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Absolute cross sections for the emission of Balmer-a and Balmer-8 radiations from H* + Ar collisions
between about 50- and 2500-eV proton energy and the polarizations of the emitted radiations are reported.
For proton energies above 300 eV, the contributions to these radiations from decay of the long-lived 3s and
4s excited states of hydrogen are resolved. The Balmer-a emission cross section exhibits a maximum at
about 1-keV proton energy. No such dominant feature is present at the n =4 level of excitation. The
experimental techniques used to make the measurements are described, and the results are compared with
the work of other investigatbrs and discussed on the basis of the interaction between these colliding species.

I. INTRODUCTION

In the preceding paper' (henceforth referred to
as I), the cross sections and polarizations for the
emission of Balmer-alpha and Balmer-beta radia-
tions from H + Ar collisions were reported. In
this paper, we report the results of similar stu-
dies using proton projectiles. The motivations
for this research are discussed in I, where the
experimental techniques employed to make the
measurements and the problems encountered are
described in detail.

The Balmer-alpha (H,) and Balmer-beta (H,)
radiations observed in this experiment result
from the decay of excited hydrogen atoms pro-
duced by the charge exchange process

H*+Ar —H*+Ar*. (1)

Because of the relative ease with which a proton
beam may be produced (in contrast to the neutral
H-atom beam used in I), numerous earlier mea-
surements of these emission cross sections have
been made. However, the present study is the
first to determine the contributions to the observed
radiations made by decay of the various excited
states involved and to measure the polarizations of
the emitted light in the low-energy region of in-
terest here. In addition, no other H, emission
data are available for proton energies below 300
eV, and no reliable total H, emission cross sec-
tions are available at any proton energy.

Section II discusses how the proton beam was
produced and handled in this experiment and takes
note of a particular problem encountered in the
measurements. The results of the absolute cross
section and radiation polarization measurements
are presented in Sec. III, where they are com-
pared with other data available for emissions from
the n=2, 3, and 4 levels of hydrogen and are dis-
cussed in terms of the basic collisional interac-
tion.

II. EXPERIMENTAL PROCEDURE

The protons used for these studies were gen-
erated in a duoplasmatron ion source. Following
extraction from the source and mass analysis,
they were focused into a parallel or slightly con-
vergent beam about 1 mm in diameter? at their
point of entrance into the target cell (typically
held between about 1 and 4 x 10" Torr Ar pres-
sure). The target-cell arrangement used is
shown in Fig. 1 of I.

Just prior to its entrance into the target cell,
the proton beam was electrostatically chopped to
a 50% duty cycle by deflection into a guarded ion
collector. This collector, well shielded against
both secondary electron and ion escape, was used
to monitor the proton current during the experi-
ment.® Thus the proton beam entering the target
cell was also square-wave modulated, allowing
the same convenient separation of photon-counting
signal from background as was available for the
H-atom impact measurements described in I,
The proton beam current was typically kept at
about 0.2 pA and could be determined to within
less than +3% uncertainty.

In all other aspects, the H* + Ar experiments
described here were performed in the same way
as the H + Ar experiments described in I. The
same procedures were used to measure the Ar
target density and to calibrate the photon detector
absolutely. Data were again taken as a function
of distance into the target cell to allow separation
of the contributions to the observed radiations
from the various emitting hydrogen-atom states,
and the polarization effects were handled in the
same way. i

One particular problem, however, was found
to be far more severe for the case of proton im-
pact. That is, the measured photon counting
rates, when normalized to the target cell pres-
sure, still exhibited strong increasing dependen-
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cies onthe target-cell pressure, indicating that
second-collision effects were making substantial
contributions to the measured signals.

This problem was soon identified as being a na-
tural consequence of other processes taking place
in the target cell. Since the charge exchange
cross section oy, for H* + Ar is well above 10718
cm? in the energy range covered here,* a signifi-
cant fraction (up to 20%, depending on the proton
energy, target density, and target-cell position)
of the incident protons can be converted to hydro-
gen atoms in the cell. Furthermore, since the
H, and H; emission cross sections for H-atom
impact are much larger than those for proton im-
pact (as can be seen by comparing the results
presented in I with those presented here), a sub-
stantial portion of the measured signal can be
traced to this two-step mechanism.

