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The ionization (associative and Penning) total cross sections for He*(23S) +Ar and He*(2 ~S)

+Ar have been calculated from 10 to 10 eV and compared with experimental data. The clas-
sical calculations used interaction potentials that agreed with ab initio theoretical calculations
for the repulsive wall, possessed the correct long-range energy dependence, and were in
agreement with glory-scattering experiments. The coupling width was an exponential with its
free parameter determined by the thermal-energy ionization cross section for each system.
The calculations were then extended over a wide range of energies. It was found that as the
collision energy increased at the very low energies, the cross sections decreased until about
0.1 eV where they began slowly to rise. As the collision energy is further increased, the
cross sections reach a maximum of about 15 At around 10 eV, and then decrease again at
higher energies. The cross sections predicted by the high-energy results, 100-1500 eV,
are compared with the data of Moseley, Peterson, Lorents, and Hollstein (preceding paper)
and are found to agree within 20% and to have a similar energy dependence.

INTRODUCTION

The energy dependence of the ionization (asso-
ciative and Penning) total cross sections for
Ne*(2p'Ss P)+Ar were first reported by Micha,
Tang, and Muschlitz. ' These cross sections stim-
ulated interest to try to understand the unexpected
energy dependence that was observed. '~ In the
energy range investigated, the measured cross
sections were found first to decrease with in-
creasing energy, then to pass through a minimum
around 0. 05 eV, and finally to rise gently at the
higher energies (E&0.05 eV). In a previous pa-

per, this author was able to explain this phenom-
enon and theoretically reproduce these low-energy
data by using available potential curves for the Ne*
+ Ar interaction and a realistic exponential form
for the coupling to the continuum. Basically, this
behavior occurs because of the exponentially in-
creasing nature of the coupling width as the dis-
tance of closest approach decreases with increas-
ing energy. Furthermore, these calculations led
to the prediction that the cross sections would rise
to a maximum of about 10 A at around 10 eV and
then slowly decrease with increasing energy.
There were, however, at that time no high-energy
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measurements on this system to test these pre-
dlctl ons.

Work was therefore begun on the He*(2~S)+ Ar
and He*(2 S)+ Ar systems since there exist several
measurements at thermal energies ' and also re-
cent measurements in the 100-1500-eV region
by Moseley et al. (preceding paper). ' The energy
dependences of the low-energy ionization cross
sections, such as those measured by Tang, Mar-
cus, and Muschlitz for the Ne*+noble-gas sys-
tems, + are not available for the He*(2s)+Ar sys-
tems, and hence the opportunity exists for theory
to predict the energy dependence of the low-energy
cross sections. The high-energy Ne~+ Ar cross
sections have also been measured' and are com-
pared with the previous theoretical prediction in
the preceding paper. Although the theory under-
estimates the cross sections somewhat, the agree-
ment is satisfactory, particularly with regard to
the energy dependence.

For the present He*(2 s) + Ar studies, as in the
Ne*+ Ar study, the interaction potential was ob-
tained from ab initio calculations and elastic-scat-
tering information. The coupling width was again
normalized to the thermal-energy cross section.
The cross-section calculations were then extended
over five orders of magnitude in energy and com-
pared with the high-energy data to test the validity
of the theoretical procedure used here and in the
previous Ne*+ Ar calculations. We find that at
high energies the calculated cross sections are
within 20%%u(( of the experimental results and also
possess a similar energy dependence. At low en-
ergies, the computed cross sections exhibit the
same type of energy dependence that was found in
the Ne~+Ar system and has been more recently
observed in the Ne*+Kr and Xe systems. '

It appears that there will be a common energy
dependence to the cross sections for most of the
Ne*(2p '3s 3P) + noble-gas and He*(2 ss and 2 s)
+ noble-gas systems. That is, with increasing
collision energy, the cross sections at low ener-
gies will first decrease to a minimum around 0. 1
eV, then increase to a maximum of about 15 A~

at 10 eV, and finally decrease again at higher en-
cl glues.

