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Single- and double-electron capture in intermediate-energy H+ + Mg collisions
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Single- and double-electron-capture processes occurring in the system of hydrogen ions colliding with
alkaline-earth atoms, H+ + Mg, are investigated in a broad energy domain ranging from 0.25 to 180 keV.
Total and state-selective cross sections are calculated using a two-active-electron semiclassical asymptotic-state
close-coupling approach. Our results show the best overall agreement with experimental data, and possible
reasons for observed discrepancies are discussed. Comparison of our cross sections with previous theoretical
results further demonstrates the importance of electronic correlations between the magnesium valence electrons
and the strong couplings between various important channels. Furthermore, our investigations suggest that
the oscillatory structures observed in the double-electron-capture cross sections stem from complex coherence
effects between double-electron capture, electron transfer to excited states, and transfer-excitation processes.
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I. INTRODUCTION

The study of hydrogen ions colliding with alkaline-earth
atoms and detailed knowledge of the cross sections for various
electronic processes occurring in such systems present interest
for various domains such as astrophysics, fusion plasma, and
nuclear physics [1–5]. From a fundamental point of view,
such collision systems are also of challenging importance in
relation to the effects of the electronic correlation between the
two valence electrons of the target in the collision process.

A prototypical example from this class of problem is the
H+ + Mg collision system. For single-electron-capture (SEC)
processes,

H+ + Mg(3s2) → H(n�) + Mg+(n′�′), (1)

total cross sections were previously measured by Il’in et al. [6]
in the energy range of 10–180 keV, by Futch and Moses [7]
from 4 to 50 keV, by Berkner et al. [8] from 5 to 70 keV,
by Morgan and Eriksen [9] from 1 to 100 keV, by Cisneros
et al. [10] from 1 to 5 keV, by DuBois and Toburen [11]
from 2 to 100 keV, and by Shah et al. [12] from 90 to
500 keV. Although this collision system has been extensively
studied, only a single series of experimental data exists for
state-selective SEC processes, i.e., SEC to H(2s) [13].

For the double-electron-capture (DEC) process,

H+ + Mg(3s2) → H−(1s2) + Mg2+, (2)

investigations are more scare. Furthermore, the existing ex-
perimental data [7,9,14] show that the DEC cross sections
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oscillate at low impact energies, for which a complete expla-
nation is still missing.

On the theoretical side, besides simple models proposed
in the 1970s (see [9] and references therein), both total SEC
and DEC cross sections for E < 10 keV were calculated
using a three-state molecular-orbital close-coupling (MOCC)
method [15] and a multichannel Landau-Zener model [16] for
which large discrepancies exist with the experimental data.
The authors of [15] also performed classical-trajectory Monte
Carlo (CTMC) calculations extending total SEC cross sec-
tions to higher energies, up to 40 keV. Later, extended MOCC
calculations including 14 molecular states were performed for
SEC processes for impact energies from 0.1 to 10 keV by
Dutta et al. [17]: the results agree fairly well with experi-
mental data above 3 keV, while at lower energies their cross
sections are larger than the measurements. More recently,
both total and state-selective SEC cross sections were calcu-
lated using the semiclassical impact-parameter close-coupling
method [18] and CTMC method [19] in the energy ranges
of 1–500 and 1–100 keV, respectively. However, these two
independent investigations are in poor agreement with avail-
able measurements for impact energies below 3 keV. To date,
detailed modeling and understanding of SEC processes in H+
+ Mg collisions are still required, and much less is known
about the DEC process.

In this work, we theoretically study single- and double-
electron-capture processes occurring in H+ + Mg collisions
for a wide energy domain ranging from 0.25 to 180 keV.
We use a two-active-electron semiclassical asymptotic-state
close-coupling (SCASCC) method with large basis sets, en-
suring controlled convergence of the cross sections and
providing physical insight into this collision system. Both
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total and state-selective SEC as well as DEC cross sections
are presented and compared with available theoretical and
experimental results. Possible reasons for the disagreements
with existing data are also discussed. Furthermore, our inves-
tigation suggests an explanation for the oscillatory structures
observed in the DEC cross sections.

