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The electron dynamics in p-He and He2+-He collisions have been investigated on the level of the indepen-
dent electron model by using the two-center basis generator method. Projectile angular-differential cross
sections for various one- and two-electron processes involving electron transfer have been calculated with the
eikonal approximation. Overall, the calculated cross sections are in good agreement with the most recent
experimental cold target recoil ion momentum spectroscopy data taken at impact energies in the range from 40
to 630 keV/amu. This demonstrates, somewhat surprisingly, that electron correlations play but a minor role for
the processes and the energies considered.
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I. INTRODUCTION

Ion-atom collisions and in particular electron transfer pro-
cesses have been investigated intensely over many years. Not
only is this research motivated by the quest for a better un-
derstanding of the fundamental few-body dynamics, but it
has also practical implications for applied fields, such as
plasma physics and fusion research.

For a long time, theoretical and experimental efforts con-
centrated on the energy dependence of total cross sections
�TCSs�. More recently, accurate fully differential cross sec-
tion �DCS� measurements have become feasible thanks to
the development of cold target recoil ion momentum spec-
troscopy �COLTRIMS� �1–4�. COLTRIMS has brought a
turning point for the theoretical description of collision pro-
cesses since it enables tests of theories and comparisons be-
tween different models on a much more detailed level.

Ion-helium collisions are prime candidates for such inves-
tigations. A recurring theme in numerous studies of these
systems has been the question of how strongly electron-
correlation effects might influence the collision dynamics
and, in turn, where exactly the limits of the independent
electron model �IEM� are situated. Recent studies have also
demonstrated that the role of the nucleus-nucleus interaction
is less well understood than one might have thought �5–8�.

Motivated by recent COLTRIMS data �9� and theoretical
works �10–14� we attempt to clarify the problem by exhaust-
ing the framework imposed by the semiclassical approxima-
tion �SCA� and the IEM. We have concentrated our efforts
on striving for well-converged and numerically stable solu-
tions of the ensuing set of equations in order to obtain results
that shed light on the validity of the framework itself. We
consider situations in which the projectile deflection angle
and the final states of the electrons are determined, i.e., we
calculate fully differential cross sections and compare them

to measurements for proton and He2+ impact. As it turns out,
a number of one- and two-electron processes involving elec-
tron transfer and excitation can be described quite well. This
does not mean that electron correlations are absent in these
collision systems, but it signals that their effects are rather
small at intermediate impact energies for quite a few cases.

II. THEORY

The theoretical description we are using is the same as in
Ref. �7�. Therefore, we only give a brief summary here. As
mentioned above, our treatment is based on the SCA and the
IEM, i.e., the electrons are driven by classically moving nu-
clei, and the Hamiltonian is assumed to be of single-particle
form with an effective ground-state potential that models the
electron-electron interaction. The time-dependent single-
particle Schrödinger equation is solved with the two-center
basis generator method �TC-BGM�, which is a nonperturba-
tive coupled-channel method that includes dynamically
adapted basis states �15,16�. The electronic many-particle
transition amplitudes are then reconstructed consistently in
the IEM picture and transformed from impact-parameter- to
momentum-transfer-dependent quantities by using the well-
known eikonal approximation �17–19�.

It is clear that the approximations in each of these steps
can play a role and impair the resulting DCSs. Nevertheless,
by exercising special care with the computational implemen-
tation and basis set convergence, the IEM and the eikonal
approximation themselves are tested. No other restrictions,
such as perturbative arguments are involved.

For a few one- and two-electron processes theoretical cal-
culations based on continuum distorted-wave-like methods
were reported previously. The detailed comparison of our
DCS with those and with recent COLTRIMS data provides
points of reference, where the limitations of the theoretical
descriptions are located.

III. RESULTS AND DISCUSSION

As already mentioned, the main motivation for this work
is the availability of detailed COLTRIMS data for p-He and
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He2+-He collisions �9�. So far, comparisons to calculations
have only been conducted for some of these measurements
�7,14�. We are using the nomenclature of Ref. �9� �see Table
I�. Only reactions in which �at least� one electron is trans-
ferred to the ground state or to an excited state of the pro-
jectile are considered. The other electron is either known to
remain in the target ground state or it is excited or also cap-
tured �in the case of He2+ projectiles�. We are not concerned
with free electrons in this work.

