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State-selective electron transfer in He+ + He collisions at intermediate energies
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Electron transfer processes in He+ + He collisions are studied theoretically using a three-electron semiclassical
atomic-orbital close-coupling method in a wide energy domain, from 1 to 225 keV/u. Total, state-selective, and
angular-differential cross sections are presented and compared with available experimental and theoretical results.
A prominent oscillatory energy dependence structure in the transfer-excitation cross sections is observed and
explained by a strong competition between these channels and the projectile-excitation processes. Moreover, the
angular-differential cross sections considered in this work exhibit an oscillatory structure which is interpreted
within a Fraunhofer-type diffraction model. For the two highest considered collision energies, the cross sections
show a different pattern for which both Fraunhofer-type diffraction and the Thomas mechanism have to be
advocated.
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I. INTRODUCTION

Experimentally, He+ + He collisions have received a great
deal of interest for several decades up to very recently [1–12].
Most of the early works focused on the total and state-selective
cross sections, which do not provide as much information
on the collision dynamics as the differential scattering cross
sections. However, in recent works, the ground-state transfer
angular-differential cross sections in 3He+ + 4He collisions
have been measured by Schöffler et al. [11] at 60, 150, 300,
and 600 keV/u impact energies using the cold-target recoil-
ion-momentum spectroscopy (COLTRIMS) technique. The
authors have also shown the corresponding cross sections using
the four-body distorted-wave theory. A rather poor agreement
was found between the calculations and their experimental
measurements. On the other hand, Guo et al. [12] performed a
combined experimental and theoretical investigation on state-
selective and angular-differential cross sections in 4He+ + 4He
collisions. The cross sections were obtained experimentally
using the COLTRIMS technique at 7.5 and 25 keV/u impact
energies. The experimental data were compared with the
theoretical results based on the classical trajectory Monte Carlo
(CTMC) method. It was found that the CTMC calculations
failed to reproduce the experimental angular-differential cross
sections.

Despite the substantial number of theoretical efforts that
have been pursued to understand and model the He+ + He
collision system [13–21], this latter still remains a challenge for
theoreticians. In particular, in the intermediate impact energy
region, perturbative approaches or model calculations using a
model potential with only one (or two) active electrons may
be inadequate due to the strong coupling between various
channels and electronic correlation effects. Consequently,
nonperturbative full three-electron semiclassical or quantum
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approaches can bring further insights into the understanding
of this collision system.

In this context, Sural et al. [17] developed in 1969 a three-
electron coupled-channel method to study electron transfer and
excitation processes of He+ + He collisions for the impact
energies 0.15–10 keV/u; the authors considered only six
channels which allowed for a single excitation and transfer
into the first excited states. But direct projectile excitation
was excluded. Later, extended three-electron coupled-channel
calculations were performed for the impact energies 2.5–
150 keV/u by Hildenbrand et al. [18], where 128 channels
were considered in their calculations. However, the couplings
between s and p wave functions were not taken into account in
their calculations. It should be also mentioned that those studies
were only focused on the total state-selective cross sections.

In the present paper, we study theoretically the electron
transfer processes

He+(1s) + He(1s2) → He(1s2) + He+(1s) (GT),

→ He(1snl) + He+(1s) (ET),

→ He(1s2) + He+(nl) (TE), (1)

where GT, ET, and TE correspond to ground-state transfer,
transfer to excited state, and transfer-excitation, respectively.
We use a three-electron semiclassical atomic-orbital close-
coupling (SCAOCC) method and focus in the energy domain
ranging from 1 to 225 keV/u. Total, state-selective, and
angular-differential cross sections are presented and compared
with available theoretical and experimental results. Our com-
puted cross sections agree well with the most recent experi-
mental measurements. Possible reasons for the disagreement
with previous calculations are discussed. Furthermore, our
calculations show a prominent oscillatory energy dependence
structure in the integral TE cross sections, which we assign to
a strong competition between the TE and projectile-excitation
processes. The angular-differential cross sections for most
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processes considered in this work exhibit distinct oscillatory
structures which are discussed and interpreted.