Since the experimental measurements are most
conveniently made either at thermal energies
E& 0. 1 eV or at high energies E~ 100 eV the the-
oretical technique provides a means for interpola-
ting the cross sections into the interesting energy
region of G. 1 to 100 eV.

THEORY

The ionization total cross sections were calcula-
ted as a function of energy for the sum of the Pen-
ning ionization process

He*+ Ar He+ Ar'+ e

q = 2((o. j dt f Z(S),

where the ionization probability is given by

P(2)= 2 —exp(-2
dRI'(R)
Sv(( R

The radial velocity is calculated from

v2(R) = vo[ I —Vo(R)/E —b /R ] i

(3)

where vo is the incident velocity and 5 is the impact
parameter. In E(l. (3), o. is the statistical weight
factor that is unity for these systems. The inter-
action potential Vo(R) is that of the metastable
atom in the field of the neutral atom. The coupling
to the continuum is provided by the width I'(R),
which in this case we have assumed to be of ex-
ponential form. This form is similar to the shapes
of I'(R) calculated by Miller, Slocomb, and Schaef-
er, ' Bell, and Fujii et aE. ' for the He*+ H sys-
tem and is similar to that deduced from He*+ Na
experimental data by Hotop and Niehaus. '~ We
have restricted the coupling width to the simple
exponential form

I'(R) = e-'" .
The functional dependence of the interatomic po-

tential Vo(R) was chosen so that it possessed a
realistic shielded Coulomb form at small sepa-
rations and the correct —C„/R dependence at
large separations. The long-range 8 term is
exponentially damped at smal. l separations by using
the shielding length of the outer Ar core. This
removes unrealistic dominance of the attractive
terms at small separations. For small inter-
atomic distances, the potential parameters are
chosen so that the potential reproduced the Thom-
as-Fermi-Dirac calculations by Abrahamson for
Li+Ar. Because of the large range of collision
energies studied here, it was found that the com-
monly used Lennard-Jones or Morse potentials
were inadequate. The Lennard-Jones potential is
much too repulsive at small separations while the
Morse potential has too soft a repulsive core. We
chose instead to use a form similar to that em-
ployed by Smith et a/. for He'+Ar scattering,
employing the appropriate change in the long-range
forces. The potential is parametrized by (all
(luantities are in atomic units)

V(R)=(2/R)(8e" (((+8e" ~+2e" c&)—(C /R )

and of the associative ionization process

He*+ Ar -HeAr'+ e

where He* is He(2'S) or He(2'S). The calculations
were performed using the classical formulas found
in a paper by Miller. " Here, the ionization cross
section is
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&& [1 —e (1+X+ 2 X + 8 X + ~ X ++g() X )J,

(&)where

X= it/C„. (6)

For both the He*(2 S) and He*(2 S)+Ar scattering,
we set C„=0. 98, CL, = 0. 18, and C~ = 0. 057. C~
and C» are the same screening lengths as given
in Table I of Ref. 1V. C„was varied slightly from
0. 93 so that the potential minimum for the He*(23S)
case would agree with the glory-scattering re-
sults of Hothe, Neynaber, and Tx~xjillo. ' The
long-range C,„coefficients were obtained from the
work of Bell, Dalgarno, and Kingston with C,
for He*(23S)+Ar being set at 226 a. u. and C,„ for
He*(2 S)+ Ar being set at 325 a. u. The potential-
well parameters used in these calculations are
given in Table I and the repulsive portion of the
potential is displayed in Fig 1. .For the He~(23S)
+ Ar glory scattering, the quantity derived from
experiment is the product & x o, & being the well
depth and o being the zero of the potential. The
potential used for the He~(2'S) scattering agrees
to better than 1/0 with the value of &xo obtained by
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FIG. 1. SolM lines: the repulsive region of the
potentials used in these calculations. 'l'he dashed line
is from the Thomas-Fermi-Dirac calculations on Li
+Ar by Abrahamson (Ref. 16).