As an example of the dependence of the pressure-
normalized proton signal on the target-cell pres-
sure, the data in Fig. 1(a) are presented. Note
that, as expected, the pressure dependence of the
H, signal is much larger for those data taken near
the rear of the target cell, where the longer cell
path lengths afford larger opportunity for multiple -
collision processes. Note also that, while not nec-
essarily expected, the pressure-normalized signal
appears to depend linearly on the target-cell pres-
sure, allowing a linear extrapolation of the signal
to zero pressure to be made at each of the target-
cell positions listed, and allowing the true signals
from only H*+ Ar collisions to be extracted from
the measured results.

Figure 1(b) shows the same results when plotted
as a function of the target cell position x, and the
results obtained when zero-pressure extrapola-
tions of the data in Fig. 1(a) are made. Note that
these zero-pressure extrapolated data can be
nicely fitted to the expression shown, indicating
that 33% of the H, signal from H* + Ar collisions
comes from decay of the 4s state of hydrogen and
67% from the combined decay of the 4p and 4d
states. The procedures used to make this as-
signment are discussed in Sec. IID of 1.

In general, the magnitudes of the pressure ex-
trapolations of the photon signals increased dra-
matically for proton energies below 500 eV.

While the total H, and H; emission’cross sections
could still be determined to within reasonable un-
certainty in this lower-energy region, our confi-
dence in assigning values to the fractions of the
radiations coming from the various excited states
of hydrogen becomes limited for proton energies
below about 300 eV (the lowest proton energy for
which such results are presented), even though
such data were obtained down to 100-eV proton
energy.
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FIG. 1. (a) Target-cell pressure dependence of the
pressure-normalized Hy signal at various positions in
the target cell. (b) Target-cell position dependence of
the pressure-normalized H; signal at various target-cell
pressures and the zero-pressure-extrapolated results.

III. RESULTS AND DISCUSSION
A. Emission-cross-section results

The H, and H,; emission cross sections for H*
+ Ar collisions are presented in Fig. 2, where
they are plotted as a function of laboratory proton
energy. Also shown are the fractions of the ob-
served radiations from the long-lived 3s and 4s
states of hydrogen and from the short-lived p and
d states. The results have been corrected for the
polarization of the emitted radiations. The total
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FIG. 2. H, and Hz emission cross sections and indi-
vidual state contributions.

H, emission cross sections determined by Suchan-
nek and Sheridan® (adjusted as described in Ref. 5)
and of Dawson and Loyd,® are presented for com-
parison. Not shown are the data of Hess,” who re-
ports H, and H,; emission cross sections between
0.3- and 3-keV proton energy which, while having
about the same proton energy dependencies as
those determined here, are about a factor of 25
smaller.

The uncertainties in the total H, emission cross
section average to about +16% for proton energies
above 200 eV and increase to about +50% at 40 eV.
For the total H; emission cross section, the un-
certainties are typically about +18% down to 250
eV and increase to about +50% in the 100-eV pro-
ton-energy region.

At proton energies above about 500 eV , the un-
certainties in the contributions to the total radia-
tions from decay of the short-lived p and d states
of hydrogen are comparable to those cited above
for the total emission cross sections. The un-
certainties in the cross sections for emission
from the long-lived 3s and 4s states are about
twice as large, due primarily to the smaller con-
tributions made by these states. Below 500 eV,
the uncertainties in the relative contributions
from the various excited states multiply rapidly
as a result of the pressure-extrapolation problems

discussed above.

It is clear that the substantial maximum in the
H, emission cross section in the 1-keV proton-
energy region comes from emission from the 3p
or 3d states of hydrogen. In addition, it is highly
probable that the structure in the H, emission
cross section at about 400-eV proton energy comes
from radiation from the 4p or 4d states. Finally,
even though we have insufficient confidence in the
results to present them formally, the raw data
contain a suggestion that radiations from the 3s
and 4s states of hydrogen may become dominant
in the 100-eV region, and the emergence of these
contributions may explain the structures in the
total emission cross sections in this low-energy
range.

