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We present all-electron close-coupling calculations of cross sections for electron capture and target excitation
occurring in 0.25–200 keV/u He+-H collisions. We show overall good agreements with available experimental
data for total electron capture, n = 2 target excitation, and related Hα emission. We especially focus on
n�-selective capture and excitation processes and critically compare our results with those from previous
theoretical investigations. Our results confirm the oscillatory structures observed in the spin-averaged H(2s)
and H(2p) excitation cross sections for impact energies below 50 keV/u. Furthermore, we interpret these
oscillations as the consequence of interferences between excitation to H(2s) and H(2p0) in both spin-singlet
and spin-triplet symmetries, as well as between electron capture to He(1s2p 1P, |ML| = 1) and excitation to
H(2p1) in spin-singlet symmetry.
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I. INTRODUCTION

Electron capture and target excitation in He+-H collisions
have been the subject of both experimental and theoretical
studies for a considerable time [1–25]. Indeed, these low-Z el-
ements are the dominant constituents of astrophysical [26,27]
and fusion [28,29] plasmas. In magnetic confinement fusion
sciences, the neutral beam injection is a standard method
to either heat or diagnose the plasmas [30,31]. Modeling of
beam penetration into the plasma and of photoemission sig-
nals relies on detailed data for electronic processes occurring
in ion-atom collisions [32]. On the other hand, from a fun-
damental point of view, such collision systems are also of
challenging importance in relation to dynamical correlations
between the target electron and the projectile one in the colli-
sion process. These two aspects make the study of the He+-H
collision system interesting and quite challenging.

For total electron capture,

He+(1s) + H(1s) → He + H+, (1)

cross sections were previously measured by Olson et al. [3]
in the energy range of 2–100 keV/u, by Shah and Gilbody
[33] from 15 to 115 keV/u, and by Hvelplund and Ander-
sen [6] from 100 to 625 keV/u. Note that these experiments
were performed with both dihydrogen and atomic hydrogen,
produced by thermal dissociation of H2 in a heated tungsten
tube [34]. These results were found to be in reasonable agree-
ment with later theoretical investigations based on various
approaches to describe the collision dynamics in a specific
energy domain: (i) the full quantum-mechanical molecular
orbital close-coupling (QMOCC) method at low energies [24],
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(ii) the semiclassical atomic orbital close-coupling (AOCC)
method at intermediate energies [13,17,24], and (iii) the
four-body continuum-distorted-wave (CDW-4B) perturbative
treatment for high-impact energies [19]. However, for the
state-selective electron capture processes, no experimental in-
vestigation has been reported so far and the only theoretical
results by Liu et al. [24] are available. These authors use
both QMOCC and AOCC approaches but the respective cross
sections did not agree with each other in the overlapping
energy region (around 1 keV/u) where these two methods
may be expected to be valid, as long as convergence in the
close-coupling scheme is reached.

For state-selective target excitation processes,

He+(1s) + H(1s) → He+(1s) + H∗(n�), (2)

investigations are more scare. For atomic and molecular
hydrogen targets, measurements were performed for H(2�)
excitation using the modulated crossed-beam technique in
the energy ranges 1.25–6.5 and 2.5–25 keV/u, respectively
[4,15]. These two series of experiments show oscillating cross
sections as a function of impact energy. A complete explana-
tion of this behavior is still missing.

For H(3�) excitation, Donnelly et al. [11] have measured
the cross sections for Balmer Hα emission in the energy range
of 2.5–25 keV/u. These outcomes compare reasonably with
AOCC calculations [13,17,24] for energies below 10 keV/u,
while for higher energies large discrepancies exist between
these four series of cross sections. For excitation to higher
states, to the best of our knowledge, theoretical and experi-
mental results are needed.

In this work, the processes of total and selective electron
capture, respectively, Eq. (1) and

He+(1s) + H(1s) → He(1sn� 1,3L) + H+, (3)

2469-9926/2024/109(1)/012801(9) 012801-1 ©2024 American Physical Society

https://orcid.org/0000-0002-3334-7233
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.109.012801&domain=pdf&date_stamp=2024-01-08
https://doi.org/10.1103/PhysRevA.109.012801


GAO, QI, WU, WANG, SISOURAT, AND DUBOIS PHYSICAL REVIEW A 109, 012801 (2024)

for n = 2 and 3, as well as target excitation, Eq. (2) (n =
2 − 4), are investigated in a wide energy domain ranging
from 0.25 to 200 keV/u. We use a fully correlated (con-
figuration interaction type) two-active-electron semiclassical
asymptotic-state close-coupling (SCASCC) method. We are
aiming to (i) provide accurate collisional cross sections, (ii)
resolve the discrepancies with the existing data, and (iii) un-
derstand the oscillatory structures observed in the n�-selective
target excitation cross sections.