Hothe et al.
The value of the screening length used for the

coupling width, Eq. (6), varies with the experi-
mental thermal-energy cross section that is used
for the normalization of the theoret;cal cross sec-
tions. The values of 8 will be given in the dis-
cussion of the next section.

RESULTS AND DISCUSSION

Hc"(Z~S) + Ar

The results for the He*(2 S)+Ar calculations
are presented in Fig. 2. The width, Eq. (6), was
normalized to the thermal-energy result of Sholette
and Muschlitz. The exponential constant B in the
width was found to be equal to 0. 66Vao. Several
other experimental values ' for the thermal-en-
ergy cross section are shown in Fig. 2 along with
the energy dependence of the low-energy cross
sections measured by Jones and Robertson. All
measurements are in reasonable agreement with
one another.

By using an interaction potential obtained from
eLastic-scattering data and theoretical calcula-
tions and a width normalized to a thermal-energy
cross section, the ionization total cross sections
can be computed at several other energies. To
test this theoretical extrapolation, we have com-
pared the theoretical results with the high-energy
cross sections of Moseley et al. Since the high-
energy experimental results are four orders of
magnitude in energy away from the thermal-ener-
gy normalization, this comparison provides a.

severe test of the theoretical procedure. The
high-energy cross sections were measured by two
separate methods that are completely described
in the preceding paper. In brief review, however,
some of the high-energy cross sections are optical
measurements of the deactivation of He*(2 S) by
Ar and are depicted by the open circles in Fig. 2.
The open squares, in turn, are the deactivation
cross sections measured by detecting the slow ions
produced when an unknown mixture of He*(23S)
and He*(2'S) collides with Ar. Since the optical
techniques show that the deactivation cross sec-
tions for He*(23S) and He~(2 S) on Ar a,re almost
the same and are similar to the cross sections
measured by detecting the slow ions, the ioniza. —

tion cross sections for He*(23S)+ Ar should be
very close to those shown and provide a good test
of the theoretical method. Furthermore, it can
be argued that for deactivation of He*(2 3S), the
only plausible mechanism is via ionization since
excitation of the He* to the 2 I' state is not tol-
lowed by an allowed transition to the ground state.

The theoretical cross sections are found to be
approximately 15%%uo below the high-energy experi-
mental results. The energy depender. ;ce of the
cross sections is also found to be in reasonable
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agreement. If the width were normalized to any
of the other thermal-energy cross sections, there
would be very little change at the higher energies
[this will be seen in the next subsection on the
He*(2'8)+Ar cross sections]. Therefore, any
difference between theory and experiment is prob-
ably caused by an inaccurate interaction potential
or most likely by the simple form used for the
width, Eg. (6). It does not seem appropriate,
moreover, to vary the functional form of the width
to reproduce the high-energy data because of the
uncertainties in the interaction potential and the
experimental data.

The theoretical low-energy cross sections have
an energy dependence similar to that observed in
the Ne*('P)+Ar, Kr, and Xe systems. ' We pre-
dict that the He*(2sS)+ Ar, Kr, and Xe cross sec-
tions will also have an energy dependence similar
to that shown in Fig. 2.

In light of the assumptions made in the theoret-
ical calculations, it is estimated that the accuracy
of the theoretical cross sections is +50%%uc. By
comparing the theoretical cross sections with the
high-energy measurements, it is expected that
the theoretical ones mill be slightly below the true
values at the higher energies.

He*(2'8) + Ar

The He*(2'8)+ Ar calculations proved to be a
more difficult problem in that the thermal-energy
cross sections used for the normalization of the
width were not consistent with one another. Here,

Sholette and Muschlitz find a value for the ioniza-
tion cross section of 7.6 A +7%%uc and Macl ennan'
finds 9.0 A +30%%uo, while Schmeltekopf and Fehsen-
feld find 16.4 A +30%. We have therefore used
the two end values of the thermal-energy cross
section to normalize the width and then have com-
pared the results at high energies. Using the
cross section of Schmeltekopf and Fehsenfeld, ' the
value of h in the width is found to be 0. 680ao.
From the data of Sholette and Muschlitz, we find
8 to be 0. 629ao.

