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Inelastic collisions in the He+ + H2 system at low-kev energies*
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The direct and charge-exchange scattering is studied in the He+ + H, collision system. Charge exchange, which

is investigated at energies from 0.5 to 3.0 keV and at angles out to 12', rapidly becomes the most important

collision process as the scattering angle increases. At least two dominant channels contribute to the charge

exchange. Direct scattering is studied at 1.0, 2.0, and 3.0 keV and at small angles. The direct scattering shows

He+ energy-loss spectra having four peaks representing elastic scattering and inelastic processes resulting from

vibro-rotational excitation of the ground and electronically excited states of H2 and H, . It is shown that the

collision involves the entire molecule and that there is negligible coupling between the electronic and vibro-

rotational excitation. Reduced cross-section plots for the observed direct scattering exhibit a behavior

suggesting that the inelastic processes result from interactions occurring at particular interparticle separations.

I. INTRODUCTION

Atomic collisions have been studied both theo-
retically and experimentally for many years. Al-
though it was recognized that inelastic collisions
would occur (even at energies just above thresh-
old}, detailed studies only recently became possi-
ble with the development of refined experimental
and theoretical approaches. In particular rapid
progress in our understanding of atomic collisions
followed the introduction of collision spectroscopy
techniques to scattering experiments. In these
experiments the angular and energy distributions
of scattered particles are determined and provide
information on the participating states as well as
on important collision parameters such as the
distance of closest approach. The detailed infor-
mation obtained stimulated the development of the
necessary theory and greatly increased our under-
standing of the dynamics of atomic collisions. The
application of collision spectroscopy to ion-mole-
cule systems is a more recent development, and
there are few papers to cite which make the re-
quired measurements. The present work shows
that collision spectroscopy can indeed provide
significant information, even on these more com-
plex collisions.

Although ion-molecule collisions occur frequently
and are important in determining the behavior of a
large number of systems including gaseous dis-
charges and the atmosphere, little theoretical
work has been done on such collisions. This is of
course understandable since the problems involved
are formidable. Contributing to the difficulties
is the availability of many inelastic channels, even
at very low energies. The molecules can be elec-
tronically and vibro-rotationally excited, they can
dissociate, charge-exchange processes can occur,

and the atomic projectiles pre subject to excita-
tion.

ln the ion-atom and atom-atom cases the experi-
mental results led to the development of useful
models and suggested theoretical approximations
which could be applied to the problems. The theory
was rather rapidly advanced to the point where
good agreement between theory and experiment
could be achieved in many cases. In the ion-mole-
cule problem there are several possible simplifica-
tions that can be made in the theoretical treat-
ment. In the case of homonuclear molecules the

g or u symmetry of the molecular states may play
an important role in limiting the possible outgoing
channels. The relative importance of ~-~, ~-II,
etc. transitions in the molecule can allow for
further simplification. In addition the recent work
of Fernandez, "on Ar'+N„demonstrated that the
electronic and vibro-rotational excitation of the N,
resulting from the collision occurs independently,
thus allowing a separation of the problem into two
simpler ones.

The present work" on He'+H, is basically
similar to that done on Ar'+N, . The current
studies are more detailed however and include
determinations of cross sections.

II. EXPERIMENTAL METHODS AND RESULTS '

The apparatus and most of the experimental
techniques employed have been previously de-
scribed'4 and are only outlined here. Figure 1
shows the experimental arrangement. He' ions
produced by electron bombardment in an ion
source are extracted, mass-analyzed, and focused
into a beam by an ion optics system employing
cylindrical electrostatic lenses. The resulting
He' beam is collimated and enters a scattering
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FIG. 1. Schematic of the
apparatus.
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cell containing H, at low pressure. A fraction of
the beam, scattered through an angle 0, enters a
detector chamber positioned at 0. The scattered
beam then passes through the entrance slit on the
front plate of a 13-cm-long parallel-plate electro-
static energy analyzer which scans the energy
spectrum of the scattered He'. Scattered He'
(from charge-exchange collisions) passes through
the analyzer and exits from a slit on the rear
plate. During operation the front analyzer plate
is grounded while the voltage on the rear plate is
varied. Channeltron electron multipliers located
behind each exit slit of the analyzer detect the
energy-analyzed ion and the undeflected neutral
components of the scattered beam. For studies
of direct scattering, the entrance and exit slits
are typically set at effective widths of 0.0038 and
0.0025 cm, respectively. The measured full width
at half maximum (FWHM} of the incident beam is
about 0.6 eV at 1 keV. Energy-loss spectra (ELS}
are obtained by a multiscaling technique which has
been described in detail elsewhere. ' For measure-
ments of the probability of electron capture the
analyzer slits are kept fully opened (0.6 cm). The
beams have a calculated FWHM angular profile of
0.17' for 0& 0&1.25' and 0.28' for 1.0'& 0&2.5'
for the ELS measurements. In measurements of
the probability of electron capture the FWHM is
0.28'for 0& 0&2.5'and 0.68 for 2'& 0. The mea-
sured FWHM is usually narrower than the calcu-
lated values stated. '