The paper is set out as follows. In Sec. II we briefly out-
line the SCASCC method used in the present calculations.
Section III is devoted to the detailed analysis of the electron
capture and target excitation cross sections, including direct
comparisons with available experimental and theoretical re-
sults. Conclusions are given in Sec. IV. Atomic units are used
throughout, unless explicitly indicated.

II. THEORY

In the present work, the cross sections of the electronic
processes occurring during He+-H collisions are calculated
within a semiclassical asymptotic-state close-coupling ap-
proach which has been previously described, for example,
in Refs. [35–38]. We only outline briefly the main features
of the method, with some details related to the present col-
lision system considered. The two-electron time-dependent
Schrödinger equation is written as[

He − i
∂

∂t

]
�(�r1, �r2, t ) = 0, (4)

where He is the electronic Hamiltonian

He =
∑
i=1,2

[
−1

2
∇2

i + VT (ri ) + VP
(
rp

i

)] + 1

|�r1 − �r2| , (5)

and �ri and �ri
p = �ri − �R(t ) are the position vectors of the elec-

trons with respect to the target and the projectile, respectively.
The relative projectile-target position vector �R(t ) defines the
trajectories, with �R(t ) = �b + �vt in the usual straight-line,
constant velocity approximation (�b and �v are respectively
the impact parameter and the velocity; see Fig. 1). The
potentials VT and VP describe the interactions between the
electrons and, respectively, the target and projectile nuclei,
i.e., VT (ri ) = −1/ri and VP(rp

i ) = −2/rp
i for the present sys-

tem. The Schrödinger equation is solved by expanding the
wave function onto a basis set composed of states of the
isolated collision partners (i.e., asymptotic states), that is, in
a general form,

�( �r1, �r2, t ) =
NT T∑
i=1

cT T
i (t )�T T

i ( �r1, �r2)e−iET T
i t

+
NPP∑
j=1

cPP
j (t )�PP

j ( �r1, �r2, t )e−iEPP
j t

+
NT∑

k=1

NP∑
l=1

cT P
kl (t )

[
φT

k ( �r1)φP
l ( �r2, t )

± φT
k ( �r2)φP

l ( �r1, t )
]
e−i(ET

k +EP
l )t , (6)

FIG. 1. Collision geometry. The impact parameter �b and the ve-
locity �v define the collision plane (xz) and �R(t ) defines the projectile
(P) trajectory with respect to the target (T ). The positions of two
electrons with respect to the target center are denoted �r1 and �r2,
and �r12 = �r2 − �r1 is the relative vector between the two electrons.
Note that in this figure we locate the origin of the reference frame
on the target only for convenience since our equations are Galilean
invariant.

where T and T T (P and PP) superscripts denote states and
corresponding energies for which one and two electrons are
on the target (projectile), respectively. Note that, in the present
work, the two-electron states of target (H−) are not included
in the calculations, since the formation of H− in He+-H col-
lisions is expected to be negligible compared to the processes
Eqs. (1)–(3). The ± sign in the last part of Eq. (6) stands
for the singlet and triplet spin states, respectively, and the
wave functions �T T

i and �PP
j are related to the corresponding

spin symmetry. For both electrons, the projectile states con-
tain plane-wave electron translation factors (ETFs), ei�v· �ri−i 1

2 v2t ,
ensuring Galilean invariance of the results. The insertion of
Eq. (6) into Eq. (4) results in a system of first-order coupled
differential equations, which can be written in matrix form as

i
d

dt
c(t ) = S−1(�b, �v, t )M(�b, �v, t )c(t ), (7)

where c(t ) is the column vector of the time-dependent ex-
pansion coefficients, i.e., cT T , cPP, and cT P in Eq. (6); and
S and M are the overlap and coupling matrices, respectively.
We should emphasize here that we include explicitly in M all
bielectronic couplings and, notably, the complex two-center
ones which include the ETF for both electrons. We use the
same strategy, i.e., no neglect of any couplings, to obtain the
two-electron (PP) states in the diagonalization stage, going
well beyond the Hartree-Fock approach. Our approach is,
therefore, of the configuration interaction type, both statically
and dynamically.