The calculated cross sections for the two dif-
ferent normalizations are shown in Fig. 3. Even
though the theoretical cross sections mere nor-
malized to thermal-energy results that differ by
more than a factor of 2, at the high energies, 100-
1000 eV, the hvo calculations differ by less than
25%%. However, because of uncertainties in the
interaction potential, the functional form for the
width, and the high-energy experimental results,
it is impossible to ascertain which thermal-energy
result is most accurate.

The high-energy data displayed in Fig. 3 are
taken from the preceding paper. The open circles
are the deactivation cross sections for the He*(2'8)
+ Ar reaction as obtained by optical methods. The
open squares are the deactivation cross sections
obtained by detecting the slow ions produced when
a mixture of He*(2 8) and He*(2 S) collides with
Ar. To complicate this reaction further„ it is
probable that the deactivation cross sections do not
represent only the ionization reaction. Unlike
the He*(2'8)+ Ar case, it is possible for the
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FIG. 2. He*{238)+Ar ionization total cross sections. The data at, thermal energy are: MacLennan, Hef. 5, 9.0 A2

+30%; Sholette and Muschiitz, Ref. 4, 7.6 A2+7%; Holden, Hemsworth, Shaw, and Twiddy, Ref. 6, 7.0 At +20/p, Ben-
ton, Ferguson, Matsen, and Robertson, Ref. 3, 6.6 A2 +20fp' Schelneltekopf and Fehsenfeld, Ref. 7, 6.34 Ata30%;
and the error bars are from Jones and Robertson, Ref. 6, who report 7.7 .A. + 9/p. Their thermal-energy result is
displaced slightly for clarity. The high-energy results are those of Moseley, Peterson, Lorents, and Hollstein, Ref. 9.
The solid line is the theoretical calculation.
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FIG. 3. He~(2 8)+Ar ionization
total cross sections. The data at
thermal energy are: Schmeltekopf
and Fehsenfeld, Hef. 7, 16.4 L2

+30%; Mac Lennan, Hef. 6, 9. 0 ~2

+30%; and Sholette and Muschlitz,
Hef. 4, who report 7. 6 A2 +7%.
The high-energy results are those
of Moseley, Peterson, Lorents,
and Hollstein, Bef. 9. The solid
lines are the theoretical calcula-
tions.

He*(2 S), on collision with Ar, to be deactivated
by first being excited to the nearby 2 P state and
then transferring via an allowed transition to the
ground state. Therefore, the experimental deac-
tivation cross sections can only provide an upper
limit to the ionization cross sections. It is there-
fore difficult to provide error limits for the the-
oretical cross sections since there is such a large
discrepancy in the thermal measurements and
since the high-energy measurements cannot be
considered strictly ionization cross sections. We
can only estimate, assuming that one or the other
thermal-energy cross section is found to be cor-
rect, that the theoretical curve through it will be
accurate to + 50%%uo.

CONCLUDING REMARKS

Precautionary statements should be made about
the difficulties of determining the functionality of
F(R) from experimental data. These difficulties
arise because of uncertainties in the elastic inter-
molecular potential and in the experimental data.
For the systems studied here, the experimental
cross sections measured at thermal energies dif-
fer appreciably among one another, and at the
higher energies the experimental cross sections
can only be considered an upper limit on the ion-
ization total cross section. Therefore, the use of
a simple exponential form for I'(R), Eq. (5), can-
not be justified by the experimental data alone but
must also be supported by theoretical calcula-
tions.

The experimental data, however, can demand
specific requirements on F(R). The easiest way
to understand the requirements on I'(R) is to uti-
lize the small transition-probability formula for
the ionization cross section given by Miller.
Here, the cross section is given by the simple in-
tegral

4n

~RO

dRR F(R)[I —V(R)/E] i

where Ro is the classical turning point for b= 0.
Since it is reasonable to expect I"(R) to decrease with
increasing R, the main contribution to the above inte-
gral comes fromthe regionof R justoutside R,. To
the lowest order then, the cross section will be
roughly proportional to the quantity RsF(Rs)/v.