The present paper is organized as follows. In the next section
we briefly outline our three-electron SCAOCC method used in
the present calculations. Section III is devoted to the detailed
analysis of the total, state-selective, and angular-differential
cross sections and direct comparisons with available experi-
mental and theoretical results, followed by the conclusions in
Sec. IV. Atomic units are used throughout, unless explicitly
indicated otherwise.

II. THEORY

In the present work, the cross sections of the electronic
processes in Eq. (1) occurring during He+ + He collisions
are calculated by a three-electron semiclassical atomic-orbital
close-coupling approach. We have previously described our
multiple (two)-active-electron SCAOCC approach in, e.g.,
[22–24], so only the main features of the approach are outlined
here. The ne-electron time-dependent Schrödinger equation
(TDSE) is written as[

He − i
∂

∂t

∣∣∣∣
�r1,�r2,...,�rne

]
�(�r1,�r2, . . . ,�rne

, �R(t)) = 0, (2)

where He is the electronic Hamiltonian,
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and �ri , �ri
p = �ri − �R(t) are the position vectors of the electrons

with respect to the target and the projectile, respectively. The
relative projectile-target position �R(t) defines the trajectory,
with �R(t) = �b + �vt in the usual straight-line, constant-velocity
approximation (�b and �v are the impact parameter and velocity,
see Fig. 1.). The term VT (VP ) is the electron-target (-projectile)
nucleus potential.

FIG. 1. Collision geometry. The impact parameter �b and velocity
�v define the collision plane (xz) and �R(t) the projectile (P) trajectory
with respect to the target (T). The positions of first two electrons with
respect to the target center are denoted �r1, �r2, the third electron with
respect to the projectile center is denoted �rp

3 , and �r12, �r13 and �r23 are
the relative vectors between every two electrons. Note that for clarity
we locate the origin of the reference on the target; this does not restrict
the generality of our results which are Galilean invariant.

The Schrödinger equation is solved by expanding the wave
function onto a basis set composed of states of the isolated
collision partners,
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whereN(nT ,nP ) denotes the number of states (and corresponding
energies) for which nT and nP (nT + nP = ne) electrons are on
the target and projectile, respectively. The multielectron states
�(nT ,nP ) are expressed as linear combinations of spin-adapted
products of Gaussian-type orbitals (GTOs) centered on isolated
collision partners. The permutation operator P̂ in Eq. (5) en-
sures the full antisymmetry of the wave functions with respect
to the interchange of two electrons. Note that, for all electrons,
these projectile states contain plane-wave electron translation
factors (ETFs), ei�v·�r−i 1

2 v2t , ensuring Galilean invariance of the
results. The insertion of Eqs. (4) and (5) into Eq. (3) results
in a system of first-order coupled differential equations, which
can be written in matrix form as

i
d

dt
a(t) = S−1(�b,�v,t)M(�b,�v,t)a(t), (6)

where a(t) is the column vector of the time-dependent ex-
pansion coefficients and S, M are the overlap and coupling
matrices, respectively. These equations are solved for a set
of initial conditions (initial state i, b, and v) using a robust
predictor-corrector time-step variable method developed by
Shampine and Gordon [25]. The probability of a transition
i → f is given by the coefficients af (≡ a

(nT ,nP )
J ) as

Pf i(b,v) = lim
t→∞ |af (t)|2. (7)

The corresponding integral (total) cross sections for the con-
sidered transition are calculated as

σf i(v) = 2π

∫ +∞

0
bPf i(b,v)db. (8)

In the same manner as in Ref. [26], the angular-differential
cross sections are expressed by

dσf i

d�
= |ff i(θ,φ)|2, (9)

where the scattering amplitude is given as a Bessel function
transform of the collision amplitude,

ff i(θ,φ) = μv(−i)1+|mf −mi |e−i(mf −mi )φ

×
∫ ∞

0
bdbJ|mf −mi |[2μvb sin(θ/2)]