The coupled equations (7) are solved using the predictor-
corrector variable-time-step Adams-Bashford-Moulton
method for a set of initial conditions: initial state i, and given
values of b and v. The probability of a transition i → f is
given by the coefficients c f (≡ cT T , cPP, or cT P) as

Pf i(b, v) = lim
t→∞ |c f (t )|2. (8)
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TABLE I. Parameters [angular momenta � and exponents α, see
Eq. (10)] of the GTOs included in two sets B1 and B2 to describe the
electronic states of H, He+ and He.

B1 B2

H He+ and He H He+ and He

i � αi � αi � αi � αi

1 0 18.07493 0 184.20077 0 3.56102 0 27.05584
2 0 3.11302 0 27.05584 0 0.76810 0 5.80484
3 0 0.76102 0 5.80484 0 0.20833 0 1.62027
4 0 0.25810 0 1.62027 0 0.02020 0 0.58488
5 0 0.19833 0 0.58488 0 0.01578 0 0.15046
6 0 0.02920 0 0.15046 0 0.00657 0 0.02796
7 0 0.01578 0 0.10435 0 0.00183 1 3.02042
8 0 0.00657 0 0.02796 0 0.00029 1 0.85265
9 0 0.00183 0 0.02348 1 0.97651 1 0.29697
10 0 0.00029 0 0.00804 1 0.19740 1 0.12506
11 1 2.92000 1 12.69953 1 0.05330 1 0.04790
12 1 0.97651 1 3.02042 1 0.01514 1 0.02411
13 1 0.19740 1 0.85265 1 0.00838 2 0.13200
14 1 0.05330 1 0.29697 1 0.00258 2 0.04230
15 1 0.01513 1 0.12506 2 0.05259
16 1 0.00838 1 0.04790 2 0.01458
17 1 0.00258 1 0.02411 2 0.00375
18 1 0.00105 1 0.01230 3 0.00657
19 2 0.05259 2 0.18189
20 2 0.01590 2 0.05486
21 2 0.00556 2 0.01478
22 2 0.00274
23 3 0.00973
24 3 0.00241

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

σ f i(v) = 2π

∫ +∞

0
bPf i(b, v)db. (9)

In our approach, in which total spin is conserved, the coupled
equations (7) are solved independently for singlet and triplet
symmetries corresponding to the two possible total spin states
of the collision system. The spin-averaged cross sections are
obtained as the sum of the singlet and triplet results according
to their statistical weights, i.e., 1

4 and 3
4 , respectively.

III. RESULTS AND DISCUSSION

To carry out the computations of cross sections for He+-H
collisions, we require to construct atomic states of H, He+,
and He to be included in the expansion equation (6). We ex-
press these states in terms of Gaussian-type orbitals (GTOs),

Gα,�,m(�r) = r�e−αr2
Y�,m(θ, φ), (10)

for the one-electron [φT and φP in Eq. (6)] states and products
of the same GTOs for the two-electron (�PP) ones. The num-
ber of GTOs and their exponents α are optimized to get correct
binding energies of the relevant states populated during the
collision. In the present calculations, the GTO basis set B1
(see Table I) is used for both spin-singlet and spin-triplet sym-
metries. This basis set allows the inclusion of 1767 states and
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FIG. 2. Spin-averaged total electron capture cross sections as a
function of impact energy. The theoretical results are as follows:
the present calculations (red solid circles with a solid line), AOCC
calculations of Jackson et al. [13] (cyan open hexagons with a solid
line), Kuang et al. [17] (magenta open rhombuses with a solid line),
Liu et al. [24] (blue dashed line), QMOCC calculations of Liu
et al. [24] (orange dash-dotted line), SMOCC calculations of Errea
et al. [8] (purple dotted line), and CDW-4B calculations of Mančev
et al. [19] (yellow dashed line). The experimental results are from
Olson et al. [3] (green solid rhombuses), Shah and Gilbody [33] (blue
downward open triangles), and Hvelplund and Andersen [6] (black
solid squares).

pseudostates [999 (H, He+) and 768 (He) states] in the cal-
culations for spin-singlet symmetry and the inclusion of 1729
states and pseudostates [999 (H, He+) and 730 (He) states] for
triplet symmetry. These states can describe elastic, single elec-
tron capture, excitation, and ionization through the inclusion
of pseudostates with energy lying above ionization thresholds.