For the case at hand, we can now understand why

the cross sections, with increasing collision en-
ergy, rise to a maximum at about 10 eV and then
decrease again at the higher energies. The func-
tional form of I'(R) is required to be such that the
quantity RaF(Ra)/v increases as the collision en-
ergy increases from thermal energy to about 10 eV
and then decreases at the higher energies. If we
review the energy dependence of the classical turn-
ing point Ro, we find that in increasing the energy
above thermal energy, Ro decreases relatively
rapidly so that with a realistic form for I"(R), such

as an exponential, the quantity RaF(Rs)/v will in-
crease. At the higher energies, however, Rz will
remain relatively constant since we are now on
the steeply repulsive wall of the potential. For
these energies Raa F(Rs)/v can only decrease, and
we can expect the same behavior from the cross
sections.

Other functional forms for I'(R) can certainly
meet the above requirments and explain the data.
In fact, a better fit to the data could be made by
using a two parameter form for I'(R) such as I'(R)
= A p . However, this compjication is unjusti-
fied since a better fit of the data would not imply
a more accurate I'(R). An inversion to I'(R) has
to be based on knowing accurately the elastic in-
termolecular potential and the experimental cross
sections. Neither of these requirements exist
here, so any I"(R) obtained certainly could not be
considered unique.
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Optical studies of spectral lines produced in collisions of He'+ H2 have been made at energies
below 700 eV. Lines of atomic hydrogen and helium are the only features observed. Emis-
sion cross sections have been measured for Lyman-P, Balmer-e, Balmer-8, and for the
following Hex lines: 6876 A (8 D —2 P), 6678k (2 D 2 P), 4471k (4 D 2 P). Emission
cross sections are also listed at certain selected energies for all spectral lines which have
been observed. Polarization measurements have been performed on the Balmer-n, the Bal-
mer-p, and the visible helium lines. Only the Balmer-0. line exhibits significant polarization,
and the results have been interpreted as indicating that the excited hydrogen atoms dissociate
primarily in a direction perpendicular to the ion beam.

I. INTRODUCTION

Stedeford and Hasted' have measured the total
cross section for charge transfer in He'+H2 colli-
sions and have tentatively postulated that the prod-
ucts are helium atoms in the ground state and Hz'
ions in the lowest antibonding state. This state of
the molecular ion, 2pa.„, dissociates into a proton
and a hydrogen atom in the ground state. However,
Dunn, Geballe, and Pretzer have concluded from
the shape and magnitude of the excitation cross
section for producing the I yman-n line by these
collisions that the charge transfer at energies be-
low 2. 5 keV takes place almost 50go of the time in-
to states of 83' which then dissociate into a proton
and a hydrogen atom in the 2 I' state. Gusev et
g5. have shown that the Balmex -z and -P lines are
also produced rather strongly by He'+Ha colli-
sions. The implications of these optical observa-
tions are that most, if not all, of the charge ex-
change at low energies takes place into states which
ultimately result in excited hydrogen atoms. In
the present work we have extended the spectral ob-

servations in order to obtain a more complete pic-
ture of the excited atomic states which may result
from collisions of the He'+H2 system at energies
below 700 eV. Both the Lyman and Balmer series
as well as lines of He r have been investigated.
The emission cross sections for several lines have
been measured from threshold to 700 eV, and
values are tabulated at a few selected energies for
all spectral features which have been observed.

The polarizations of the Balmer-a and -P lines
have also been measured as a function of the ener-
gy of He' ions. The latter appears to be unpolar-
ized, but the former exhibits a polarization which
is highly dependent upon the ion energy, being a
maximum of about 12% at 50 eV. Van Brunt and
Zare have pointed out that both unequal populations
of the magnetic substates and a nonisotropic angu-
lar distribution of the molecular dissociation axes
are required in order for polarized light to be ob-
served. Although the magnitude of the polariza-
tion can provide information about this angular dis-
tribution, the interpretation of the experimental
results is ambiguous unless one knows which states


