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Charge exchange in Het and Ar* collisions with H, (D,) and N, is studied at small angles. This work
extends our earlier studies which primarily emphasized the direct inelastic scattering at low keV energies.
Using time-of-flight techniques for energy analysis of the scattered atoms, it is directly shown, for the first
time, that in Ar* + H,, Art'+N,, and He* + N, the dominant small-angle charge-exchange process is
quasiresonant (Q ~0). In He* + H, there is no available quasiresonant channel, and here the dominant final
channels are associated with energy losses from 13 to 18 eV. A simple model is proposed.

I. INTRODUCTION

Studies of low-keV-energy inelastic collisions in
Ar*+N,, He"+N,, and He"+H, have recently been
reported.’? Although these are complex systems,
the results of this earlier work clearly indicated
that simplifications in the theoretical treatment of
such collision problems are indeed possible. As
examples, it was concluded that (a) the collision
occurs with the entire molecule rather than with
one of its atoms, (b) only the ground and selected
electronically excited states of the molecule par-
ticipate in the scattering, and (c) the electronic
and vibrorotational excitation occur independently.
The last conclusion, (c), is of special interest
since the collision problem becomes separable
into an electronic excitation-problem and one in-
volving the vibrorotational excitation.

Although detailed studies were made only on the
direct scattering, it was shown that charge-ex-
change collisions are important at small angles
and dominate the scattering at the larger angles.
It is particularly important to understand charge
exchange (in ion-atom, ion-molecule, and in ion-
surface systems), since it is an important process
in obtaining high-energy neutral beams for injec-
tion into magnetically confined plasmas. Charge-
exchange processes also play important roles in
gaseous discharges and in astrophysics. Charge-
exchange collisions have been studied using optical
techniques and such experiments to date have
yielded significant information on the processes
involved.3-® Although optical studies are capable
of providing sufficiently high energy resolution to
allow identification of some of the participating
states, the measurements cannot yield informa-
tion on collisions resolving to the ground state or
to metastable final states. Except for a very
limited number of scattered projectile-emitted
photon coincidence experiments (see Ref. 5 as an
example), collision studies on photons generally
involve total excitation cross sections. The pres-
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ent work supplements the optical studies and pro-
vides for a more detailed understanding of charge
exchange.

The general features of the inelastic scattering
are discussed in Refs. 1 and 2. This earlier work
provided some identification of the processes par-
ticipating in the direct scattering, and we now re-
solve several of the questions raised about charge
exchange. Time-of-flight (TOF) techniques are
used for energy measurements on the scattered
neutral atoms resulting from the collisions. The
present paper reports on small-angle charge ex-
change in He'+H,, Ar*+N,, Ar*+H,, and He*+N,
collisions. In the last three cases, the dominant
charge-exchange processes are found to be quasi-
resonant because of the availability of energy
levels which are close in energy to the incident
channel. Furthermore, in these three systems,
electron capture occurs into the ground state of
the scattered He or Ar atom. In He'+H, there is
no available quasiresonant channel, and our
experimental results show directly for the first
time that the dominant small-angle charge-ex-
change processes occur with energy losses of
13-18 eV. These energy losses correspond to
processes yielding He’(1s,n > 2)+H'+ H(1s) and
H;(X?Z]) as well as He’(1s*) accompanied by en-
ergetic H"+ H(z > 1) fragments. A useful model
for considering the charge-exchange process is
presented.

II. EXPERIMENTAL METHODS

Except for several minor modifications required
for the TOF measurements,®” the basic experi-
mental arrangement is described in Refs. 1 and 2.
Figure 1 shows the modified apparatus which now
includes a set of beam pulsing plates (length 1 cm,
separation 0.5 cm) and a TOF detector. Although
the scattered particles pass through the electro-
static energy analyzer on their way to the TOF de-
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FIG. 1. Schematic of the
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tector, the analyzer is not directly used in these
experiments. We do not report on scattered ions
in this paper, but it is of interest to note that the
TOF detector used in the present studies permits:
simultaneous acquisition® of both the ion and neu-
tral spectra. This is accomplished by accelerating
the ions as they enter the TOF detector, thereby
advancing their normal arrival time and yielding
separated spectra for the ions and neutrals. The
detector and related experimental techniques will
be discussed in detail in future papers.® For the
current work, a 0.33-MHz quartz oscillator is used
to trigger a signal generator which then provides

a positive square-wave pulse (%10 V in amplitude)
to one of the pulsing plates (the second plate is
biased at a fixed dc voltage). The signal generator
also supplies a pulse to a single-channel analyzer
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FIG. 2. Time-of-flight energy spectrum of scattered
ArY from 1.0-keV—0.5-deg Ar*+ Ar collisions. The en-
ergy calibration is determined from the positions of the
two peaks.

