data
are presented as absolute differential cross sections in the center-of-mass coordinate system as functions of
relative translational energy and center-of. -mass scattering angle. The data preserited should be sufficient to
aQow rather precise determination of the long-range portion of the Ar -Ar interaction potentials. Preliminary
interpretation of the rainbow scattering data, .gives a dissociation energy 8, for the 'X+ state of Ar, + of
1.4/+0. 05 eV.

I. INTRODUCTION

Renewed interest in the potential curves of
rare-gas dimer ions has been stimulated by recent
demonstrations of vacuum-uv lasers involving
Rydberg states of the neutral molecules. ' Since
these states may be, described by a single' electron
in an outer orbit of the diatomic ion, ' knowldge"
of the ionic molecular states is basic to an un-
derstanding of the excimer states. Earlier mea-
surements of elastic scattering of Ar'-Ar have
been reported by Lorents and co-workers"' and
by Mittmann and Weise. ' Recently, several nem
experimental methods have been applied to studies
of the Ar, system. Photoionization efficiency
measurements on the Ar, Van der %aals dimer,
using a molecular-beam technique, mere reported
recently by Ng, Trevor, Mahan, and Le~e.' Mea-
surements of photodissociation cross sections for
Ar, ' have been reported by Miller, Ling, Saxon,
and Moseleyv and by Vestal and Mauclaire. ' Mose-
ley and co-workers' have reported an extensive
study of the Ar, ' potential curves using the tech-
nique of photofragment spectroscopy.

In the present work, we have repeated the ear-
lier Ar'-Ar scattering experiments at laboratory '

energies of 10 and 20 eV, but have extended the
angular range out to 90' in the laboratory, and
have also measured the differential cross sections
for elastic scattering and charge exchange at
lower energies. As discussed in connection with
our earlier work on He'-He scattering, "measure-
ments at low energies which include differential
cross sections for charge exchange should allow
a more precise determination of structural fea-
tures in the scattering, such as the rainbow max-
imum, and, correspondingly, a more precise
determination of the potentials.

The experimental apparatus and techniques
employed in this-work are identical to those de-
scribed previously, '0 with one exception. For the

present work, the Ar neutral beam was formed
by a seeded supersonic molecular beam with H,
as the carrier. Thi:s technique has the advantage
that the neutral energy is substantially increased,
moving it to a more convenient energy in the
laboratory; however, it has the disadvantage that
the '-absolute spread in energy of the neutral beam
is substantia1ly increased, causing some loss of
effective resolution in the wide-angle scattering
measurements. The use of the seeded beam also
introduces an-added uncertainty in the determi-

. nation of absolute cross sections since the intensity
of the Ar portion of the neutral beam is more
difficult to determine with good absolute accuracy.

.II. EXPERIMENTAL

The argon neutral beam was formed using a
mixture of V.8% Ar in H, . For the fully expanded
supersonic jet, the most probable axial velocity
is given by

v = (5i'eT/mPi',

where T is the stagnation temperature, k is
Boltzmann's constant and m is the average mass
of the molecules in the jet." For this mixture,
m is 4.96 amu and the most probable velocity
(T = 300 K) is 1;59 && 10' cm/sec. Assuming no
slippage between the argon and hydrogen, the
calculated energy of the Ar neutrals is 0.52 eV.

The energy distribution of the neutral beam was
measured by ionizing a small fraction with an
intersecting electron beam and measuring the
energy distribution of the resulting ions with
the ion analyzer set at 90 in the laboratory. The
measured distribution is shown in Fig. 1, and,
as shown in the figure, the most-probable energy
determined experimentally is 0.53 eV. The full
width at half maximum is 0.20 eV. Since the cal-
culated fuQ midth at half maximum of the trans-
mission function for the energy analyzer under
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beam diameters and angular divergences compared
to the He' beam at comparable energies. Ion-
beam energy distributions were recorded at each
energy and the results were essentially the same
as found for the He' beams. All of the other in-
strumental parameters and distributions were
identical with those described in detail in our
earlier work, "and the same techniques and com-
puter programs were used to obtain absolute
differential cross sections from the measured
intensities of scattered ions.

FIG. 1. Energy distribution of the Ar neutral beam
determined by ionizing a portion of the beam with an
intersecting electron beam and using the ion analyzer
set in line with the axis of the neutral beam.

TABLE I. Summary of primary-ion-beam character-
istics.

Laboratory Angular width
energy (eV) Total Beam

Diameter intensity
(cm) (10 ~0 A)

19.9
10.7
5.1
2 23

0.55
0.55
0.65
1.85

0.3
0.3
0.5
1.8

0.37
0.37
0.38
0.42

8.4
5.7
2.0
3.9

Half width at half maximum in degrees.
Measured width.

~ Estimated after correction for detector resolution
according to Eq. (12) of Ref. 6.