B. Radiation-polarizaton results

The polarizations of the observed H, and H,
radiations (viewed at 90° to the proton beam axis)
are shown in Fig. 3. The data presented show
the net polarizations of the total emission sig-
nals. The uncertainty flags represent the quad-
rature combination of the measured polarization
statistical uncertainties and the uncertainties
associated with the data unfolding process as de-
scribed in I.

Note the large negative polarization of the H,
radiation in the 1-keV proton-energy region, the
location of the large maximum in the emission
cross section shown in Fig. 2. While the Hg po-
larization is also negative in this region, it ap-
pears to swing to a positive peak at about 400-eV
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FIG. 3. Polarization of the total H, and Hy radiations.
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proton energy, the position of a definite structure
in the H, emission cross section. In fact, the H,
emission cross section also seems to show a
slight structure here, which is accompanied by a
rather abrupt positive trend in the H, polariza-
tion. In the 100-eV proton-energy region, the H,
polarization seems to be near zero, supportive of
the suggestion made above that radiation from the
3s state may be an important contributor in this
region.® While the uncertainty in the H, polar-
ization data is large at low energies, the results
are not inconsistent with a similar trend.

The data presented in Figs. 2 and 3 clearly in-
dicate that the charge-exchange-to-excited -state
reactions under study here are complex, with a
variety of states (and magnetic substates) being
populated as a function of the incident proton en-

ergy.

C. Comparison with other excitation data

A comparison of the present results with some
of the other available data for excitation of hydro-
gen atoms to the »=3 and 4 levels in H* + Ar col-
lisions is made in Fig., 4. The results shown are
“excitation” cross sections as opposed to “emis-
sion” cross sections (that is, allowance has been
made for decay branching ratios® for states such
as the 3p state which can decay via both Lyman-
beta and H, emission). Since our experiment
could not separate the radiations from the 3d and
3p states of hydrogen, our lower-energy data can
be described only by the cross section for excita-
tion of the 3d state plus 12% of that for excitation
of the 3p state. At the n=4 level of excitation,
our 4s-state excitation cross section has been ad-
justed to compensate for the fractional decay of
this state via Paschen-alpha emission. A similar
adjustment has been made to the curve labeled
4d +(~0.12)4p, by assuming (for determining the
magnitude of the adjustment required) that all the
observed radiation comes from decay of the 4d
state. Thus this curve represents the 4d-state
excitation cross section plus only approximately
12% of the 4p-state excitation cross section,

The 4s -state excitation data shown in Fig. 4(b)
clearly indicate the general proton-energy de-
pendence of this cross section. The present re-
sults agree within uncertainty with those of Daw-
son and Loyd,!° who normalized their cross section
to the data of Hughes et al.'® at about 10 keV. The
results of Doughty et al.'* were also normalized
to the work of Hughes et al.'® at higher energies,
and the discrepancy between these sets of data in
the 10-30-keV proton-energy region is a bit dis-
turbing, since essentially the same procedures
were employed for the measurements. Unfortun-
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FIG. 4. Comparison of the present low-energy cross
sections for excitation of the »=3 and 4 levels of hy-
drogen with other higher-energy data for H*+ Ar colli-
sions.

ately, no other data are available for excitation to
the 4p and 4d states of hydrogen.

At the 7 =3 level of excitation [Fig. 4(a)], our
3s -state excitation cross section is substantially
above that reported by Dawson and Loyd!® and (by
extrapolation) that reported by Hughes et al.'®* In
general, however, it appears that the 3s -state
excitation cross section drops much less rapidly
with decreasing proton energy than the 4s-state
excitation cross section, being relatively larger
in the few-keV proton-energy region.