which in turn provides a delayed logic pulse to the
stop input of a time-to-amplitude converter (the
start pulse is provided by the detected particle).
The 0-10-V output of the time-to-amplitude con-
verter is connected to the PHA input of a multi-
channel analyzer. ' _

In an inelastic collision, AE, the energy loss of
the scattered beam is given by

AE=AE_+Q, (1)

where AE,, is the kinematically required energy
loss for elastic scattering at the observation angle
.and @ is the inelastic energy loss. In analyzing
energy-loss spectra, the @ values are determined
from the measured AE and calculated AE, using
Eq. (1).227

In the absence of elastic channels in the neutral
spectra, these are no reference positions from
which energy losses can directly be determined.
The required positions are however established
from those found from the resonant charge ex-
change in Ar*+ Ar and in He*+ He collisions. A
typical spectrum for the Ar*+ Ar case is shown in
Fig. 2. The position of the large peak corresponds
to the location of the elastic reference peak, while
the separation between the two peaks provides the
necessary energy calibration for scattered Ar.
Similar calibrations are obtained for He.

III. EXPERIMENTAL RESULTS
A. Ar*+N,
. Charge exchange in Ar*+N, is studied at an en-
ergy of 1.0 keV and over the angular range of
0°-2°. Figure 3 shows a typical energy spectrum
of the scattered Ar°. The dominant peak corre-
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FIG. 3. Time-of-flight energy spectrum of Ar? from
1.0-keV—-0.25-deg Ar*+ N, collisions. Peak A corre-
sponds to Ar%+Nj (X 22}) and represents a quasiresonant
charge-exchange process. Peak B corresponds to Ar?
+N('s) +N" ¢p).

sponds to a final Ar®+Nj;(X2X;) configuration
which is in accidental energy resonance (@ =~ 0)
with the initial Ar*+N,(X'Z;) configuration. The
spectrum also shows a weakly excited peak cor-
responding to Ar®+N(%S°)+ N*(3P) with Q ~8.7 eV.*°

B. Ar'+H,

The Ar*+H, charge-exchange collision is studied
at 1.0 keV and over the angular range 0.05° to
1.25° Figure 4 shows a typical energy spectrum
of the scattered Ar®. The single peak corresponds
to Ar*+H, ~ Ar°+ H}(X?Z}) (@ ~#0). Charge ex-
change in this system is dominated by this quasi-
resonant process.

C. He"+N,

Charge exchange in He"+N, is investigated at
energies of 0.5 and 1.0 keV and over the angular
range 0.25°-2.0°. The spectra show a single domi-
nant peak corresponding to He(1s?)+ N;(C 2Z})

(@ =0). This final configuration is in accidental
energy resonance with the initial He*+ N,(X'Z;)
configuration.

D. He"+H, (He"+D,)

The He*+H, (and D,) collision is studied at
selected angles from 0.1° to 3.0° and at beam en-
ergies of 0.5, 0.75, and 1.0 keV. Figure 5 is an
energy spectrum of the He® from 0.5-keVv, 0.5°
He*+ D, collisions and except for the position of
the peak (which moves toward larger @ values
with increasing scattering angle) is typical of all

Ar*+Hy, = Ar° +H3
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FIG. 4. Time-of-flight energy spectrum of Ar® from
1.0-keV—0.25-deg Ar*+ H,collisions. The peak corre-

sponds to Ar’+H3(x ?=}) and represents a quasiresonant
charge-exchange process.

the spectra seen. This particular spectrum is
taken with a relatively high He background pres-
sure (in the source chamber) to locate the position
from which the @ value is determined. The small
peak represents resonant charge exchange in He*
+He and is independent of the H, scattering gas
pressure. A schematic representation of the par-
ticipating direct scattering states reported in Ref.
2 (and there labeled A, B, C, and D) as well as

a selected number of charge exchanged states is
shown in Fig. 6. As is evident, quasiresonant
exchange scattering is not possible since there is
no state in the charge-exchange domain at the
position of peak A (the elastic peak in He*+H,).
The dominant charge exchange peak in Fig. 5 has
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FIG. 5. Time-of-flight energy spectrum of He? from
0.5-keV—0.5-deg charge-exchange collisions. This
spectrum is taken with a relatively high He background
pressure to locate the position from which @ is deter-
mined. The small peak corresponds to resonant charge
exchange in He*+ He. The main peak at @ =13+ 1 eV is
at an energy loss corresponding to He*+D,—~He*+D*
+D(1s), as well as to He’(1s?) accompanied by energetic