The different reaction channels can be distinguished by
their Q values, i.e., the differences between the total �nega-
tive� binding energies of the electrons before and after the
collision. For small scattering angles and small energy trans-
fer Q can be identified with the change in the kinetic energy
of the projectile, which means that it is nothing else than the
inelasticity of the collision �20�. Experimentally, the Q value
is determined via measuring the momentum component of
the recoiling target ion along the projectile beam axis. The
somewhat unusual separation of processes in Table I corre-
sponds to the resolution of the COLTRIMS experiment �21�.

In Refs. �9,14� only relative DCSs were measured. They
were normalized to the experimental absolute TCSs shown in
Figs. 1 and 2 by appropriate integration over the scattering
angle. In the theoretical calculations we obtain absolute
state-to-state DCS, where according to the IEM the final
two-electron states are given as �symmetrized� products of
single-particle states. In order to compare these results to the
measurements all individual cross sections which correspond
to a channel that could be resolved experimentally have been
summed up.

A. Total cross sections

We begin the discussion of results with the TCS for single
capture �SC� and double capture �DC� in He2+-He collisions
�Figs. 1 and 2�. Single capture can take place either as a pure
one-electron process or together with target excitation. We
will refer to the latter process as transfer excitation �TE�. The
TCS for single capture in the p-He collision system was
already published in our previous work �7�. There, very good
agreement with measurements was found from 2 keV up to 2
MeV impact energy.

The He2+-He collision system is a resonant two-electron
system with the remarkable property that two-electron cap-
ture is stronger than single capture at low impact energies
EP. Only at EP�15 keV /amu is the predominance of one-
electron capture re-established. This behavior was repro-
duced by two-electron calculations which included electron-
correlation effects �31–33�, but not by the IEM, even if time-
dependent screening and exchange was included
appropriately �34�.

For the sake of conciseness, those previous theoretical
results are not included in Figs. 1 and 2. Rather, only the
present TC-BGM calculations are compared to experimental
data. Above EP�20 keV /amu the agreement is good for
both single and double captures. This implies that even two-
electron processes can be described on the level of the IEM
in this region, and it appears worthwhile to investigate
whether this is also true for differential cross sections. This is
the topic of Secs. III B and III C.

TABLE I. Q values for relevant final states and used abbreviations for different one- and two-electron
processes in p-He and He2+-He collisions �9�.

p-He He2+-He

Abbrev. Final state Note Q value �a.u.� Abbrev. Final state Note Q value �a.u.�

SC1 H�1s�+He+�1s� −0.4 SC1 HeP
+�1s�+HeT

+�1s� 1.1

SC2 H�nl�+He+�1s� n�2 −0.78 SC2 HeP
+�nl�+HeT

+�1s� n=2 −0.4

SC3 H�1s�+He+�nl� n�2 −1.9 HeP
+�1s�+HeT

+�nl�
SC4 H�nl�+He+�nl� n�2 −2.28 SC3 HeP

+�nl�+HeT
+�1s� n�3 −0.68

HeP
+�1s�+HeT

+�nl�
SC4 HeP

+�nl�+HeT
+�nl� n�2 −1.9

DC1 HeP�1s2�+HeT
2+ 0.0

DC2 HeP
+�1s ,nl�+HeT

2+ n�2 −0.73
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FIG. 1. �Color online� Total single transfer cross section as a
function of impact energy for He2+-He collisions. Theory: present
TC-BGM calculation within IEM; experiment: �a� �22�, �b� �23,24�,
�c� �25�, �d� �26�, �e� �27�, and �f� �28�.
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B. Differential cross sections for single-electron transfer
and transfer excitation

We first consider the p-He collision system. The data
shown in Figs. 3 and 4 complement previous results at dif-
ferent impact energies which were presented in Ref. �7�.

The DCSs for single capture into n=1 �SC1� and into n
�2 �SC2� are in good agreement with the measurements, in
particular at small scattering angles �Fig. 3�. In the case of
SC1 we also compare our results to the continuum distorted-
wave Born final state �CDW-BFS� calculations reported in
Ref. �14�. At EP=150 and 300 keV they exhibit peaks, which
are reminiscent of the Thomas process. This is an interatomic
double scattering process, which is, however, not expected to
play a role at these impact energies. Furthermore, the
CDW-BFS peaks are neither supported by the measurements
nor by our results. On the contrary, the latter show quite
distinct interference structures in this region. As explained
previously, these are caused by an interplay of different

terms in the eikonal integral, which are associated with
projectile-electron and projectile-target-nucleus interactions
�7,35�.