We have checked our results presented in the following
by repeating the calculations with a smaller GTO set (B2,
presented in Table I). For the electron capture processes re-
ported in Sec. III A, the results from these two sets agree
with each other within 1% for total capture and about 5% for
selective capture to He(1s2) and He (1s2� 1,3L) in the whole
energy domain considered. For the cross sections of electron
capture to He (1s3� 1,3L), the convergence is about 20% at
intermediate energies. For the lower- and higher-energy re-
gions, the cross sections are rather small (down to 10−20 cm2)
and the differences reach up to 60%. For target excitation
processes in both spin-singlet and spin-triplet cases reported
in Secs. III B and III C, the convergence for excitation to H
(2�) is better than 5% in the whole considered energy region.
The difference between the two series of cross sections for
excitation to higher shells, H (3� and 4�), is about 7% at high
energies when they reach their maximum, 26% at intermediate
energies, and gets to 70% at the low energies, where, however,
the cross sections are lower than 10−19 cm2.

A. Total and He(1sn�)-selective electron capture cross sections

In Fig. 2, we present our calculated spin-averaged to-
tal electron capture cross sections as a function of impact

012801-3



GAO, QI, WU, WANG, SISOURAT, AND DUBOIS PHYSICAL REVIEW A 109, 012801 (2024)

10-21

10-20

10-19

10-18

10-17

10-16

1 10 100
10-20

10-19

10-18

10-17

10-16

SEC to He(1s2 1S):
Present
AOCC of Liu et al.
QMOCC of Liu et al.

E (keV/u)

C
ro
ss
se
ct
io
ns
(c
m
2 )

(a) Singlet

(b) Triplet

SEC to He(1s2p 1P):
Present
AOCC of Liu et al.
QMOCC of Liu et al.

SEC to He(1s2s 1S):
Present
AOCC of Liu et al.
QMOCC of Liu et al.

SEC to He(1s2s 3S):
Present
AOCC of Liu et al.
QMOCC of Liu et al.

SEC to He(1s2p 3P):
Present
AOCC of Liu et al.
QMOCC of Liu et al.

FIG. 3. Cross sections for electron capture to He(1s2 1S) and
He(1s2� 1L) in panel (a) and He(1s2� 3L) in panel (b). Solid lines
with solid symbols show the present results. Dotted and dashed lines
with and without open symbols show the results from Liu et al. [24].

energy in the range 0.25–200 keV/u, together with pre-
vious experimental [3,6,33] and theoretical [8,13,17,19,24]
results for comparison. As displayed in the figure, our cross
sections agree very well with available experimental data
[3,6,33]: a maximum is present at 15 keV/u, followed by a
rapid decay for increasing energies. Compared with previous
theoretical calculations, the AOCC cross sections reported in
Refs. [13,17,24] follow the same trend as ours. However, the
results of Jackson et al. [13] and Kuang et al. [17] lie slightly
lower than ours and experimental data for energies around
the maximum. This is probably due to insufficient channels
included in the former calculations and to the single-electron
approach used in the latter ones. In the low-energy range,
our results agree reasonably well with those stemming from
two methods known to be adequate in this range, i.e., the
fully quantum molecular QMOCC approach [24] for E <

3 keV/u and the semiclassical molecular orbital one [8] for
E < 10 keV/u. Finally, our results compare very well with
those from CDW-4B calculations above 50 keV, below which
this perturbative approach is not valid for the present collision
system and, indeed, overestimates all available results.

We next investigate n�-selective electron capture to provide
detailed information on the final-state distribution, which is of
particular interest both in astrophysics and plasma diagnostics
research since it determines the characteristics of the emitted
radiation.

In Fig. 3, we present the cross sections for electron capture
to the ground state He(1s2 1S), as well as to the He(1s2� 1,3L)
levels. The available theoretical results from AOCC and
QMOCC calculations of Liu et al. [24] are also displayed in
the same figure for comparison. Our calculations show that
electron capture to the excited He(1s2p) states for the two spin
symmetries dominate for low energies up to about 8 keV/u,
while the production of He(1s2 1S) and He(1s2s 3S) takes
over at higher energies. We see important differences between
our results and those from AOCC and QMOCC calculations
[24]. For energies above 3 keV/u, the AOCC results seem
to be in better agreement with ours, but, even here, we see
significant deviations for electron capture to He(1s2 1S) and
He(1s2s 3S). Note that the AOCC is a single-active-electron
approach, where the interaction between the active electron
and the frozen open-shell He+(1s) is described by two dif-
ferent model potentials for the singlet and triplet symmetries.
No interelectronic repulsion is therefore included in these cal-
culations. On the other hand, the QMOCC calculations takes
explicitly into account both electrons but only includes the
lowest 12 1,3� and the 6 lowest 1,3� molecular states, cover-
ing asymptotically only up to H(n = 3) and He(1s3�) states.
In our calculations, we consider explicitly the electronic static
and dynamical correlations, using also a much more extended
basis set. It is, therefore, not surprising to observe significant
differences with these previous investigations, demonstrating
further the importance of taking into account carefully the
electronic repulsion as well as the couplings between higher
excited states in order to reach reasonable convergence.