A. Determination of the total differential cross sections

The "total" (independent of charge state and
energy loss) differential cross section o(&) may be

obtained from'

3.1 &&10 " dT(8)'"- 1.~(~)

where the constant is a conversion factor from tar-
get gas density to the measured pressure at room
temperature. T(6) is the measured beam inten-
sity reaching the detector at scattering angle 0,
Io is the incident beam intensity, P is the scatter-
ing gas pressure in Torr, and g(6) is a geometric
factor determined by the region of the scattering
gas volume contributing to the measured signal.
The value of g(9), which is calculated from the
known apparatus geometry, depends on the scatter-
ing path length and on the solid angle subtended by
the detector at the scattering angle. ' In the pres-
ent experiment o(8) is determined from the slopes
of the scattered beam intensity vs scattering gas
pressure curves. The scattered signal is mea-
sured by a ratemeter reading the beam intensity
reaching channeltron C1 (Fig. 1) with no voltage
on the electrostatic analyzer. Over the energy
range where cross-section results are presented,
the detection efficiency of C1 is close to 100%.
The incident beam intensity is generally deter-
mined by a Faraday cup. A motor-driven leak
valve admits target gas to the scattering cell where
the pressure is measured by a capacitance manom-
eter. Figure 2 shows a typical data set taken at
2.0 keV and over the angular range from 2.0 to
3.0 deg. To ensure the reliability of the data each
plot is made as the pressure is increased to its
maximum value and then brought down to the start-
ing low pressure. The data are discarded if the
curve does not retrace properly. In addition to
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FIG. 2. Total scattered
beam intensity as a func-
tion of scattering gas pres-
sure at 2.0 keV in the angu-
lar range from 2.0 to 3.0
deg. Each plot is made by
an X-F recorder as the
pressure is increased to
its maximum value and
then brought down to the
starting low pressure.
Data are discarded if the
curve does not retrace
properly.

providing reliable data the technique continuously
demonstrates that single-collision conditions are
met. Figure 3 shows the resulting differential
cross sections at energies between 1.0 and 3.0 keV.
Because of possible differences in detection effi-
ciencies between the Faraday cup and channeltron
C1 the cross sections are reported in arbitrary
units.

P, (8) =N(8)/ [N(8) +I (8)] (2)

and is determined from a simultaneous measure-
ment of I(8} (the number of ions detected at scat-
tering angle 8) and of N(8) (the number of neutral
atoms detected at scattering angle 8). The mea-
surements are made' by fully opening the slits
on the electrostatic energy analyzer and applying
a suitable potential to the rear analyzer plate
which ensures collection of all the scattered ions
by channeltron C2. The scattered neutral atoms
are detected by C1, and it is demonstrated that the
detection efficiency is the same for C1 and C2.' Fig-
ures 4 and 5 give the results of these measurements
in terms of P,plotted as a function of v', the reduced
scattering angle (defined as E,8, where E, is the
incident energy}. Charge-exchange processes are

B. Charge exchange

Charge-exchange scattering is studied' for ener-
gies between 0.5 and 3.0 keg and out to a.maximum
angle of 12'. P, (8), the probability of charge ex-
change is defined as

seen to be important and occur in a large fraction
of the collisions.