At lower energies �EP=60–100 keV�, an oscillatory be-
havior of the DCS at relatively large scattering angles is
indicated in the data for both SC1 and SC2 processes. One
might speculate that they are due to an interference between
different reaction pathways or an interference of amplitudes
associated with separated coupling regions in the incoming
and outgoing paths of the collision �9�. It cannot be expected
that such oscillations are completely reproduced by our the-
oretical model since it employs a common eikonal phase for
all transitions. This might average and smear out phase-
sensitive information. As a matter of fact, oscillations are
absent in our calculated DCS.

A similar comment applies to Fig. 4, which displays re-
sults for two TE channels that could be distinguished in the
experiment: in SC3 one electron is transferred to the projec-
tile ground state, while it ends up in an excited state in SC4
�cf. Table I�. In both cases the transfer process is accompa-
nied by target excitation. Except for the oscillatory behavior
at large scattering angles our theoretical results follow the
measurements quite closely. Given that the calculations are
based on the IEM we conclude that electron correlations do
not play a prominent role for these two-electron processes.

DCSs for different single transfer processes in the
He2+-He collision system are shown in Figs. 5 and 6. Note
that the impact energies are not the same in all panels and
that the resolved processes and, correspondingly, the nomen-
clature are different from those used for p-He collisions �cf.
Table I�. The only exception is SC1, which always refers to a
single-electron capture process into the projectile ground
state associated with a passive second electron.

The SC1 DCS for He2+ impact �Fig. 5� shows a few in-
teresting features. First, an interference structure similar to
the case of p-He collisions is present in the data at low pro-
jectile energies and small scattering angles. It disappears
with rising projectile energy, and the TC-BGM calculations
reproduce this behavior quite precisely. By contrast, the con-
tinuum distorted-wave Born initial state �CDW-BIS� calcula-
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FIG. 2. �Color online� Total double-electron transfer cross sec-
tion as a function of impact energy for He2+-He collisions. Theory:
present TC-BGM calculation within IEM; experiment: �a� �22�, �b�
�23,24�, �c� �25�, �d� �26,29�, and �e� �30�.
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FIG. 3. �Color online� Differential single transfer cross sections as functions of laboratory scattering angle for EP=60–300 keV p-He
collisions. Theory: present TC-BGM calculations within IEM for single transfer into n=1 �left panel� and n�2 �right panel� shells
corresponding to SC1 and SC2 in Table I; CDW-BFS calculations for SC1 �14�. Experiment: Schöffler et al. �9,14�.
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tions published along with the measurements exhibit pro-
nounced dips in this angular region, which were blamed on a
mutual cancellation of terms in the perturbation potential and
considered unphysical �14�. Second, oscillations at larger

scattering angles are again observable in the data in the en-
ergy range of EP=40–60 keV /amu and are missing in the
theoretical cross sections. The average of the experimental
DCS is well reproduced.
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FIG. 4. �Color online� Differential transfer-excitation cross sections as functions of laboratory scattering angle for EP=60–300 keV
p-He collisions. Theory: present TC-BGM calculations within IEM for transfer-excitation processes corresponding to SC3 �left panel� and
SC4 �right panel� in Table I. Experiment: Schöffler �9�.
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FIG. 5. �Color online� Differential single transfer and transfer-excitation cross sections as functions of laboratory scattering angle for
EP=40–630 keV /amu 3He2+-4He collisions. Theory: present TC-BGM calculations within IEM for processes corresponding to SC1 �top
left�, SC2 �top right�, SC3 �bottom left�, and SC2+SC3 �bottom right� in Table I; CDW-BIS calculations for SC1 �14�. Experiment: Schöffler
et al. �9,14�.
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These comparisons together with the data shown in Ref.
�7� suggest that our theoretical model works better for He2+

than for proton impact. This is corroborated by the results for
the SC2 and SC3 processes. These are sums of pure transfer
and TE processes, which correspond to the same Q values. In
the case of SC2, excellent agreement with the experimental
data is achieved �Fig. 5�. For SC3, the agreement is also
satisfactory. Only at EP=40 keV /amu are the experimental
DCSs somewhat larger than the theoretical ones.