~ Calculated from Eq. (13) of Ref. 6.

the conditions of this measurement is only about
0.07 e7, the measured distribution is not sig-
nificantly different from the true energy dis-
tribution of the Ar neutrals. "

The response of the neutral-beam detector was
calibrated independently for beams of pure argon
and pure hydrogen, but was not calibrated directly
for the seeded beam. The enrichment of the heavy
species in a supersonic expansion is given ap-
proximately by the mass ratio. " Thus, for the
conditions employed in this work, the beam com-
position was approximately 62% argon and the
balance H, . 'The response of the beam detector
to a beam of this composition was calculated from
the calibration factors for the pure gases. For the
present work, the Ar neutral-beam intensity ob-
tained by this procedure was 2.3 x 10" molecules/
sec with an estimated uncertainty of +20%.

The properties of the ion beams employed in
these experiments are summarized in Table I.
The i:on-beam intensities were substantially
greater than used in the He'-He work described
previously' which caused a small amount of space-
charge broadening as shown by the slightly larger

III. RESULTS AND DISCUSSION

The differential-cross-section data obtained
in this work are summarized in Figs. 2 (a)-2(d).
The data are presented as semilog plots of ab-
solute differential cross section per steradian
in the center-of-mass coordinate frame. In this
representation, the reactant ion is at 0' and the
reactant neutral at 180'. These plots are direct
tracings of computer plots drawn by the data-
reduction computer program. The data points are
connected by straight-line segments to aid in
visualization. The error bars indicate + one
standard deviation as determined from counting
statistics; where error bars are not visible the
calculated error was smaller than the size of the
plotted points. Our worst-case estimate of the
probable error in the absolute cross section is
+40%, however, the error in the relative cross
sections is much smaller, both between runs and
within a single run, and is probably not greater
than a 10/0. Near either of the reactant beams the
angular uncertainty is +0.2'; however, at angles
near 90' (center-of-mass), this uncertainty may
be as large as +0.5 .

Our results at a relative collision energy of 10
eV are compared with the earlier work of Aberth
and Lorents' in Fig. 3. While the two results are
in fairly good agreement, the discrepancies that
are observed are very similar to those found
between our results" and those of Lorents and
Aberth" for the He'-He system. In every case
our absolute cross sections are smaller by a fac-
tor of 2 to 3 and corresponding structural features
in the cross-section curves are found at somewhat
larger scattering angles in our work.

Our results for the three higher energies are
shown plotted in reduced coordinates, ~=-@p-

and p=2vgsingdo/dA, in Fig. 4. Part (a) shows
thy results in the "elastic" scattering region
extending from the ion beam to somewhat beyond
the rainbow angle, and part (b) is the correspon-
ding data in the "charge exchange" region with

X replaced by z —X in computing the reduced vari-
ables. In all six curves, the rainbo~ maximum
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FIG. 3. Comparison of present results at 10 eg rela-
tive collision energy with the earlier work of Aberth
.and Lorents (Ref. 3).
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is clearly visible and occurs at v'=130+2 eVdeg.
From theoretical considerations it is expected
that the position of the rainbow maximum, as a
function of 7', should be nearly independent of
energy. Lorents et al.4 found a smaller value of
v'=115 eVdeg for the rainbow angle in reduced
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0 . 90 . x (deg) ISO

FIG. 2. (a)-(d) Absolute differential cross sections
for Ar' —Ar scattering determined in the present work.
Data are presented in center-of-mass coordinates. The
relative translational energy is indicated on each plot.

coordinates with the value varying from about
124 eV deg at 22.5 eV to 110 eV deg at 5 eV. It is
obviously important in using the reduced coor-
dinates that the ion energy be accurately deter-
mined. As described in our earlier work, "the
energy analyzer used in the present work was
accurately calibrated so that our most probable
ion energies are known with an absolute uncer-
tainty of less than 0.1 eV at all energies. The
techniques used to calibrate the ion energy are
not stated in the work of Lorents et al. ,' but the
energy spread of the ion beam is given as 2 eV.
If we assume that the actual energy in their ex-
periments was about 2 eV higher than the nominal
value at all energies (possibly due to the plasma
potential in the ion source) and use the "eorreeted"
energies to compute the reduced angle T, their
results are brought into excellent agreement with
ours for both Ar'-Ar and He'-He. Vfhile we cannot
justify such a correction on the basis of data
available, it would account for essentially all of
the observed discrepancies in the location of the
structure observed in the two sets of experiments.

The theoretical calculations of Gilbert and Wahl'4

give a value for the dissociation energy of the
'Z'„state of Ar, ' of D, =1.25 eV, and Lorents and
co-workers4 have shown that the theoretical po-
tential predicts a value of v'=116 eVdeg for the
rainbow angle in reduced coordinates. Assuming
that the posi. tion of the rainbow angle in reduced
coordinates is linearly related to the depth of the
potential well, our results imply a value for D,



M. L. VESTAL, C. R. BLAKLEY, AND J. H. FUTRELL 17

20
x 0.5

14- r

l2
E

~" ip
I

8

/

/

/
4 ]
2 /

0

0 8
0

I i i i i I

l00
( Vo) 200

I I

(a)

300

14 y 1 I I f I
i

I - I I
$

f I I

(b)