× [cf i(b,+∞) − δf i], (10)
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where μ is the reduced mass of the target and projectile and
mi , mf are the magnetic quantum numbers of the initial and
final states, respectively. It should be noted that all b-dependent
phases (i.e., common phases due to the core-core interaction in
the Hamiltonian [27]) contributing to the collision amplitudes
cf i(b,+∞) in the complete solution of the close-coupled
impact parameter equations should be included in Eq. (10).
It is precisely the complete phase information that allows
the extraction of the angular predictions from straight-line
trajectory collision amplitudes. Explicitly, the amplitudes are

cf i(b,+∞) = af (b,Z0) exp

(
i

v
2ZT ZP lnb

)
, (11)

where the nuclear charges of the target and projectile are
denoted as ZT and ZP , the amplitude af (b,Z0) is the solution
of Eq. (6), starting (initial conditions) at −Z0 along the
projectile trajectory and ending at +Z0, for the usual left-side
passage of the target (φ = 0, cf. Fig. 1 in [26]).

III. RESULTS AND DISCUSSION

A. Total and state-selective cross sections

In the present calculations, a set of 19 GTOs (10 for l = 0,
3 × 3 for l = 1) are used on both projectile and target centers;
this allows the inclusion of 1260 states (states of two electrons
on target and one electron on projectile, and vice-versa).
Note that this basis has been selected using two criteria:
(i) large enough to describe accurately the important target
and projectile states and (ii) still computationally tractable.
Convergence tests have been performed by comparing the
present results with those from a smaller basis set (12 GTOs
on each center, i.e., 6 for l = 0 and 2 × 3 for l = 1) which
allows the inclusion of 582 states in total. The convergence
was evaluated to be better than 1% for the total single electron
transfer (SET) and GT cross sections, to be about 10% for the
ET cross sections, reaching a maximum of 20% for the TE
cross sections, for energies where, however, the values of the
cross sections are lower than 5 × 10−18 cm2 (see Fig. 3).

In Fig. 2, our calculated total SET cross sections are
presented and compared with experimental data [1,4,7,9,10]
and theoretical calculations [12,14,20], as well as the rec-
ommended data from Ref. [28]. As displayed in Fig. 2, our
results are in very good agreement with experimental mea-
surements and the four-body Coulomb-Born distorted-wave
approximation (CBDW-4B) calculations [14] in the whole
overlapping energy region. The cross sections from the time-
dependent-density-functional-theory (TDDFT) calculations of
Baxter et al. [20] are higher than our results. In particular, for
E > 50 keV/u, the TDDFT calculations overestimate the cross
sections compared to the experimental data; this failure may
be related to the fact that the authors employed an independent
electron model (IEM) approximation in their calculations
[20]. This indicates that the correlation effects which have
been taken into account in the present calculations as well
as in the CBDW-4B calculations [14] are most important for
impact energies 50–225 keV/u (the highest impact energy
we considered). It can also be observed from Fig. 2 that the
CTMC calculations of Guo et al. [12] lie below our results and
the CBDW-4B calculations [14], as well as the experimental

FIG. 2. Total SET cross sections as a function of impact energy.
The theoretical results are from the present calculations (red solid
line), Guo et al. [12] (green dash line), Ghanbari-Adivi et al.
[14] (blue dot line), and Baxter et al. [20] (orange dash-dot line).
The experimental results are from Hegerberg et al. [4] (blue open
diamonds), Barnett et al. [1] (green open squares), DuBois et al. [7]
(black solid circles), Forest et al. [9] (grey solid squares), and Atan
et al. [10] (orange crossed triangles). The recommended data from
[28] (black dash-dot-dot line) are also presented.

measurements for the impact energies lower than 30 keV/u,
while slightly above for the impact energies above 50 keV/u.
This could be due to the fact that the interelectronic interactions
were taken into account by an approximate way and because
of the lack of the tunneling effect in their CTMC method [12].
Note, finally, that the data from Ref. [28] are also in good
agreement with measurements of [1,4] for E < 3 keV, but are
slightly lower than [7,9,10] for higher impact energies.

The total state-selective (GT, ET, and TE) cross sections as
functions of the impact energy are shown in Fig. 3(a), together
with experimental and theoretical results of Guo et al. [12] for
comparison. Our results show that the GT process in Fig. 3(a)
is the dominant channel in the entire energy range with an
increase for decreasing impact energies, which is a general
feature for the resonant charge-transfer process in a symmetric
ion-atom collision system.