The total cross section for charge exchange in
He'+H, was measured by Stedeford and Hasted, '
and the dominant process was assumed to be

He'+H, -Hea+H2 (2P v„}-He'+H'+H(ls}

from arguments based on the adiabatic hypothesis.
Preliminary results of a recent investigation of
charge exchange (in Ar'+CO) using a time-of-
flight measurement for state identification demon-
strated that the adiabatic hypothesis may in fact
not be applicable to ion-molecule collisions. '
Optical analysis of He'+H, charge-exchange scat-
tering' '" indicated that the primary source of de-
tected radiation was due to final collision products

He'+H'+H(n & 2).

The conclusion of these early experiments is that
charge-exchange processes, resulting in bound-
state excitation of H,

' are weak. Optical studies
generally must be interpreted with caution since
they cannot respond to collisions resulting in
ground-state final products. Although it is not
possible to identify the specific processes from
the present studies, the general shape of the curves
in Figs. 4 and 5 suggests that at least two different
processes are involved. The problem may be re-
solved i.n the near future by time-of-flight mea-
surements on the scattered He, which could yield
direct information on the states excited.
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FIG. 3. Total differential cross sections for scatter-
ing in He'+H2 collisions. The cross sections shorn con-
tain contributions from scattered He' and He in an angu-
lar region from 0.5 to 7.0 deg.

C. Direct scattering

The energy-loss spectra of the scattered He'
.show the presence of four dominant peaks labeled
A, B, C, and D. The quantity of physical interest
in this experiment is Q, the inelastic energy loss
which permits identification of the states excited.
Energy-loss spectra obtained in collision experi-
ments however do not directly yield Q values,
which must be calculated from the data and re-
quir e a knowledge of the projectile and target
masses. It may be shown"'2 that for elastic
scattering of a projectile of mass m, by a target
of mass m„ the kinetic energy loss of the scat-
tered projectile (dE,&) is given at small angle by

the recoil target molecule (after the collision)
then results in molecular excitation. In the molec-
ular-encounter approach to the problem, the entire
target molecule participates in the scattering. By
measuring the energy of the scattered He' as a
function of angle and using Eq. (3), it is possible to
determine the mass of the target. Figure 6 shows
plots of the kinematically required [Eq. (3)] energy
losses for elastic scattering in He'+H (upper solid
curve) and in He'+H, (lower solid curve) colli-
sions as well as the experimentally measured
energy-loss values found at the position of the
maximum of peak A. It may clearly be seen that
the collision is molecular (at these energies) and

basically elastic out to values of E08'= 8 keV deg'.
For EOO'&8 keVdeg' the energy losses indicate
the presence of inelastic scattering resulting from
the excitation of low-lying vibro-rotational levels
of the H, ground electronic state. Of particular
significance is that the experimental points taken
at different energies are reasonably well fitted by
a single curve. Peak A may then be attributed to

I ~ 0 I 1 I I i I I I I i I $ & & d J I I

go~ d&

0

dE„=(m, /m, )E,e'. Po 2.0 keV 2.5keVd 3.0keV

0

For inelastic scattering &E, the energy loss of
the scattered beam is given by

dE=bE(+Q (4)

at these small angles. There are two limiting ap-
proaches to the problem of inelastic ion-molecule
collisions. The binary-encounter approach as-
sumes that inelastic scattering results from an
initially elastic collision between the incident
projectile and one of the atoms in the molecule.
Conservation of energy and momentum applied to
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FIG. 5. Probability of charge exchange as a function
of reduced scatte'ring angle.
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a "quasielastic" scattering process.
Experimental cross-section results are con-

veniently presented in terms of a p (the reduced
differential cross section) vs & plot. At small
scattering angles

FIG. 6. Measured energy loss at the position of the
maximum of peak A. The curves labeled 48~ &

and
AE 2 show the kinematically required energy losses
for elastic scattering from H and H2, respectively.
The results show the collision to occur with the entire
molecule and to be basically elastic out to E00= 8 keV
deg .