At the higher energies EP=450–630 keV /amu only the
sum of SC2 and SC3 was resolved experimentally. Also in
these cases are the data somewhat underestimated by the
calculations except for larger scattering angles, where the
experimental DCS drops off rapidly.

Finally, Fig. 6 displays results for SC4, in which both
projectile and target are in excited states after the collision.
The comparison between calculations and data shows the
same trends as before, and overall one can say that single
transfer processes in the He2+-He system are described fairly

well by our theory. This provides further evidence for the
minor role of electron-correlation effects and the applicabil-
ity of the IEM.

C. Differential cross sections for two-electron transfer

DCSs for two-electron transfer in He2+-He collisions are
presented in Fig. 7. Despite the IEM description the experi-
mental DCSs for the DC1 process, in which the neutralized
projectile is found in the ground state, are well reproduced
by our calculations. The agreement with the data is even
better than in the case of the Born distorted-wave �BDW�
calculation reported in Ref. �14�, in which correlated initial
and final states were considered. This indicates, somewhat
surprisingly, that even on the differential level double cap-
ture is essentially an uncorrelated process in this energy
range. For the DC2 process we observe some discrepancies
between our calculations and the experimental data, but
nonetheless the overall agreement is good and the minor im-
portance of electron-correlation effects confirmed.

Finally, in Fig. 8 two-electron capture into all shells is
considered at the somewhat higher impact energy
EP=1500 keV=375 keV /amu. This DCS was measured
some time ago and compared with CDW calculations
�36,37�. It was observed that the theoretical results improved
only slightly if correlation effects in the initial and final
states were included in the model in terms of configuration
interaction �CI�. A notable effect of these static correlations
on the TCS could not be proven with certainty.

In addition to those previous results Fig. 8 includes DCS
computed in this work, where double captures into the
ground state �n=1� and into all shells ��n� have been con-
sidered. Furthermore, correlated perturbative calculations of
Ref. �13� are shown. In the CI-type calculations only transi-
tions between the ground states were computed and the pos-
sible effects of correlation on double capture into excited
states were not addressed. These effects might be of some
significance and might explain why our IEM results for the
DC2 process differ somewhat from the experimental data at
lower impact energies �cf. Fig. 7�.
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However, according to our calculations there is no indica-
tion for correlation effects at the projectile energy EP
=375 keV /amu. Figure 8 shows that the IEM ��n� calcula-
tion is in very good agreement with the measurements for
scattering angles �LAB�0.2 mrad, but gives somewhat
larger DCS at smaller angles. For the direct comparison with
the measurements the CI calculation of Refs. �36,37� was
folded with the experimental resolution function. The effect
of this procedure can be seen clearly by comparing the DCS
of the CI calculations �CI and CI folded�: the convolution of

the theoretical cross section with the experimental resolution
reduces the cross section at small scattering angles, while the
DCS at �LAB�0.2 mrad is unaffected. One can anticipate
which consequences such a convolution will have on our
IEM ��n� DCS: excellent agreement with the experimental
data might be achieved in the entire angular range. Unfortu-
nately, the experimental resolution function was not available
to us, so that we were not able to prove this conjecture.

IV. CONCLUSIONS

We have considered angular-differential cross sections for
one- and two-electron processes in p-He and He2+-He colli-
sions in a rather broad range of impact energies. Our study
clarifies some open points in the overall picture and provides
important information for the further development of theo-
ries. Namely, the independent electron model which neglects
electron-correlation effects does indeed provide an adequate
framework to describe quite a few inelastic processes in
these systems. Given that these effects were often thought to
play an important role in any two-electron process, this is a
remarkable and somewhat unexpected result.

A further important conclusion of our study concerns the
quality and the nonperturbative nature of the single-electron
transition amplitudes, which are used for the modeling of the
two-electron amplitudes within the IEM. The details of our
calculation show that high accuracy is crucial if the differen-
tial cross sections are computed with the eikonal approxima-
tion. Calculations based on perturbation theory and distorted-
wave models sometimes exhibit unphysical structures and
show in general less satisfactory agreement with the mea-
surements, which might indicate the necessity to employ
nonperturbative methods.
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