In contrast to the GT process, the cross sections of ET show
a maximum around 25 keV/u, and a monotonous decrease at
both higher and lower energies. It can also be observed from
Fig. 3(a) that the electron transfer to He excited triplet states are
the dominant contributions of the ET cross sections. For E >

70 keV/u, the ratio of ET to triplet and singlet states is about 3,
which is in accordance with straightforward spin statistics. This
indicates that it is a direct atomic mechanism which gives rise
to the process in this energy range while for E < 70 keV/u one
can advocate a complex dynamics, coupling a molecular type
mechanism and the direct one. Comparing with experimental
results of Guo et al. [12], very good agreements can be
observed for both GT and ET cross sections.

For the TE cross sections, our results are slightly larger
and smaller than the experimental data [12] at, respectively,
E = 7.5 and E = 25 keV/u. It should be noted that these
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FIG. 3. GT, ET, and TE cross sections as functions of impact
energy for He+ + He collisions. (a) Solid line: present calculations;
the present calculated cross sections for ET to singlet and triplet states
of He are denoted as red dot and dash line, respectively; dash-dot
line: theoretical calculations of [12]; solid symbols: experimental
measurements of [12]. (b) Our calculated cross sections for the
dominant TE and PE processes as functions of impact energy.

cross sections are small and our calculations are less converged
(20%) than for the other processes. However, the tendency of
our results are in accordance with the data of [12]. In contrast,
the CTMC calculations reported in [12] are much larger than
their experimental data at 7.5 keV/u, and show a very weak
dependence upon impact energy in the range considered. In
absence of other independent results, it is difficult to draw
definite conclusions on that disagreement. However, for the
different processes considered, our results show the best overall
agreement with experimental results.

Furthermore, it can be seen in Fig. 3(a) that our calculated
TE cross sections show a clear oscillatory dependence structure
as a function of impact energy. To gain insight into the
oscillatory structure, we present in Fig. 3(b) the cross sections
for the dominant channels of two symmetric processes,

He+(1s) + He(1s2) → He(1s2) + He+(2p) (T E),

→ He+(2p) + He(1s2) (PE), (12)

where PE stands for projectile excitation. It can be observed
that the TE and PE cross sections seem to be out of phase over
the energy range 3–225 keV/u, demonstrating the existence of
the strong competition between TE and PE resonant processes.
However, there exist only two experimental data for the TE
process [12], and further experimental measurements will be
useful to confirm our theoretical predicted oscillatory structure.

As shown above, our calculations agree quantitatively with
the most recent measurements of Guo et al. [12]. In the
following, we further investigate electron transfer processes

FIG. 4. Cross sections as functions of impact energy for ET to
He(1s2s 1S and 3S) excited states and TE to the He+(2s) excited
state.

for which no recent theoretical and experimental results are
available.

The cross sections for ET to He(1s2s 1S and 3S) excited
states and TE to He+(2s) excited state are presented respec-
tively in Fig. 4(a)–4(c). The theoretical results of Sural et al.
[17], Winter et al. [15], and Hildenbrand et al. [18] are also
reported. To our knowledge, no experimental results are avail-
able. It can be seen for both electron transfer to He(1s2s 1S)
and He(1s2s 3S), large discrepancies exist among all these
theoretical results in the overlapping energy regions and a
surprising very good agreement with first-Born calculations
[15] is found for the first process at E > 50 keV/u. For the
cross sections of TE in Fig. 4(c), a prominent oscillatory struc-
ture can be observed, which is due to the strong competition
between TE and PE processes, as mentioned before for total TE
cross sections. However, to our knowledge, no experimental or
theoretical investigations exist to confirm our predictions.

The convergence of our calculations has been checked
for the three processes under consideration, as mentioned
before. The validity of our results is also supported by the
comparison with experiments concerning electron transfer to
higher He(1s2p 1P , 1s3s 1S and 3S) excited states. We present
in Fig. 8 (see the Appendix) our calculated cross sections
for electron transfer to He(1s2p 1P , 1s3s 1S and 3S) excited
states, compared with available experimental and theoretical
results [8,15,18,29,30]. Our results are in excellent agreement
with the experimental results of [8,29,30] in the overlapping
energy regions. The validity of our calculated cross sections
for ET to He(1s2s 1S and 3S) excited states and TE to the
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FIG. 5. GT angular-differential cross sections as a function of
scattering angle at impact energies 7.5 and 25 keV/u. Red solid line:
present calculations; red dash line: present convoluted results; black
solid circles: experimental results from [12].

