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Total scattering cross sections for the Ar('P20) + N&(X) are reported over a relative velocity

range from 0.55 to 1.75 km/s. The data are compared with cross sections calculated from a spheri-

cally symmetric potential with four adjustable parameters. The best fit gave r ' and r potential

constants of 6.7+1.2 and 37.8+ l }.6 a.u. , respectively.

I. INTRI30UCTION

Argon-nitrogen gas mixtures are used for producing
gas lasers, ' and argon metastables are of prime impor-
tance in energy-disposal schemes of these systems. ' Ex™
periments by Muschlitz and co-workers, ' Krenos and
Bruno, Martin and co-workers, ' and the theoretical
work of Gislason, Kleyn, and Los' have identified the vi-
brational branching ratios in the electron energy transfer
process

Ar( P20)+N~(X)~Ar('5)+N2(C ll„) .

More recently Nguyen and Sadeghi" have state selected
the metastables in observing this process. Yet, there are
some questions concerning the Ar('P2 o) + Nz( X) interac-
tion potential.

The Ar( Pzo)+N~(X) system was investigated by
Winicur and Fraites' in a crossed-beam measurement of
the differential scattering cross section at a single-
collision energy from which they obtained a spherically
symmetric potential. Their results, which are discussed
in detail in Sec. IV indicate that the inverse r attractive
potential is 20 times less than theoretical, and the overall
potential curve is considerably different from that ob-
tained for the electronically similar K+N2 system. ' '"
This provided the motivation for the total cross-section
measurements reported here.

II. EXPERIMENTAL PROCEDURE

The single-beam machine used in this work has been
described earlier. ' ' Briefly, it consists of a gas
discharge beam source of metastable argon atoms which
are collimated, chopped, and velocity analyzed by the
time-of-fiight method. The beam velocity resolution as
calculated from the beam and chopper geometry varies
from 1.2% at a relative velocity of 0.5 km/s to 4.2% at
1.74 km/s. The relative velocity-dependent total cross
sections were obtained from measured beam velocity-
dependent effective cross sections by averaging over the
target gas velocity distribution (at 27'C) following Lang,
Lilenfeld, and Kinsey. ' This procedure neglects the
e8'ect of glory oscillations, a point which is discussed fur-
ther in Sec. IV.

No separation of the two metastable states was at-

tempted, however, in another work' with a similar gas
discharge source I'z states were shown to dominate by
about 6 to 1 over the I'o. The beam geometry has an an-

gular resolution by the Kusch criterion' of 1.8 minutes
which is suScient to ensure that small-angle scattering
errors in the observed total scattering cross sections are
negligible. The target gas pressure was measured with
an electronic capacitance manometer. A computer con-
trolled fhe data-acquisition procedure, cycled the target
gas in and out of the collision cell, and thereby averaged
out long-term drift in the beam intensity.

The measured cross sections are compared with values
calculated for an assumed potential form with adjustable
parameters. The parameters were adjusted by a non-
linear least-squares procedure to minimize the, 7 between
the calculated and measured cross sections. %'hen a
minimum t' was reached by varying all the free parame-
ters, the process mas repeated with a new set of starting
parameters until a true minimum was reached. Each cal-
culated cross section was obtained from phase shifts com-
puted by direct integration of the Schrodinger equation
using the Numerouv algorithm. ' The integration began
at a point well inside the repulsive core where the wave
function could be set equal to zero and went outward un-
til the phase shift converged to within 0.1% of a constant
value.

III. RESULTS

The Ar'+Nz total cross-section data are presented in
Fig. 1. The log-log plot allows an estimate of the long-
range r dependence of the interaction potential, since it is
well known that an r '-dependent potential leads to a
mean slope of 2/(s —1) on such a plot. While the
present measurements are absolute cross sections, they
are displayed in Fig. 1 in arbitrary units. This allows
comparison with relative total scattering cross-section
data obtained some time ago for the electronically similar

K+N2 system. For the K+N2 case the slope of 0.4 in-
dicates a long-range van der %aals r potential.

We have previously reported excellent agreement with
experimental results from other laboratories for
He'+Kr, Xe (Ref. 23), and Ne* and Ar*+He (Ref. 24).
In these interactions the dominant long-range interaction
is the van der %aals r term and the similarity to the
electronically analogous alkali-metal-rare-gas collisions
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FIG. 1. Comparison of present results with those of the
K+Nz system; open circles, present results; closed circles, Ref.
22. The relative cross sections are normalized to the lowest ve-

locity data point.

was demonstrated. The Ar'+ N2 case diSers from
K+N2 since bath Ar' and N2 have quadrupole tno-
ments. We have used a potential of the farm

V(r)=e /+5
7f —5

n (1 f)+6f r—m
Pl —5 r

~ 5

since there is reason to believe there is an r
quadrupole-quadrupole interaction term. Here the well
depth —e occurs at r~, and f is a mixing parameter vary-
ing between 0 and n l(n —6) as the long-range potential
goes from pure r to pure r dependence. Adjusting
n, e, r, and f for a best fit of the computed cross sec-
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FIG. 2. Measured Ar*+Nz total cross sections compared to
solid curve calculated from Eq. (1) with n =10, f =0.83,
a=8. 13&10 a.u. , and r =9.08 a.u. , dashed curve calculated
from Eq. I'2) with M = 16, N =24, I' = l2, a=3.69& 10 a.u. ,
and r = 12.62 a.u.

