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Electron capture in H++ H2
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Electron capture in H +H2 collisions is studied at energies of 1.0, 2.0, and 3.0 keV in the reduced
angular range w& 3.0 keVdeg. Time-of-flight techniques are used for state identification, and the
probability of electron capture to H(1s)+H2+( Xg+) in an exchange collision is determined. This is
shown to be the dominant exchange channel at small scattering angles. The "summed" exchange
channels have a reduced cross section that is found to peak in the forward direction and shows no
structure, while the cross section for capture to final ground-state channels shows some small struc-
ture at 3.0 keV for ~& 1.5 keVdeg. The reduced cross section, at 1.0 keV, for capture to excited
states of H (with the H~+ in its ground state) is found to have a maximum at ~=1 keV deg. The re-
sults are in agreement with a previously proposed model for ion-molecule charge exchange.

INTRODUCTION

Electron capture by H+ has been extensively investigat-
ed both theoretically and experimentally, To date most of
the work has involved electron capture from atomic tar-
gets where the underlying processes are reasonably well
understood. Discussions of electron capture by H+ from
atomic targets are included in several review articles.
References 1 and 2 address the general ion-atom charge-
transfer problem at low and high energies, respectively.
There is currently a growing interest in ion-molecule in-
teractions and for these more complex systems the
H++ H2 collision poses a fundamental and challenging
problem. In H+ + H2 the small-angle electronically elas-
tic collision channel primarily involves the ground-state
potential energy surface, and the differential cross sections
for elastic scattering therefore provide information on this
surface for H + The H++ H2 —+H(ls)+H2+( Xs ) ex-
change collision involves both the ground- and lowest-
lying excited-state surfaces of the H3+ molecular ion. Ex-
perimental studies of electron capture to the ground-state
channel can therefore serve as a test of the two lowest-
energy surfaces in H3+ and the dynamical couplings be-
tween these two surfaces that result in the electron
transfer. Electron capture in H+ + H2 is also of current
interest since there are experiments using fast H projec-
tiles in progress in many laboratories and it is important
to have information on the states present in the incident
beams (which are conveniently obtained by using H2 as a
charge-exchange gas in many cases).

In an early experiment using molecular targets, it was
shown that the probability of electron capture (to all final
states) in H+ + H2 oscillates with energy up to 50 keV at
a fixed scattering angle of 3'. A particularly striking re-
sult of these early studies is that the peaks in the
electron-capture probability occur at the same energies for
both the H and Hz targets. In an early test of the theory,
the electron capture probability was calculated at large
scattering angles for 1 & E&20 keV and compared to the
experimental results. Reasonably good agreement was ob-
tained. Electron capture in H+ + H2 was most recently
addressed using a two-state model which included

The present work uses a new experimental arrangement
which is described elsewhere. Briefly, H+ is extracted
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FICz. 1. Spectra showing electron capture in E=1.0 keV H+
collisions. (a) The H+ + Ar —+H(ls) + Ar+(~P) (Q=2 eV)
reference peak is used to identify the final channels as
H(ls) + Hq+(~X&+) (Q=2 eV). (b) A typical spectrum. Separa-
tion between the maxima of the two peaks is 10 eV.

translation factors and reproduced the essential features of
the experiment in Ref. 3.

The present study is a continuation of .our work on the
small-angle scattering in the hydrogen system. We have
previously reported on the direct scattering in
D+ + H2~D+ + H2 and on D+ + H2~D collisions.
Our earlier results reported on electron capture into all f-
ina channels. Using a new apparatus having increased en-
ergy resolution for time-of-flight measurements we inves-
tigate the H++ Hq~H(ls)+H2+( Xz ) collision. The
probability for a transition to this channel is presented at
energies of 1.0, 2.0, and 3.0 keV for r & 3 keVdeg. In ad-
dition we report Io (the reduced cross sections) for the
summed capture channels at 2.0 keV, for capture to the
ground-state channel at 3.0 keV, and for 0" + H2+( Xg+)
at 1.0 keV.

THE EXPERIMENTAL ARRANGEMENT
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FIG. 2. Probability of electron capture to H(1s) + H2+( X~+)

as a function of reduced scattering angle in an exchange col-
lision. Figure shows that capture to the ground states is the
dominant process at small scattering angles. Results are accu-
rate to 5%.

from a glow-discharge source, focused, and passed
through a. set of plates where it is "chopped" by a voltage
pulse (amplitude of 20 V, frequency of 100—300 kHz, and
width of 0.05 @sec). The H+ beam then passes through a
%ice velocity filter, is callimated and enters a, cell con-
taining H2 target gas. The scattered H resulting from
H+ + Hz~H + H2+ collisions traverses a 4-m-long

v(keV deg)

FIG. 4. Reduced cross section as a function of reduced
scattering angle for the sumnMd processes (electron capture into
all final channels). The plot shows no structure and is typical of
the cross sections at the other energies.

drift region positioned at an angle 8 with respect to the in-
cident beam and is energy analyzed using time-of-flight
techniques.