He+(2s) excited state in Fig. 4 is supported by this agreement,
since the lower excited states are obviously better described
than the higher excited states with our GTO basis set. Further
experimental investigations will be useful to draw definite
conclusions.

B. Angular-differential cross sections

We now investigate the electron transfer angular-differential
cross sections which provide a greater benchmark for our
calculations. In Fig. 5, our calculated GT angular-differential
cross sections at 7.5 and 25 keV/u are presented, together
with the measurements reported in [12]. To compare with
the experimental data, we tried to model the experimental
conditions by convoluting our raw data by a Gaussian function
which corresponds to the experimental resolution. We used the
full width at half maximum (FWHM) equal to the experimental
resolution: FWHM = 0.18 and 0.1 mrad [12,31] are used
for impact energies 7.5 and 25 keV/u, respectively. Our
convoluted cross sections are also presented in Fig. 5 where
our calculated GT angular-differential cross sections for both
7.5 and 25 keV/u are slightly larger than the experimental
measurements. This is due to the fact that the absolute values
of the experimental data were determined by normalization
with the SET cross sections from Ref. [28], which are slightly
smaller than our calculated total SET cross sections for
E > 3 keV/u.

Except for that scaling factor, an excellent agreement can be
found in Fig. 5(b) between the present convoluted results and
the experimental measurements at impact energy 25 keV/u.

FIG. 6. Angular-differential cross sections of GT and ET to
He(1s2s 1S and 3S) excited states and TE to He+(2s) + He(1s2) as
functions of scattering angle for impact energies 7.5, 25, 60, and
150 keV/u. The dash-line arrows show the positions of the first
minimum in our angular-differential cross sections; the solid-line
arrows show the positions of the first bright fringe calculated by the
Fraunhofer-type diffraction model; the vertical dot-line in (d) shows
the position of the Thomas peak.

For impact energy 7.5 keV/u, our calculated GT angular-
differential cross sections with convolution are also in good
agreement with experimental measurements of [12], except for
a small shift of the positions of maximum and minimum. This
may be due to that the FWHM (∼0.18 mrad) of the Gaussian
function used in our convolution was evaluated as being
too large since the experimental cross sections lie between
our convoluted and nonconvoluted cross sections. Note that
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TABLE I. Positions of the first minimum and maximum in the angular-differential cross sections as well as the effective aperture radius
ρFD and the positions of the first bright fringe calculated by the Fraunhofer-type diffraction model.

Process Impact energy (keV/u) 1st minimum (mrad) ρFD (a.u.) 1st maximum (mrad) 1st bright fringe (mrad)

GT 7.5 0.24 4.0 0.33 0.32
25 0.17 3.1 0.23 0.23
60 0.14 2.4 0.18 0.19
150 0.13 1.7 0.15 0.17

ET to He(1s2s 1S) 7.5 0.41 2.3 0.65 0.56
25 0.11 4.8 0.17 0.15
60 0.13 2.6 0.17 0.18
150 0.12 1.8 0.15 0.16

ET to He(1s2s 3S) 7.5 0.31 3.1 0.48 0.42
25 0.16 3.3 0.23 0.21
60 0.12 2.8 0.17 0.16
150 0.10 2.1 0.13 0.14

TE to He+(2s) 7.5 0.47 2.0 0.66 0.64
25 0.28 1.9 0.40 0.37
60 0.23 1.5 0.33 0.30
150 0.09 2.4 0.12 0.12

we have also calculated the GT angular-differential cross
sections of 3He+ + 4He collisions for 60 and 150 keV/u impact
energies to compare with experimental results of Schöffler
et al. [11]; our results and experimental results are in good
agreement for both impact energies. (See Figs. 9 and 10 in the
Appendix).