In Fig. 4, we present our cross sections for production
of He(1s3�) excited states for singlet and triplet symme-
tries, together with the only available calculations, i.e., the
AOCC results of Liu et al. [24]. It can be observed that
these cross sections are about 1 order of magnitude smaller
than those of the He(1s2�) production presented in Fig. 3.
Though substantial discrepancies exist between our results
and those reported in Ref. [24], these two series of data show
quite similar energy dependencies and relative contributions
of the different subshell 3� production. Both predict that elec-
tron capture channels to He(1s3s 1S and 3S) dominate for
energies above 10 keV/u. Below, the cross sections for the
production of the various He(1s3�) states get comparable until
1.5 keV/u, where the He(1s3s) capture channels become the
less likely ones. Note that the cross sections for the produc-
tion of He(1s3� 1L) show oscillations, in opposite phases for
He(1s3p1P) and He(1s3d 1D). The same is observed for triplet
symmetry, but with a somewhat weaker amplitude. This latter
behavior tends to indicate that the mechanisms leading to the
different He(1s3�) levels are coupled and interfere for both
spin symmetries.

B. H(2�)-selective target excitation

1. Cross sections

In Fig. 5, our spin-averaged cross sections for excitation to
H(2s) and H(2p) are presented and compared with available
theoretical [14,17,24] and experimental [4,15] results.
Although slightly lower than experimental data for excitation
to H(2p), our cross sections show an overall good agreement
with experiments for both channels. One can observe that
the cross sections of excitation to H(2p) show a rather weak
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FIG. 4. Cross sections for electron capture to He(1s3� 1L) in
panel (a) and He(1s3� 3L) in panel (b). Solid lines represent the
present results. Dotted and dashed lines represent the AOCC results
from Liu et al. [24].

energy dependence and magnitudes similar to the ones of
the capture channels to excited He (see Figs. 3 and 4). In the
whole energy range, H(2p) production is the strongest target
excitation channel, showing the dominant dipolar nature of
the interaction with the projectile charge, as the nonrelativistic
limit of the so-called Williams-Weizsäcker virtual photon
method [39,40]. The present results agree reasonably well
with the recent AOCC calculations of Ref. [24], especially
for H(2p) excitation. This fact tends to show that, compared
to capture, the two-center electron-electron couplings (not
included in Ref. [24]) exhibit here a rather small effect
compared to the interaction with the projectile charge. On the
other hand, compared to these two series of theoretical results
and experimental data, the results from rather old AOCC
approaches [14,17] show significant disagreements. The same
conclusion can be drawn for the QMOCC calculations [24]
for low energies. Finally it can be seen in Fig. 5 that the
spin-averaged cross sections for both excitation to H(2s) and
H(2p) show an oscillatory dependence structure as a function
of impact energy. This behavior is more striking when
inspecting the related cross sections for the two individual
spin symmetries. This is shown in the next section, together
with an interpretation.

2. Oscillatory dependence and Rosenthal model

To gain insight into the oscillatory structure, we present
in Fig. 6 the magnetic sublevel populated cross sections for
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FIG. 5. Spin-averaged cross sections for target excitation to
H(2s) and H(2p) as a function of impact energy. The present calcu-
lations are plotted as solid lines with symbols; the theoretical results
from AOCC calculations of Liu et al. [24] for excitation to H(2s)
and H(2p) are presented as red short-dashed and black short-dotted
lines, respectively; the QMOCC calculations of Liu et al. [24] for
excitation to H(2s) and H(2p) are plotted as magenta dash-dot-dotted
and gray long-dash-dotted lines, respectively; the AOCC calculations
of Kuang et al. [17] are plotted as cyan long-dashed and purple
short-dash-dotted lines; the AOCC calculations of Ermolaev et al.
[14] are plotted as a green dotted line and a yellow line with open
squares. The experimental results of McKee et al. [4] and Geddes
et al. [15] are shown as symbols and error bars.