The 3p -state excitation cross sections shown
exhibit considerable differences in magnitude.
The data of Dawson and Loyd® and of Hughes et all®
were obtained from H, emission studies, while
those of Andreev et al.'* and Risley et al.'? were
obtained via observation of Lyman-beta radiation.
In general, it appears that this excitation cross
section reaches a maximum value near 20-keV
proton energy, but does not fall rapidly with de-
creasing proton energy (at least down to proton
energies in the 2-keV region). _

On the other hand, the 3p-state excitation cross
section appears to be smaller (or at least heading
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towards a smaller value) than the 3d+(0.12)3p
excitation cross section found here in the 1-keV
proton-energy region. If it were to be assumed
that the H, emission signal measured here arises
from the 12% of the decay of the 3p state which
proceeds via H, emission, the actual 3p-state
excitation cross section would have to be about an
order of magnitude above that reported (for ex-
ample) by Risley et al.'? at 2-keV proton energy.
This argument leads us to conclude that the bulk
of the H, emission observed in the vicinity of the
pronounced maximum in the 3d + (0. 12)3p excita-
tion cross section in the 1-keV proton-energy re-
gion must come from decay of the 3d state of hy-
drogen. The 3d-state excitation cross section thus
appears to exhibit a double-maximum structure,
with cross-section peaks near 1- and 10-keV pro-
ton energy.

We feel that all the cross sections reported by
Hughes e? al.'® (and by Dawson and Loyd,%° who
normalized their results to the Hughes et al.'
data) may be too small in absolute magnitude. The
data of Suchannek and Sheridan,” when adjusted ac-
cording to the 3s/3p/3d-state excitation-cross-
section ratios of Hughes et al.'® and Dawson and
Loyd,® give total H, emission cross sections well
above the total emission cross sections reported
by these workers in the 5-25-keV proton-energy
region. The very-high-energy data of Ford and
Thomas'® are also somewhat above the results of
Hughes et al.'® A similar situation was found for
the case of H + Ar collisions, as discussed in I.

116
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Taking an average of the data discussed in the
previous paragraphs at the higher proton energies
and using the present results at the lower energies
yields the total H, emission cross section shown
by the dashed curve in Fig. 5. Shown also are
some of the available Lyman-alpha (L,) emission-
cross-section data and some of the cross sections
for population of the metastable 2s state of hydro-
gen in H* + Ar collisions. Other data are available
but largely duplicate those presented. The excep-
tion is the recent data of Suchannek and Sheridan®
for the L , emission cross section which, while
having the same proton-energy dependence as the
results shown, give a cross section more than a
factor of 2 smaller in absolute value.

The reason for this comparison is that the H,
emission cross section presented may be taken as
a lower limit on the cascade population of the 2p
state of hydrogen in H*+ Ar collisions. While
some small fraction (~5%) of the total H, emis-
sion goes via the 3p — 2s transition, this is more
than compensated by cascade population of the 2p
state from the n=4 and higher levels of hydrogen
in such collisions.

At the very high proton energies, the cross sec
tion for cascade population of the 2p state is of
the same order as the “measured L , emission
cross section.” This results from the fact that
the cascade contribution here'is mostly from
higher-lying ns states, whose radiative lifetimes
are sufficiently long that they escaped detection

in the Hughes ef al.'® experiment. In this proton-
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energy range, the reported L, emission cross
section is thus probably reasonable close to the
true 2p -state excitation cross section.

On the other hand, in the 1-keV proton-energy
region, it appears that more than half of the ob-
served L, emission may result from cascade pop-
ulation of the 2p state from the 3d — 2p transition,
giving a true 2p-state direct excitation cross sec-
tion below that for excitation of the 3d state.
Furthermore, if the lower values of the L, emis-
sion cross section reported by Suchannek and
Sheridan?' should be more nearly correct, the ef-
fects of such cascade processes would be even
more pronounced.

The effects of such cascade processes on the
measured cross sections for electron capture into
the metastable 2s state of hydrogen can be even
more profound. The cross-section measurements
reported by Jaecks et al.?° and Risley et al.’* were
obtained by Stark-electric-field quenching of the
2s -state atoms formed in their target cells (i.e.,
where the applied electric field mixes the 2s and
2p states), and noting the increase in L, emission
when the field is applied. However, the same
electric field will also mix the 3s, 3p; 4s, 4p;
3d, 3p; etc. states, opening the opportunity for
decay of these higher-lying states via higher Ly-
man-line emissions during the “field-on” mea-
surements. The cascade contribution to popula-
tion of the 2p state will thus be reduced during the
field-on measurement, causing the 2s-state exci-
tation cross section to be significantly underesti-
mated. It thus appears that the cross section for
electron capture into the 2s state of hydrogen may
be comparable to or even above that for capture
into the 2p state in the 1-keV proton-energy re-
gion.