We now investigate the angular-differential cross sections
for other electron transfer processes and larger collision en-
ergies. Figure 6 shows our cross sections for the processes
GT and ET to He(1s2s 1S and 3S) excited states and TE to
He+(2s) excited state for impact energies 7.5, 25, 60, and
150 keV/u. One can observe in Fig. 6 that the cross sections for
all these processes display a similar oscillatory structure, with
a first pronounced minimum followed by shallow ones in some
cases. This behavior has been observed in the past [12,32–37],
the oscillatory structures being interpreted by Fraunhofer-type
diffraction: the angular-differential cross sections present a
minimum and then a maximum like the diffraction pattern in
optics, with the first dark and bright fringes located at 0.61λ/ρ

and 0.819λ/ρ respectively, in the case of a circular aperture of
radius ρ and of a radiation of wavelength λ, see [38].

In the following, we check the validity of this interpretation
for all processes and energies considered in this work. First,
let us apply it to the GT angular-differential cross sections
presented in Fig. 6(a). The positions of the first minimum θmin,
marked as dash-line arrows, are determined directly from the
calculated cross sections. From these minimum, an effective
“aperture” radius ρFD is obtained so that the position of the
first expected Fraunhofer bright fringe θbright is evaluated (see
above). In Table I, the values of our calculated effective aper-
ture radius and the positions of first bright fringe are shown,
the latter are also marked in Fig. 6(a) as solid-line arrows. It
can be seen in Table I and in Fig. 6(a) that for the four energies
under consideration, the positions of the first maximum in our
cross sections agree well with the predicted positions stemming
from the Fraunhofer-type diffraction model. To compare our
calculated effective aperture radius with the corresponding

effective impact parameter range, the probabilities of the
GT process as a function of impact parameter are shown
in Fig. 7 for impact energies 7.5, 25, 60, and 150 keV/u.
Our calculated effective aperture radii for the corresponding
impact energies are denoted as arrows in the same figure. It
is found that the probabilities of all these impact energies
are negligibly small beyond the corresponding positions of
the arrow. The effective impact parameter range is therefore
in good agreement with the effective aperture radius. This
tends to indicate that the oscillatory structure appearing in the
GT angular-differential cross sections originates mainly from
Fraunhofer-type diffraction.

We now apply the same analysis on the processes of ET
to He(1s2s 1S and 3S) excited states and TE to He+(2s)
excited state. The results are presented in Figs. 6(b)–6(d)

FIG. 7. Transition probabilities of the GT process as functions of
impact parameters and for four different impact energies. The arrows
mark the positions of the effective aperture radius calculated by the
Fraunhofer-type diffraction model, see Table I.
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and in Table I. The overall satisfactory agreement between
the positions of the arrow and the first maximum in our
calculated angular-differential cross sections suggests that the
oscillatory structure observed for the ET and TE processes
also originates from Fraunhofer-type diffraction. Note that we
have also compared our calculated effective aperture radius
with the corresponding effective impact parameter range for
these processes and a satisfactory agreement was found (not
shown).

However, for the TE angular-differential cross sections at
60 keV/u impact energy, one can observe an extra minimum at
angle θ ≈ 0.09 mrad before the minimum marked as dash-line
arrow in Fig. 6(d). This small angle minimum gives the aperture
radius to be 3.8 a.u., while the corresponding probability is
already negligibly small beyond b ≈ 1.5 a.u.. This means
that the first minimum and maximum are not stemming from
Fraunhofer-type diffraction. In contrast, from the second min-
imum at angle θ ≈ 0.23 mrad marked as the dash-line arrow in
Fig. 6(d), the aperture radius is determined to be 1.5 a.u., which
is in good agreement with the corresponding effective probabil-
ity range; the predicted first bright Fraunhofer fringe is also in
agreement with the second maximum in our cross sections (see
Table I). In fact, at the two highest impact energies, electron
transfer is more likely dominated by the Thomas process
[39–42], where the Thomas peak is located at θ = √