excitation to H(2�0) (for total spin-singlet symmetry) and
electron capture to He(1s2p 1P, |ML| = 1) as a function of
the inverse of the velocity (1/v). It can be observed that the
cross sections for excitation to H(2s) and H(2p0) show clear
oscillations in the opposite phase, like the cross sections of
capture to He(1s2p 1P, |ML| = 1) with the H(2p1) excitation
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FIG. 6. Magnetic sublevel populated cross sections as a func-
tion of the inverse of the velocity (1/v) for excitation to H(2s,
2p0, and 2p1) in the spin-singlet symmetry and electron capture to
He(1s2p 1P, |ML| = 1).
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FIG. 7. Magnetic sublevel populated cross sections as a function
of the inverse of the velocity (1/v) for excitation to H(2s and 2p0)
in the spin-triplet symmetry and electron capture to He(1s2p 3P,
|ML| = 1).

ones. This suggests that the oscillatory patterns stem from co-
herence effects between the considered channels. In fact, such
oscillatory structure in the cross sections can be explained by
Rosenthal and Foley’s model [41] and have been observed
previously (i) for excitation of helium by helium-ion impact
[41] (see also Ref. [42]), (ii) for ionization and negative-
ion formation in H + H collisions [43], (iii) for excitation
cross sections in ion-hydrogen collisions [44] (using a some-
what different model but based on a molecular representation
of the collision system and interferences between different
paths within the molecular energy curves), and (iv) recently,
for double-electron capture in H+ + H− [45] and H+ + Mg
[46] collisions. In the model proposed in Refs. [41,42] the

oscillations are interpreted through a molecular representation
of the scattering event. It involves three molecular energy
curves of the collision system and two avoided crossings in an
adiabatic picture (see Fig. 7 in Ref. [42]). The curve correlated
asymptotically to the initial channel crosses at small internu-
clear distances (Rx) the curves correlated to the two inelastic
channels considered. Through these transitions, the system
evolves along two different molecular states until these latter
ones couple again at a crossing occurring at large distances
(R0 > Rx). In this model, the amplitude of each pathway ac-
quires a different phase in the internuclear distance region
where the curves cross, i.e., between Rx and R0. At the latter
distance, the amplitudes of the two inelastic channels are then
coherently mixed, which may lead to an interference pattern
and then to the oscillations of the cross sections. The period
of the oscillations is given by the cumulated energy difference
E between the two molecular states between Rx and R0,

T = 2π∫ R0

Rx
EdR

, (11)

when presented as functions of 1/v.
We have generated potential energy curves of the HeH+

molecular ion using full configuration interaction calculations
with the same basis set as in the SCASCC calculations. In
Fig. 8(a) (singlet total spin), we present a selection of the
important states converging asymptotically to the initial chan-
nel (21�), excitation He+(1s) + H(n = 2) (3, 4, 5 1�, 1 1�),
and capture He(1s2p 1P, |ML| = 1) + H+ (21�). The energy
difference between the states (5 1�-4 1� and 2 1� -1 1�) con-
sidered in the following are shown as hatches, in red and blue,
respectively.

In the course of the collision, as the target and projectile
approach each other, the system evolves on the 2 1� curves,
and transitions to 4 1� and 5 1� (also to 1 1� and 2 1�) will

FIG. 8. Adiabatic potential energy curves of the HeH+ molecular ion for singlet (a) and triplet (b) spin symmetries. (a) The molecular
energy curves correlated asymptotically to He+(1s) + H(2s and 2p0) (41� and 5 1�) are shown with red symbols, the pathways correlated
asymptotically to excitation to H(2p1) and electron capture to He(1s2p 1P, |ML| = 1) (1 1� and 2 1�) are shown as blue dashed and dash-dotted
lines, respectively. Their energy differences are highlighted by read and blue hatches, respectively. The molecular curves related to the initial
channel (2 1�) and capture to He(1s2s) (3 1�) are also shown, in green and black, respectively. (b) The molecular energy curves correlated to
the same asymptotic channels (for their triplet counterparts) are shown with the same color and symbols. Same as in panel (a) for the hatched
area.
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take place at the inner repulsive wall (Rx ≈ 1 a.u.). On the
way out, each pathway acquires a different phase according
to the energy of the populated molecular state and is co-
herently mixed at a large internuclear distance, R0 ≈ 40 a.u,
the results being independent of the exact values of the two
crossing locations since the cumulated energy difference is
mainly stemming from the region from 2 to 25 a.u. Using
Eq. (11) and the energy differences shown with hatched areas
in Fig. 8(a), the period of the oscillations is about 6.0 a.u. for
excitation to H(2s) and H(2p0) (5 1�-4 1�) and is about 6.3
a.u. for electron capture to He(1s2p 1P, |ML| = 1) and excita-
tion to H(2p1) (2 1�-1 1�). These periods agree well with the
ab initio calculations shown in Fig. 6, which predict a period
of about 5–6 a.u. for both excitation to H(2s) and H(2p0), as
well as electron capture to He(1s2p 1P, |ML| = 1) and excita-
tion to H(2p1) at large 1/v (1/v > 2), i.e., at low velocities for
which a molecular representation is appropriate. This supports
the Rosenthal mechanism to explain the observed oscillatory
structures in the cross sections.