IO

2
O

0

8

6

0
0 ~00 g (ey o) 200 500

FIG. 4. Present results in the region of rainbow
scattering plotted using the reduced coordinates y= EX
and p=2rysinx do-/dO. Part (a) gives the results in
the "elastic" region, and part (b) gives the results in
the charge-exchange region with y replaced by m -X in
computing the reduced coordinates.

of 1.40+0.05 eV. This result is in reasonable
agreement with the earlier result D, = 1.34 + 0.1
from scattering experiments by Mittmann and
Reise' and the very receQt value of Dp 1 33+0 02
eV determined by Moseley and co-workers' using
the technique of laser photofragment spectroscopy,
but is significantly higher than both the theoretical
value" and the experimental value of D, =1.23
+0.02 eV determined by Ng et a/. 'from the pho-
toionization threshold of Ar, . It should be noted
that since the photoionization result depends on
determining the threshold for producing Ar, ' by
ionization of the Ar, Van der Waals dimer, it gives
a reliable lower limit for the dissociation energy
of Ar, ' but does not necessarily determine the
actual value.

Partial cross sections obtained by integrating
the differential data over selected angular regions
are summarized in Table II. At the two higher
energies, the absolute backward-scattering cross
sections are about 30% smaller than earlier the-
oretical" and experimental" results on charge

exchange. This discrepancy is within our esti-
mated absolute uncertainty, and may indicate that
we have overestimated the concentration of argon
in the seeded neutral beam. As in the case of
He'-He, "we find a dip in the charge-exchange
cross section at lower energies and a decline in
the charge-exchange cross section relative to the
elastic-scattering cross section with decreasing
energy.

At the higher relative translational energies
investigated in this work, regular oscillations
in the differential cross sections are observed
at scattering angles larger than the rainbow angle.
The period and amplitude of these oscillations are
in good agreement with the earlier results of both
Aberth and Lorents' and those of Mittmann and
reise' at comparable translational energies. The
latter investigators and Jones et al. ' have inter-
preted these oscillations as being due to gerade-
ungerade (g-u) interferences involving the m states.
The present results appear to contradict this
interpretation since the g-u interference structure
is expected to be antisymmetric about &z, while,
as shown in Fig. 5, , the regular oscillations in our
results are symmetric. While some antisym-
metric structure is visible in Fig. 5, particularly
at larger scattering angles, the regular oscil-
lations between 15' and 45' are very nearly iden-
tical in the forward and backward regions. This
observed symmetry seems to imply that this
regular structure is due to nuclear symmetry
interferences rather than the g-u interferences
as previously assumed. '

There is also apparent in our results, as il-
lustrated in Fig. 5, a more slowly varying oscil-

TABLE II. Summary of partial scattering cross sec-
tions for Ar+-Ar collisions.

r& (ev) 0'&E d e f
6 174 +16 164

10.2
5.6
2.8
1.35

29.6 10.0
31.0 14.3

- 21.3 36.4
3g.7 57.7 '

8,1 10.2
10.3 12.2
36.4 12.7
~ ~ ~ 3 2g

4.6 5.7
6.4 7.5

14.6 g.4
57.7 23.5

All cross sections in units of 10 6 cm
Total "charge exchange" cross sections were obtained

by integrating the experimental differential cross sec-
tions from y=90' to g=180'.

e Total cross section for elastic scattering between
~ and 90', for the two higher energies g - =4'.

60
~I111
X

~ Not determined.
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lation which is antisymmetric. In an attempt to
extract this structure from the data we have com-
puted the upper limit on the probability of charge
exchange according to the formula

Pcm =dc'(w —)()/[dc( y) + dg(& —g)]

and have smoothed the result by taking a 5' running
average of the data to remove the finer oscil-
lations. The results are summarized in Fig. 6.
The frequency of the slowly varying oscillation
decreases markedly with decreasing collision
energy, and, as in the case of He'-He collisions,
the probability of charge exchange tends toward
a maximum at small scattering angles for the
higher energies, but at lower energies the prob-
ability for charge exchange appears to approach
zero at small scattering angles.

FIG. 6. Upper limit on probability of charge exchange

PCE as a function of scattering angle calculated from the
experimental data according to Eq. (2) and smoothed by
taking a running average of the data over a 5' interval
to remove the final oscillations. The relative transla-
tional energy corresponding to each curve is indicated
on the drawing and the correct scale for each is iden-
tified by the horizontal line at P~ = 0.5 which intersects
the curve.

IV. SUMMARY

The present results should contain sufficient
information to determine accurately the Ar,
potentials over a substantial range of internuclear
distances by use of iterative inversion techniques
such as those described by Olson and Mueller. "
However, such an inversion procedure presents
a rather formidable task because of the number
of potential curves involved and the presence of
several overlapping interference patterns. Clear-
ly, measurements such as those reported in this
work, but employing different isotopes, would
substantially simplify the interpretation since
the g-u interference could be observed without
the overlapping interferences due to nuclear sym-
metry.
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