IQ H + H2 collisions the projectile changes charge
state and therefore there is no reference channel from
which absolute energy losses can be determined. An ener-

gy reference is obtained from electron capture in
H+ + Ar where the dominant process' at small-8 results
in H ( ls) + Ar+(~P). Figure l(a) shows energy spectra of
H at 1.0 keV for H++Ar and H++Hz collisions
(0=0.2'). Using the peak from the Ar target as a refer-
ence and the known energy calibration of our detector, the
peak in H+ + Hz is due to H (ls) + Hz+( Xs ). Figure
1(b) shows a typical energy spectrum (1.0 keV, 9=0.8')
with the dominant peak corresponding to final ground-
state products and the weaker peak at this angle resulting
primarily from capture to H (n &2)+H2+(2Xs+). The ad-
ditional weak structure seen may result from electronical-
ly excited" and/or repulsive states in Hz+.

P,8—

0.7—

H'. H, —H (IS).H&(Z, )

5.0 keV

EXPERIMENTAL RESULTS
/'

Figure 2 shows P, the probability of electron capture to
H( ls) + Hq+( Xs+) final states in an exchange collision at
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FIG. 3. Probability of electron capture to H( 1 s) + H2+( Xg )

as a function of reduced scattering angle at 3.0 keV. Results are
accurate to 5%.
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FIG. 5. Reduced cross section as a function of reduced
scattering an.gle for 3.0-keV H+ + H2~H(1s) + H2+( X~ ) col-
lisions. The results at this energy best show the weak structure
for ~) 1.5 keVdeg in the cross section for the ground-state
channels,
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FIG. 6. The reduced cross section at 1.0 keV for
H++ H2~H*+ H2+( Xg ). Solid curve is for E=3 keV,
D++ H2~D++ Hq (Q=13 eV) from Ref. 6. The peaks in

the cross sections, each plotted in arbitrary units, occur near
~=1 keVdeg. The basic similarity in these cross sections sug-

gests that a common primary interaction is responsible for the
direct inelastic and these exchange channels in the hydrogen col-
lision system.

energies of 1.0 and 2.0 keV for r(3 keVdeg. The results
at 1.0 keV show some structure since the resolution in ~ is
better at lower energy. Figure 3 shows a similar plot at
3.0 keV. It may be seen that capture to final ground
states is the dominant process at small scattering angles.
At the larger angles capture to H(n & 2) + Hi+( Xz ) be-
comes important and these channels then account for
about one-half of the charge-exchange collisions. The re-
duced cross section for the summed channels is shown in
Fig. 4, at 2.0 keV. This plot is typical of the cross sec-
tions at the other energies, peaking in the forward direc-
tion and exhibiting little or no structure (in agreement
with our earlier results ). Figure 5 shows a p versus v plot
for capture to final ground states at 3.0 keV. The basic
angular dependence of this cross section is quite similar to

that for elastic scattering in D+ + H2 which is given in
Fig. 10 of Ref. 4. Figure 5 shows some weak structure in
the cross section for v) 1.5 keVdeg. The better energy
and angular resolutions at 1.0 keV allow identification of
the channels corresponding to H( n & 2) + Hz+( Xz ). The
reduced cross section for capture to excited states of H is
shown in Fig. 6. The figure also shows (at energies near 3
keV) the reduced cross section for the direct inelastic
channel in D++ H2 (Q=13 eV) from Ref. 6. The two
cross sections (each plotted in arbitrary units and deter-
mined from data taken on different apparatuses) are seen
to exhibit a similar behavior. The figure confirms that ~,
which has approximately the same value in the laboratory'
and center-of-mass frames, ' ' is a useful parameter for
the hydrogen collision system.

CONCLUSIONS

The dominant small-angle channel in H++ H2 ex-
change collisions is found to be H(ls) + H2+( Xz ). The
cross section for this channel is peaked in the forward
direction as expected since, at large interparticle separa-
tion, the incident channel lies close in energy to this ex-
change channel ( Q=2 eV). At the larger ~ values studied
approximately one-half the exchange collisions still result
in ground-state products. This finding may account for
the reasonably good agreement between a two-state
theory ' and experimental results on the summed chan-
nels. 3 The maximum in the cross section for'capture into
excited states of H (with the Hq+ in its ground state)
occurs at approximately the same ~ value at which the
cross section for the direct inelastic channel exhibits a
maximum. This finding suggests a common primary ex-
citation mechanism followed by couplings between the
direct inelastic and close-lying exchange channels.
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