In Fig. 7, we present the cross sections for excitation to
H(2s) and H(2p0) as function of the inverse of the velocity
in the case of triplet total spin symmetry. It can be seen that
these cross sections show an oscillatory behavior in opposite
phases, with a period of about 4–5 a.u. for large 1/v > 2. As
for singlet total spin, Fig. 8(b) presents the potential energy
curves for the triplet case: among others are shown the impor-
tant 4 3� and 5 3� states, correlated asymptotically to H(2s)
and H(2p0) excitation, as well as the 1 3� and 2 3� states,
correlated asymptotically to electron capture to He(1s2p 3 P,
|ML| = 1) and to H(2p1) excitation. Following the Rosenthal
model and the energy difference between the 4 3� and 5 3�

states [red hatching in Fig. 8(b)], the calculated period is
found to be about 5.0 a.u, showing again a good agreement
with the close-coupling results. Moreover one can observe
that, contrary to the singlet case, the two � curves (in blue) are
parallel asymptotically and therefore do not cross at large in-
ternuclear distance so that Rosenthal’s double-crossing model
is not fulfilled: the cross sections for the two channels of
capture to He(1s2p 3P, |ML| = 1) and to H(2p1) excitation
do not show indeed oscillatory behavior for large 1/v > 4.

We may conclude that the oscillations observed in the cross
sections for excitation to H(2s) and H(2p) shown in Fig. 5
for impact energy smaller than, say, 10 keV/u stem from
interferences between excitation to H(2s) and H(2p0) in both
spin-singlet and spin-triplet symmetries. This mechanism of
molecular nature leading to interferences and oscillations
in cross sections is also demonstrated between capture and
excitation processes, leading to the production of, respec-
tively, He(1s2p 1P, |ML| = 1) and H(2p1) in the spin-singlet
symmetry.

Finally, note that oscillatory structures in excitation cross
sections and capture ones for one-electron and quasi-one-
electron systems have been previously attributed to swaps
of the electron between the target and projectile nuclei dur-
ing the collisions in a classical picture (see, for example,
Refs. [47,48]). However in these investigations illustrated by
classical trajectory Monte Carlo calculations, oscillations in
opposite phases for two specific channels were not discussed
and even observed and therefore cannot be advocated for the
present case.
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FIG. 9. Cross sections for target excitation to H(3�) as a function
of impact energy in spin-singlet (a) and spin-triplet (b) symmetries.

C. H(3�)- and H(4�)-selective target excitation cross sections

We have further investigated the target excitation to higher
states. In Figs. 9 and 10, we show our cross sections for
excitation to, respectively, H(3�) and H(4�) as a function
of the impact energy. For energies higher than 10 keV/u,
excitations to H(3p) and H(4p) are the dominant channels as
expected, but in a weaker proportion than the one observed
for H(n = 2) excitation in Fig. 5. For decreasing energies, the
cross sections for the different angular momenta become com-
parable within each given shell. It is interesting to note that
Rosenthal-like out-of-phase oscillations can also be observed
between these excitation channels but a simple analysis with
Eq. (11) cannot be drawn for these manifolds. The only avail-
able experimental data relevant to H(3�) excitation in He+-H
collisions are indirect and correspond to the measurements of
the Balmer Hα emission cross sections by Donnelly et al. [11].
Using the corresponding branching ratio, these results can be
expressed in terms of our 3�-selective excitation cross sections
[σ (3�)] as σ (Hα ) = σ (3s) + 0.12σ (3p) + σ (3d), neglecting
the possible cascade for higher shells which should be weakly
populated as can be already seen for the 4� shell in Fig. 10.