3m/2M

(here m and M are the masses of the electron and projectile,
respectively). For the present collision system, θThomas = 0.119
mrad, which is also denoted as a vertical dot-line in Fig. 6(d).
An excellent agreement can be found between the vertical
dot-line and the first maximum in angular-differential cross
sections for impact energy 60 keV/u. This means that the
first maximum observed in the TE angular-differential cross
sections of impact energy 60 keV/u is the Thomas peak, while
the second one originates from Fraunhofer-type diffraction.
For E = 150 keV/u, the first minimum is observed at angle
θ ≈ 0.09 mrad, from which the aperture radius is determined
to be 2.4 a.u. It turns out that the effective impact parameter
range for this process at this energy is also around 2.4 a.u.
This gives the first bright fringe of Fraunhofer-type diffraction
at 0.12 mrad, which agrees well with the position of the
first maximum in the angular-differential cross sections (see
Table I) and also lies at the Thomas peak position. Therefore,
we may conclude that the structure observed for this process
at 150 keV/u stems from the overlap between Thomas mech-
anism and diffraction, while at 60 keV/u the two effects are
separated.

Note finally that for some of considered cross sections
one can observe a second minimum which does not follow
Fraunhofer diffraction prediction: for instance, for ET to
He(1s2s 3S) excited states [Fig. 6(c)] at 25 keV/u, a second
minimum is located at 0.6 mrad while Fraunhofer theory
predicts θ = 1.116λ/ρ ≈ 0.29 mrad. Furthermore, a second
minimum and maximum are not observed in most cases.
We attribute this fact to the limit of the Fraunhofer-type
model: in particular, (i) the interaction region where electron
transfer occurs is not a clean circular aperture and (ii) at
larger scattering angles the contributions of hard (small impact
parameters) collisions become dominant with important inter-
nuclear repulsive interaction, which washes out the diffraction
pattern.

IV. CONCLUSION

In this paper, we have investigated electron transfer pro-
cesses occurring in the course of He+ + He collisions by
using a three-electron SCAOCC approach. First, total and
state-selective cross sections have been calculated in a wide
energy region from 1 to 225 keV/u and compared with
available experimental and theoretical results: a very good
agreement with the most recent and detailed experiments is
observed. Comparisons of our results with other theoretical
calculations further demonstrate the importance of a nonpertur-
bative approach and of the electronic correlation. Moreover, we
have shown that the transfer-excitation cross sections exhibit a
prominent oscillatory energy dependence structure which was
attributed to a strong competition between transfer-excitation
and projectile-excitation processes.

Second, we have calculated angular-differential cross
sections of ground-state transfer, transfer to excited state,
and transfer excitation. The ground-state transfer angular-
differential cross sections are in excellent agreement with
experimental data of [12] for both impact energies 7.5 and
25 keV/u.

Finally, the oscillatory structures observed in the ground-
state transfer, transfer to excited state, and transfer-excitation
angular-differential cross sections have been interpreted by
Fraunhofer-type diffraction, which seems to be valid for all
processes and energies considered in this work. The Thomas
peak has also been observed in the transfer-excitation angular-
differential cross sections for higher impact energies 60 and
150 keV/u. In the latter case, the Thomas peak overlaps with
the Fraunhofer-type maximum.

FIG. 8. Present cross sections for electron transfer to He(1s2p 1P

and 3P , 1s3s 1S and 3S) excited states, compared with available
theoretical [15,18] and experimental [8,29,30] results.
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FIG. 9. GT angular-differential cross sections as a function of
scattering angle at impact energy 60 keV/u. Red solid line: present
calculations; black dash line: theoretical results of Schöffler et al.
[11]; green dash-dot line: theoretical results of Ghanbari-Adivi et al.
[21]; black solid squre: experimental results of Schöffler et al. [11].
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FIG. 10. Same as Fig. 9, but for 150 keV/u.

APPENDIX: ADDITIONAL CALCULATIONS

The validity of our results for electron transfer to
He(1s2s 1S and 3S) excited states and transfer and target
excitation to He+(2s) excited state is also supported by the
comparison with experiments concerning electron transfer to
higher He(1s2p 1P , 1s3s 1S and 3S) excited states. As shown
in Fig. 8, Our results are in excellent agreement with the
experimental results of [8,29,30] in the overlapping energy
regions.

We have also calculated the GT angular-differential cross
sections of 3He+ + 4He collisions for 60 and 150 keV/u impact
energies, which are in good agreement with experimental
results [11] for both impact energies (see Figs. 9 and 10).
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