D. Discussion of the H* + Ar interaction

While many more experimental data are avail-
able describing the production of excited hydro-
gen atoms in H* + Ar collisions than are available
for H + Ar collisions as discussed in I, the state
of understanding of such interactions is probably
less advanced. Indeed, we are unaware of any
definitive potential -energy curves upon which any
such detailed understanding can be based.

As in the case for H + Ar collisions, the reac-
tions leading to excited hydrogen atoms in H* + Ar
collisions are all exothermic by more than 10 eV.
Classically, one would thus expect that the reac-
tion cross sections would reach maxima for proton
energies above 10 keV. While many of the cross
sections shown in Figs. 4 and 5 reach maxima in
the 10-50-keV proton-energy region, many also
exhibit secondary maxima or at least cross-sec-

tion structure at lower proton energies. The
cross section for production of hydrogen atoms in
the 3d state is largest in the 1-keV proton-energy
range. Whatever specific reaction channel is re-
sponsible for this excitation, however, is ap-
parently substantially less operative for producing
4d-state excited hydrogen atoms.

Charge capture into the ns states of hydrogen ap-
pears to exhibit a definite trend with the principal
quantum number # in the lower proton-energy re-
gion. The cross section for 4s -state formation
drops rapidly with proton energy from its maxi-
mum in the 30-keV region with only a slight struc-
ture in the vicinity of 1-keV proton energy. The
3s-state formation cross section, however, ex-
hibits a more pronounced shoulder in the 1-keV
proton-energy region, while that for 2s-state
production appears to reach a definite secondary
maximum somewhere below 2-keV proton energy.
It appears unlikely that the small differences in
exothermicity involved in these reactions can, by
themselves, explain this behavior.

Risley et al.'? have suggested that reactions
leading to excited hydrogen atoms in H* + Ar col-
lisions can be interpreted on the basis of a single-
electron molecular promotion model, In their
picture of the collision (in which a 3p® core of
electrons in Ar is frozen), the first step is a
charge exchange between the initial H* + Ar(3p°)
state (*Z) and the H(ls) + Ar*(3p®) state (also 'Z).
As the collision proceeds, the latter state ap-
proaches a K*(3p°3d) configuration of the united
atom along the 'Z curve. At some small inter-
nuclear separation, a rotational transition (*Z
—111) occurs causing the system to separate along
the H(2p) + Ar*(3p°) state 'II curve. Additional ro-
tational transitions and/or long-range (Demkov)
interactions are then invoked to explain population
of the 2s and higher-lying states of hydrogen on the
outward-bound leg of the collision.

Such a model appears to have several attractive
features. First, if the initial charge exchange
step more or less limits the total reaction process
at the lower proton energies, one might expect
that the proton-energy dependencies of our mea-
sured emission cross sections would reflect that
of the total charge exchange cross section.* In-
deed, this is approximately true for proton ener-
gies below about 1 keV, where both cross sections
fall rapidly with decreasing proton energy.

Second, if the interacting system does approach
the K*(3p°3d) united-atom configuration along the
1% curve, a !Z—'A rotational transition could
also occur at small separation, causing the sys-
tem to separate into the H(3d) + Ar*(3p®) state at
infinity.?? Thus it might not be unreasonable to
expect that the cross sections for formation of
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excited hydrogen atoms in the 2p and 3d states
would be about comparable in magnitude at the
lower proton energies. As can be seen in Fig.

5, in the 1-keV proton-energy region, the H,
emission cross section (mostly from decay of the
3d state) is about half as large as the L, emission
cross section (basically the sum of the cross sec-
tions for capture into the 2p and 3d states of hy-
drogen, the 3d state feeding the 2p state via the
cascade process). Thus, the data are not incon-
sistent with such an expectation.

Furthermore, as noted in I, the polarizations of
the radiations from decay of the m,=0,+1, and +2
magnetic substates of the 3d state of hydrogen
should be +0.48, +0.26, and -0.70, respectively.
Since our measured H, polarization value in the
1-keV proton-energy region is about -0.3, it
would appear that a substantial part of the total
H, radiation from decay of the 3d state must come
from the m, = +2 magnetic substate. This fact is
consistent with the suggestion that the outgoing
molecular channel during the collision is 'A in
character.