not unusual even in atom-atom collisions" ).
The inelastic peak, labeled B, exhibits several

interesting features. The first is that at the ener-
gies and scattering angles investigated, the posi-
tion of the maximum in the peak always appears
at an energy of 13.3 eV below that found for the
maximum in peak A. This strongly suggests that
the vibrational and electronic excitation continue
to occur independently in the collision. The vibra-
tional excitation becomes important for Eoe'&8
keVdeg' as may be seen in Fig. 6 for peak A. The
second notable feature is evident in Fig. 8 which is
a plot of p vs v. The experimental results (un-
normalized) are seen to lie on a universal curve
displaying a well-defined maximum for ~=3.0
keVdeg. A similar behavior of the p-vs-7 curves
is characteristic of an inelastic channel excited
via a "curve-crossing'* in the quasimolecule rep-
resenting an ion-atom or atom-atom collision.
The location of the maximum in Fig. 8 suggests
that when the He projectile penetrates into a criti-
cal projectile-target separation (here correspond-
ing to E,8=3 keVdeg) the inelastic channel "opens. *'

It is not possible at this time to uniquely identify
the H, state (or states) responsible for peak B,
but any identification must be made from data
taken at the smallest angles. The measured 13.3-
eV loss would ailow excitation of the a '~,' and the
E, I" '~~ states" into low-lying vibrational levels
which are in good agreement with the Franck-
Condon principle. Peak B is generally well de-
fined, and little broadening or skewing effects
are seen with increasing scattering angle.

The peaks labeled C and D represent collisions

50 I
I

~
$

~
~ I $ P I ~

where 8 and o(8) are in the laboratory frame in
this paper. In ion-atom and atom-atom collision
studies"" this form of presentation is generally
used to infer the interparticle separation at which
a particular inelastic channel opens. Although
this separation is not well defined for ion-molecule
collisions the p-vs-& plot is shown to be useful.
In the present work p for a particular process is
obtained from the measured differential cross
sections taken in conjunction with the I'0 values
and the relative heights of the peaks in the ELS
spectra. Figure 7 shows p vs & for peak A. The
monotonic decrease in p with increasing v is
characteristic of elastic scattering at small values
of the scattering angle. The curves are unnor-
malized in order to display the small velocity de-
pendence of the reduced cross sections (which is
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FIG. 7. Beduced cross section as a function of re-
duced scattering angle for peak A at v values from 1.0
to 7.5 keVdeg.
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FIG. 8. Reduced cross section as a function of re-
duced scattering angle for peak B. The experimental
points at the different energies are unnormalized. At
3 keVdeg the cross section for elastic scattering is
larger by a factor 5.

FIG. 9. Reduced cross sections as a function of re-
duced scattering angle for peaks C and D. The experi-
mental points at the different energies are unnormal-
ized, and the scale is the same as in'Fig. 8.

with inelastic energy losses (measured at the posi-
tions of the maxima) of 17 and 31 eV greater re-
spectively than that associated with peak A. The
same losses are found at all energies and scatter-
ing angles where the peaks are seen, The interpre-
tation in these cases is the same as in the case of
peak B, namely the independence of the electronic
and additional vibrational excitation (at the maxi-
ma) in the collision. The reduced differential
cross sections as functions of reduced scattering
angle are shown in Fig. 9 for peaks C and D. Uni-
versal curves are again seen to provide reason-
able fits to the experimentally determined points.
These curves are again unnormalized. Peak C is
most likely due to the excitation of the H,

' X'~'
state into a vibrational level which is found to be
in agreement with a Franck-Condon transition at
small scattering angles. The peak is found to
broaden with increasing scattering angle, sug-
gesting dissociation' of the target to H'+H(1s).
For v&3 keV deg this channel is only weakly ex-
cited. Peak C may also contain contributions from
H +H . Peak D represents excitation of the re-
pulsive 2Pa„state of H, . The peak shows the
broadening and skewing effects associated with
the excitation followed by dissociation of the tar-
get.

The well-defined behavior of the reduced-cross-
section plots for the direct inelastic scattering
suggests a similar analysis on the charge-ex-
change scattering. This is presented in Fig. 10
for the small-angle charge exchange at 2.0 keV.

He + H2 2.0keV

- Eoe

O

I I I I I I s . I

2 4 6 8

Eye (keV deg)

IO

FIG. 10. Reduced cross section as a function of re-
duced scattering ang].e for the small-angle charge-ex-
change process.