FIG. 3. Potential energy: curve A, present result for
Ar +Nz' , curve 8, result of Ref. 12 for Ar +Nz', curve C, re-
sult of Ref. 14 for K+ Nz.

tions to the absolute experimental values gave the result
presented in Fig. 2, where a linear plot is used to em-
phasize accuracy of the data and goodness of fit. The
best-fit potential parameters are presented in Table I
where they are compared with other work. The uncer-
tainties in the present results represent the range of pa-
rameters which produce calculated cross sections within
the experimental error bars.

The potential curves for the Ar' and K+N2 systems
are presented in Fig. 3. The K+N2 curve is an exponen-
tial repulsion form obtained experimentally by Malerich,
Povodator, and Cross' for high-collision energy (1—1000
eV).

IV. DISCUSSIGN

In the present work it is assumed that the Ar'+Nz to-
tal scattering cross sections is the same as the elastic
scattering cross section. This is justified since the
quenching cross sections for these collisions are within
our reported error bars.

In atom-molecule collisions rotational excitation can
occur due to deviations of the interaction potential from
spherical symmetry. Anisotropy has been observed in
K+ N& differential scattering measurements, howev-
er, only close encounters with the repulsive core exhibit-
ed the effect. The present measurements are primarily
influenced by the long-range potential. Furthermore, in
Ar('5)+N2(X) collisions the glory structure was not
afkcted, and a spherically averaged potential model was
quite satisfactory.

A substantial difference is shown in Fig. 1 between the
velocity dependence of K+N2 and Ar'+N2 cross sec-
tions. The steep decline of the Ar*+N2 data for speeds
above 0.4er /A'=—1 km/s is typical for the normal low-
to-high velocity transition. The dec1ine may simply
mark the transition region of this system and have noth-
ing necessarily to do with a r long-range interaction.
Thus it seemed reasonable to try to fit the present data
with the modified Lennard-Jones potential form
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TABLE I. Potential parameters (measured in au. ).

System

Ar +N 0.83+0.20 8.1320.15
15.0

9.08+0.05
6.31

6.7*1.2b 37.8+11.6
11.1'

299
250

286

Source

Present
Experiment

(Ref. 12)
Theory

Experiment
(Ref. 13)
Theory

'Only integers were considered.
«From Eq. (I}.
'From the double Lennard-Jones potential (Ref. 12), C& ——( ~~~ )sr 6.
dFrom the Kramer-Herschbach rule (Ref. 25).
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FIG. 4. Measured Ar +N2 effective sections compared to
the curve calculated from Eq. (3).

which was used by %'inicur and Fraites. ' The best St for
this potential, which is compared with the measurements
in Fig. 2, was not acceptable.

A repulsive quadrupole-quadrupole long-range interac-
tion, which in principle is possible, ' could explain why
the C6 value obtained in the curve fitting was too low.
However, in several attempts to fit the measured data us-
ing Eq. (I), but starting with a positive value of the r
term, the curve-Stting program consistently sought nega-
tive values to minimize 7 .

The use of the procedure of Lang, Lilenfeld, and Kin-
sey to convert the measured effective cross sections
Q, (U, ) (where v, is the beam velocity) to the average rela-
tive velocity-dependent total cross sections Q(g) can be
questioned, since it neglects the inhuence of glory oscilla-

I

tions. As a check on this procedure we have computed
Q, (u, ) using

Q,(Ui)=, I Q(g)g'(E E+)dg, —
IIU2U i

'2
Ui +g

v2 is the most probable velocity of the N2 target, and

Q (g) is calculated nuinerically from the potential (I) us-
ing the parameters given in the 6rst row of Table I. The
results are compared with the measured effective cross
sections in Fig. 4. There is slight (-6%) systematic de-
viation of the data from the calculated values, but the de-
viation is within experimental error.

While the procedure of 6tting theoretical cross sections
to experimental values using an assumed interaction po-
tential form does not yield a unique potential, it does
seem from the presentations in Figs. 1 and 2 that our
data shows the potential for the Ar'+N2 system to con-
tain r and r long-range interaction terms. The r
quadrupole-quadrupole interaction term is expected for
P-state atom encounters with homonuclear diatomic mol-
ecules, since both have quadrupole moments. '

V. CQNCI USIQNS

The Ar'+N2 total elastic scattering cross section can
be described by a spherically symmetric potential that
differs substantially from the K+N2 potential. The
Ar*+ N2 system exhibits some e8'ect of the r
quadrupole-quadrupole long-range interaction. Both our
work and that of %'inicur and Fraites' indicate the van
der %aals constant for Ar*+ N2 to be an order of magni-
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tude less than the K+N2 system or the Ar'+N2 value

based on polarizabilities and the Slater-Kirkwood formu-
la. %'e oft'er no theoretical explanation for this difference,
however, we are not the 6rst to observe it. The C6 value
measured by Winicur and Fraites' for Ar'+Nz is three
times smaller than the present result. Both works also in-
dicate the repulsive core for Ar'+ N2 to be smaller than
for K+N2.
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