" D*+D(®=1). The weak structure to the left of the He*

+He peak suggests electron capture to He(ls?) at thresh-
old Q.
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FIG. 6. Selected states in He*+H,. The exchange
states are shown at threshold (H* and H fragments have
no kinetic energy). A, B, C, and D refer to levels seen
in the direct scattering reported in Ref. 2. The domin-
ant charge-exchange processes at small angles occur
with energy losses near B. This suggests electron
capture into excited He levels or into He’(1s%) accom-
panied by H*+ H(z = 1) fragments with the necessary
additional kinetic energy.

a maximum at @ ® 13 eV and lies close to an ex-
cited He level. Over the entire energy and angular
range studied the dominant final channels are as-
sociated with 13=Q =18 eV corresponding to
He(1s,n>2)+H"+H(1s) as well as to He®°(1s?) ac-
companied by H*+ H(z > 1) fragments with the nec-
essary additional kinetic energy. The latter type
of process can result from the excitation of an
antibonding state in H,* yielding energetic dis-
sociation fragments.

IV. DISCUSSION OF THE RESULTS

In the Ar*+N,, He*+N,, and Ar*+H, cases it is
established that the small-angle (large-impact-
" parameter) charge-exchange collisions primarily -
involve final states corresponding to quasiresonant

He* AND Ar* ON H, AND N, 2363

(@ = 0) processes. In He'+H, a quasiresonant
channel is not available, and the dominant elec-
tron capture does not involve processes with the min-
imum allowed @ values. Within the energy resolution
of the current experiment the initial small-angle
charge-exchange processispeakedat@~13eV. In
the direct scattering studies in He* + H,, the lowest
electronically excited channel (peak B in Ref. 2)
corresponded to a @ value of 13.3 eV. The re-
duced differential cross section when plotted as a
function of 7, the reduced scattering angle, showed
a maximum at 3 keVdeg for peak B. The reduced
differential cross section for charge exchange
showed a maximum at the same position.? This
behavior suggested that a common primary mech-
anism may be responsible for both peak B in the
direct inelastic scattering and for the charge ex-
change at these angles.!! The measured @ for the
small-angle charge exchange provides additional
justification for this interpretation and suggests a
simple model of the collision which is similar to
one used in explaining ion-atom charge exchange
in He"+Ne,!? and in the nonsymmetrical alkali ion-

- alkali atom cases.!® In these systems, the charge

exchange proceeds via couplings between initial
and final states that lie close together at large
internuclear separation.’*'® In He*+H,, a similar
situation could exist following the collisional ex-
citation of peak B at @ =13.3 eV (as one example).
Here, as the collision partners separate, this
state comes close in energy to a number of ex-
change states resulting in possible electron tran-
sitions to them. After excitation of an exchange
state, additional interactions with the direct (peak
B) and other exchange states occur. In He'+H,,
the large number of available states results in a
dominant role for charge exchange in comparison
with the direct scattering.? On the basis of this
model, the peaks of the reduced differential cross
sections for the exchange and direct scattering
will be found at a common 7 value since both pro-
cesses result from a common primary inter-
action.

A similar model could account for charge ex-.
change in the Ar*+N,, Ar*+H,, and He*+N, cases.
Here quasiresonant processes are possible and
couplings between the direct elastic and charge-
exchange channels occur. It is also interesting
to note that the lowest-lying direct inelastic scat-
tering peak in Ar*+N, is associated with a @ =8.1
eV. Figure 3 shows a small peak representing
Ar*+N, - Ar°+ N(4S°) + N*(°P) (@ = 8.7 eV) and sug-
gests a coupling between the direct inelastic and
the close-lying charge-exchanged channel. This
result is especially interesting since the observed
channels occur at @ 0 and @ =~ 8.7 €V while a num-
ber of other possible exchange channels with inter-
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mediate @ values are not populated.

The matching of energy levels in the direct and
charge-exchange cases plays an important role in
determining the states excited in these collisions.

If the direct scattering state is close in energy to
a large number of charge-exchanged states, they
should become very important in the collision pro-
cess.
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