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Energy and Angular Distributions of Electrons from Fast He++He Collisions
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The first realistic calculations of the energy and angular distributions of electrons
ejected in ion-atom collisions, where the ion carries along its own electrons, are pre-
sented. The calculations, within the Born-approximation framework, have been per-
formed for He+ + He collisions, and measurements have also been made. Rather good
quantitative agreement between our measurements and calculations has been obtained
over a broad range of energies and angles. Some difficulties persist, however, near
the forward direction.

PACS numbers: 34.50.Hc

The study of the ionization process in ion-atom
collisions in which the ion carries its own elec-
trons is of importance in a number of diverse
areas. Most of the work extant deals with total
cross sections; however, far more information
on ionization mechanisms and other details of the
collision process may be derived from the study
of the energy and angular distribution of the eject-
ed electrons (double-differential cross section).
In this paper, we present the first realistic calcu-
lations of such an ion-atom collision presently
amenable to experimental investigation, along
with our measurement. For simplicity we have
chosen He'+He for this prototype theoretical and
experimental study since the He target has only a
single subshell and the He' projectile is a hydro-
genic system.

The measurements were performed using meth-
ods described in detail elsewhere. ' The calcula-
tions were done within the framework of first
Born approximation, which has proven satisfac-
tory for the description of energy and angular dis-
tributions of electrons ejected from He by struc-
tureless charged particles. '

There are several aspects of the He'+He colli-
sion which differ from the He" +He or H'+ He
cases. First is the fact that the projectile elec-
tron screens the projectile nuclear charge. With-
in the Born approximation the double-differential
cross section (DDCS) for ejecting an electron of
energy ~ by the screened He' ion'~ is given by

where K is the momentum transfer, ao is the
Bohr radius, and IP&) is a complicated function

of radial matrix elements and phase shifts. ' The
expression in brackets is the screening function;
without this expression, Eq. (1) would be rele-
vant to ionization by H'. The expression in brack-
ets can be thought of as the effective charge of
the projectile and is seen to vary between 1 and
2 for small and large momentum transfer, re-
spectively. Note that the screening is a function
of momentum transfer K and pzot energy transfer3
which is an integral over K as seen in Eq. (1).

An example of the theoretical results for the
ionization of He by equal velocity O', He', and
He" ions is shown in Fig. 1 for electrons ejected
at 60' to the incident ion; for this comparison
the He' ion was assumed to remain in the ground
state. The cross sections for He" are just a
factor of 4 times the values for H' since the Born
cross sections for bare ions scales as z'. The
He' results, on the other hand, behave similar
to H' for small energy transfer (which involves
primarily small momentum transfers) and like
He+' at large energy transfers for which large K
predominates. Basically, this means that for
small ~, He' acts like a heavy proton while for
large ~ it behaves like an o. particle insofar as
the ionization of the target is concerned.

One could, in principle, derive an effective z,
as a function of &, from these results. This ef-
fective z, however, is a function of angle as well
as ejected electron energy. We find that the man-
ner in which the He' results vary in progressing
from H'-like at low energy to He+'-like at high
energy differs, in detail, from angle to angle. In
addition, the above results, although they include
screening, do not take into account the possibility
of target ionization and simultaneous projectile
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FtG. 1. Theoretical double-differential cross sections
for ionization of He by equal velocity H+, H~, and He+

(target ionization only with no projectile excitation) as
a function of ejected electron energy e (in rydbergs)
at an e3ection angl. e of 60 . The incident velocity cor-
responds to 0.5-MeV H+, and 2.0-MeV He+ and He".

excitation. Furthermore, since DDCS measure-
ments to date have not distinguished electrons
ejected from the target from those originating
from the projectile, contributions from projectile
ionization must be included in the theoretical cal-
culations,

We have, therefore, extended our calculations
to include contributions from target ionization
with possible simultaneous excitation of the pro-
jectile as well as contributions of the projectile
ionization with simultaneous excitation of the tar-
get. Excitation is included via an approximate
sum rule. ~ Projectile ionization is calculated in
the rest frame of the projectile and transformed
to the laboratory frame as discussed by Drepper
and Briggs. ' It is important to note that the cross
section for electron ejection processes which oc-
cur in the projectile frame, e.g. , projectile ion-
ization, will tend to maximize for zero-energy
secondary electrons. ' ' As seen in the laboratory
frame, these electrons will be sharply peaked in
the forward direction, as well as peaked around

FIG. 2. Double-differential cross section for ejecting
electron of energy 16 Hy by 2-MeV He+ incident on He.
The points are experimental; the solid curve is the
theoretical result which is the sum of the cross sections:
line A, projectile ionization, target remains in ground
state; line B, projectile ionization with simultaneous
target excitation; line C, target ionization, projectile
remains in ground state; and line D, target ionization
with simultaneous projectile excitation.

a velocity equal to the projectile velocity, simply
because of the frame transformation. '~ This
velocity matching for incident 1.2- and 2.0-MeV
He' projectiles occurs for electron ejected with
energies approximately 12 and 20 Py, respective-
ly, in the laboratory frame. The result of our
calculation for a typical angular distribution near
the velocity-matching energy is shown in Fig. 2

along with our measured cross sections. From
this figure it is seen that theory and experiment
are in rather good agreement both qualitatively
and quantitatively. The peak at - 60' is due to
target ionization and, as seen from Fig. 2, most
of the contribution arises from ionization with the
projectile left in the ground state; target ioniza-
tion with simultaneous projectile excitation is
only a very small fraction of the total for all an-
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gles.
The peak at 0' in Fig. 2 arises primarily from

projectile ionization. This contribution is domi-
nated by projectile ionization with simultaneous
target excitation. Figure 2 also shows that the
situation is reversed for the backward angles;
here simultaneous excitation is only of minor im-
portance. This is, in essence, an energy-depen-
dent effect wherein low-energy projectile elec-
trons (in the projectile frame) issue forth pri-
marily with simultaneous target excitation while
high-energy electrons ejected from the projectile
are associated chiefly with the target remaining
in the ground state; in the case shown in Fig. 2,
projectile electrons observed at the forward an-
gle (in the laboratory frame) result from low-en-
ergy electrons ejected in the projectile rest
frame, while the large-angle ejected electrons
arise from much higher energies, because of the
frame trans formati. on.' 4

The major quantitative discrepancy between
theory and experiment occurs at about 40; which
is between the two peaks where the calculation
predicts a valley but the experiment does not
show one. It is also evident from Fig. 2 that the
theoretical cross sections are somewhat low at
both the very small and the very large angles,
regions which are dominated by projectile ioniza-
tion. It may be that the Born approximation for
the ionization of the projectile (He') by a neutral
(He ) is inadequate at these energies, or that the
Hartree-Slater wave functions employed for the
He are not sufficiently accurate to describe the

screening properly in the ionization of the pro-
jectile by the target. Charge transfer to the con-
tinuum is also ignored in the calculation, and
this could be significant for forward angles. No
real change in the discrepancy is seen in going
from 1.2 to 2.0 MeV, but this may just be too
small an energy interval; it would be interesting
to see if the differences disappear (or decrease)
for, say, 10-MeV He+ impact.

In conclusion, then, we have presented experi-
mental results along with the first realistic cal-
culations of the DDCS in structured ion-atom col-
lisions and have obtained fairly good quantitative
agreement. Some problems, as described above,
still remain, and these are being investigated.
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