The cross section is again seen to display the be-
havior characteristic of an inelastic process oc-
curring at a particular projectile-target separa-
tion. The maximum in the cr'oss section occurs
for ~ =3 keVdeg, which is at the same location
as found for peak B (Fig. 8). It should also be
pointed out that the reduced differential cross sec-
tions for both peaks C and D fall off near & =3
keg deg while the corresponding reduced cross
section for charge exchange has its maximum val-
ue there. In all three processes an electron has
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FIG. 11.Corrected FTHM for peak A. The results
at all energies are seen to be fitted by a single curve.

been removed from the molecule. In both pro-
cesses C and D the electron is ejected from the
"system, "while in the charge-exchange process
it is captured into a bound He state. The results
indicate that the interaction occurring at & =3
keVdeg favors the bound-state process, while
those occurring for somewhat larger or smaller
value of 7 favor electron ejection.

An interesting feature of the vibro-rotational
excitation of peak A is found from an analysis of
its width as a function of scattering angle. Since
the current apparatus resolution is insufficient to
resolve individual vibrational levels, the width of
this peak is used to indicate the extent of vibro-
rotational excitation in the quasielastic scattering.
In general, the measured energy width of a peak
in a collision experiment depends on (1) the energy
spread in the incident beam, (2) the resolution of
the energy analyzer, and (2) the reduced scatter-
ing angle and angular resolution of the apparatus. "'
This last contributing factor is obtained from Eq.
(2) and given by

6Z{e)=2(m, /m, )Z e 68=2(m, /m, )T68, (6)

where &6 is the angular resolution. The broaden-
ing ~E represented by Eq. (6) is due to kinematic
and angular resolution effects. An approximate
value of bw(e), the vibro-rotational broadening,
may be obtained from

~w(e) =w(e) w, &z(e)—, —

where W(e}—W, is the difference between the mea-
sured (FWHM) energy spread in the scattered and
incident beams and &E(e) is calculated from Eg.
(6). Figure 11 shows the results of this analysis
with ~W plotted vs Eoe', Qf particular signifi-
cance is the finding that the resulting values of
4', at the energies studied, are reasonably mell
fitted by a single curve.

III. CONCLUSIONS

The present work on He'+H, shows that inelastic
collisions involve an interaction of the He with
the entire molecule. In particular the observed
inelastic scattering does not follow an elastic
encounter with one of the atoms in the molecule as
is required in a binary collision model. A similar
result was obtained in studies on the Ar'+N, sys-
tem.

Charge exchange is found to be important in
He'+H, and at least two different processes are
involved. The participating states are not identi-
fied at this time, but the problem may be resolved
by a time-of-flight energy-loss measurement on
the scattered He .

The direct scattering in He'+8, shows the pres-
ence of four peaks in the energy-loss spectra. The
peaks represent the participation of the ground
electronic and of selected electronically excited
states of the molecule. The participating molecu-
lar states are initially excited via a vertical tran-
sition, on the H, potential energy curves, "which
is in reasonable agreement with predictions of
the Franck-Condon principle. As the scattering
angle increases, the additional vibro-rotational
excitation at the maxima of the peaks is found to be
independent of the particular excited electronic
state. Similar results were obtained in Ar'+N, .

The energy at the maximum of peak A corre-
sponds to elastic scattering for E,8'&8 keVdeg'.
For E,O' & 8 keV deg' vibro'-rotational excitation,
becomes important. The width of this peak in-
creases with increasing E,o, and this width falls
on a universal curve when it is plotted vs E,8'
at the energies studied. Since E08' is proportional
to the square of the momentum transferred to the
target molecule (for small scattering angles}, the
break away from the elastic scattering curve at
E,O'=8 keV deg' indicates that there is a threshold
value of momentum transfer to the molecule re-
quired for significant vibro-rotational excitation.
The threshold value should depend only on the
target molecule, and it would be interesting to
compare results using different incident ions.

Of particular significance in He +H, is that
the p-vs-~ plots, for the observed inelastic chan-
nels, are well fitted by universal curves. This
behavior of the reduced cross sections strongly
suggests that the inelastic scattering proceeds via
interactions occurring at fixed projectile-target
separations.

C ollisions spectroscopy and the analysis in
terms of p-vs-7 plots are shown to be useful even
for ion-molecule systems.
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