We present our Hα emission cross sections evaluated by
using the above formula, together with previous calculations
[13,17,24] and the experimental data of Donnelly et al. [11]
in Fig. 11. Large discrepancies can be observed between
the available calculations though they stem from equivalent
atomic-orbital approaches. It should be mentioned that the cal-
culations in Refs. [17,24] are based on a single-active-electron
approach while the results reported in Ref. [13] are obtained
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FIG. 10. Cross sections for target excitation to H(4�) as a
function of impact energy in spin-singlet (a) and spin-triplet
(b) symmetries.

from a two-active-electron approach but with a limited basis
(39 singlet states and 38 triplet ones) in the calculations. We
emphasize that our two-active-electron calculations are the
most elaborate ones in terms of accounting for electronic
correlations and open channels. However, it can be observed
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FIG. 11. Balmer Hα emission cross sections in He+ and H col-
lisions as a function of the impact energy. The present results with
or without the cascade contribution from H(4 f ) are compared with
experimental data of Donnelly et al. [11] divided by 2 or not and
theoretical calculations of Liu et al. [24], Kuang et al. [17], and
Jackson et al. [13].

from Fig. 11 that our results underestimate the experimental
data [11], especially for energies higher than 5 keV/u, by
about a factor of 2. As mentioned in Ref. [11], the cross
sections were not corrected for the cascade contributions from
higher levels, mainly from H(4 f ) (the radiative decay frac-
tions for other states are negligible according to Ref. [49]),
which would enhance Hα emission cross sections. The present
summed cross sections of Hα emission and H(4 f ) excitation
are also shown in Fig. 11 (red dotted line). However, this
correction does not change significantly the results since the
contribution from H(4 f ) is evaluated to be smaller than 12%
in our calculations, supporting the estimation of 15% reported
in Refs. [11,49]. However, the experimental data of Donnelly
et al. [11] were determined by normalization with previous
measurements [49] for H+ and H2 collisions at 40 keV, which
themselves were normalized to the absolute measurement of
Lenormand [50] for electron capture to H(3s) in H+ + Ar
collisions at 20 keV. The cross section in the measurement
of Lenormand [50] is reported to be about 9.8 × 10−18 cm2,
which overestimates by a factor of about 2 the experimental
results from two independent studies, Hughes et al. [51] and
Renwick et al. [52], in which this cross section was mea-
sured to be 5.2 × 10−18 cm2, within an ≈30% uncertainty (in
Ref. [52]). This suggests that the experimental data of Don-
nelly et al. [11] overestimate the Balmer Hα emission cross
sections by this factor 2 due to the normalization procedure.
In Fig. 11 we show as red open squares the experimental data
divided by this factor. With this correction a good agreement
with our results is seen, both in magnitude and shape, espe-
cially above 10 keV/u. This convergence and the fact that the
other theoretical results, except for Ref. [17], predicted cross
sections lower than 10−17 cm2 legitimate the renormalization
of the results of Donnelly et al. [11].

IV. CONCLUSIONS

Using a two-active-electron close-coupling approach with
a configuration interaction treatment to deal with electronic
correlation, we have investigated electron capture and tar-
get excitation processes in He+-H collisions. In the energy
region 0.25–200 keV/u, total and state-selective cross sec-
tions in both spin-averaged and spin-resolved cases have been
reported and compared with available theoretical and exper-
imental data. Our results show the best agreement with the
experimental ones in the different energy ranges available.
This demonstrates the importance of a two-electron treatment
taking into account electronic correlation and the use of an
extended basis set spanning more than the states considered,
within a close-coupling scheme. Furthermore, our investiga-
tion suggests that the oscillatory structures observed in the
cross sections for excitation to H(2s) and H(2p) come from
interferences between excitation to H(2s) and H(2p0) in both
spin-singlet and spin-triplet symmetries, as well as interfer-
ences between the electron capture He(1s2p 1P, |ML| = 1)
channel and H(2p1) excitation in the spin-singlet symmetry.

We have also extended the understanding of this collision
system for electron capture and excitation channels to excited
states up to n = 4. However, the only available measurements
of nonabsolute cross sections of Balmer Hα emission [11]
turned out to be about 2 times larger than our results. This
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discrepancy has been attributed to the normalization proce-
dure used in this investigation. Using a normalization based
on cross sections reported in two independent experimental
works, our results show a good agreement. Further experi-
mental or theoretical investigations would be useful to draw
definite conclusions.
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