On the other hand, Risley et al.'? argue that their
model successfully explains their finding that the
cross section for capture into the 2p state of hy-
drogen is much larger than that for capture into
the 2s state at the lower proton energies (these
workers investigated a region down to 2-keV pro-
ton energy). As discussed in Sec. IIC, however,
when the effects of cascade processes on the
measurements are accounted for, it appears that
the 2s-state capture cross section will be com-
parable to that for 2p-state capture in the 1-keV
proton-energy region. From this viewpoint, the
model (or at least their interpretation of the
model) appears to be inconsistent with observa-
tions.

In addition, we question the use of any single-
electron model in analysis of collisions of this
type. Indeed, it seems possible that at least one
molecular state involving the promotion of two
electrons may have some influence on the various
reaction channels which lead to excited hydrogen
atom (and argon atom) formation.

In I, we postulated that the transient existence
of a basically Coulomb state (H™ + Ar*) during an
H + Ar collision could be used to explain a number
of cross section data. To our surprise, very
crude estimates of the potential-energy curves for
the H* + Ar system suggest that a similar Coulomb
state (H" + Ar?*) may have some influence on the
reactions under discussion here. '

Figure 6 shows the results of our crude esti-
mates. For internuclear separations beyond
about 2 A, the curves shown should be fairly ac-
curate but, with the exception of the lowest two
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FIG. 6. Estimated potential-energy curves for the
ArH* molecule.

curves,’® no meaningful calculations of the poten-
tial energies of the states shown are available,
The H™ + Ar®* curve is our estimate, drawn here
to have a similar well shape but twice the depth
of that presented for the H™ + Ar* state shown in
Fig. 8(a) of I.

The important thing to note is that the deep
minimum in the H™ + Ar?* potential -energy curve
falls at about the same potential energy as the
curves leading to excited hydrogen and argon
atoms in the 1.5-A separation region. Thus,
similar to the situation described in I, the molecu-
lar wavefunctions for these excited states will
probably take on ionic characteristics in the re-
gion inside about 2-A separation. It is therefore
apparent that any serious calculations of these
molecular potential -energy curves will have to
include the Coulomb state in the basis set em-
ployed. )

Unfortunately, and in contrast to the H + Ar col -
lisions discussed in I, insufficient (low-energy)
cross-section data are available to support or dis-
prove the supposition that a transient Coulomb
state may have an influence on the reactions which
lead to excited atoms (or Ar*) in H* + Ar collisions.
Interestingly, the H™ + Ar?* production cross sec-
tion for proton energies above 2 keV does appear
to exhibit structure®* (perhaps analogous to that
for H™ + Ar* production for H-atom impact). Fur-
thermore, the cross section for Ar ionization,
i.e., H'+ Ar —H*+ Ar*+¢" (perhaps similar to the
H+Ar—H'+Ar +¢” reaction), does not appear to
be falling rapidly with decreasing proton energy in
the 5-10-keV region.?® Thus it is possible that
the reaction sequence H* + Ar — H + Ar?>*—H* + Ar*
+e”, with the first transition coming at some
small internuclear separation (perhaps through a
H+ Ar* intermediary step) and the second at the
crossing between these latter states at about 3.3
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;\, may be occurring. A critical test of this mod-
el would be to obtain additional H" + Ar?* and H*

+ Ar*+e” cross-section data at the lower proton
energies.

It would also be interesting to determine whether
the H™ + Ar** molecular state is populated directly
via transition from the initial H* + Ar state, or via
a (charge exchange) H + Ar* intermediary state.
Such a determination could be facilitated by study
of Ar*+H collisions at the lower energies.

In summary, reactions leading to excited hydro-
gen and argon atoms and Ar* ions in H* + Ar col-
lisions appear to be rather complex in character
and probably proceed through one or more tran-

sient molecular states existing during the interac-
tion. Insufficient data are presently available to
detail the mechanism(s) involved in such interac-
tions.
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