The present paper is organized as follows. In the next
section we briefly outline the SCASCC method used in the
present calculations. Section III is devoted to a detailed anal-
ysis of the total and state-selective SEC as well as DEC
cross sections, including direct comparisons with available
experimental and theoretical results. They are 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 occurring during H+ + Mg collisions are calculated
by a two-active-electron SCASCC approach which was pre-
viously described, for example, in [22–24]. We outline only
briefly the main features of the method. The two-electron
time-dependent Schrödinger equation is written as[

He − i
∂

∂t

]
�(�r1, �r2, t ) = 0, (3)

where He is the electronic Hamiltonian,

He =
∑
i=1,2

[
−1

2
�2

i + VT (ri ) + VP
(
rp

i

)] + 1

|�r1 − �r2| , (4)

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

electrons with respect to the target and the projectile, respec-
tively. The relative projectile-target position �R(t ) defines the
trajectory, with �R(t ) = �b + �vt being in the usual straight-line,
constant-velocity approximation, where �b and �v are the impact
parameter and velocity, respectively (see Fig. 1). The poten-
tials VT and VP describe, respectively, the interaction between
the electrons and the target and projectile nucleus, including
inner electrons if the frozen-core approximation is used (see
later).

The Schrödinger equation is solved by expanding the wave
function onto a basis set composed of states of the isolated
collision partners,

�( �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 , (5)

where the superscripts T and T T (P and PP) denote states
and corresponding energies for which one and two electrons
are on the target (projectile), respectively. The + and − in

FIG. 1. Collision geometry. The impact parameter �b and velocity
�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 is the relative vector between the 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 last part of Eq. (5) stand for the singlet and triplet spin
states, respectively, and the wave functions �T T

i and �PP
j are

related to the corresponding symmetry. For both electrons,
the projectile states contain plane-wave electron translation
factors ei�v· �ri−i 1

2 v2t , ensuring Galilean invariance of the results.
The insertion of Eq. (5) into (3) 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 ), (6)

where c(t ) is the column vector of the time-dependent expan-
sion coefficients, i.e., cT T , cPP, and cT P in Eq. (5), and S and
M are the overlap and coupling matrices, respectively. These
equations 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. (7)

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. (8)

In this work, for H+ + Mg collisions, the method presented
above is used for the electronic Hamiltonian He defined in
Eq. (4) with

VT (ri ) = − 1

ri
, VP

(
rp

i

) = − 2

rp
i

− 10

rp
i

(
1 + α rp

i

)
e−βrp

i , (9)

where VT corresponds to H+ and VP corresponds to the Mg2+

ion in the frozen-core electron approximation in which the
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TABLE I. Energies (in a.u.) of one- and two-electron states of the target (Mg+ and Mg) and the projectile (H and H−) obtained in this
work, compared with energies from NIST [20] and Ref. [21]. The values of energies for the target (projectile) are given relative to the Mg+

(H) first ionization threshold, where the ionization potential (IP) = 0.553 a.u. (IP = 0.500 a.u.).

Mg+ Mg H H−

State This study [20] State This study [20] State This study [20] State This study [21]

3s −0.552 −0.553 1S 3s2 −0.833 −0.834 1s −0.500 −0.500 1S 1s2 −0.526 −0.528
3p −0.389 −0.390 1P 3s3p −0.671 −0.674 2s −0.125 −0.125
3d −0.224 −0.227 1D 3s3d −0.615 −0.622 2p −0.125 −0.125
4s −0.235 −0.234 1S 3s4s −0.635 −0.635 3s −0.055 −0.056
4p −0.184 −0.185 1P 3s4p −0.607 −0.608 3p −0.055 −0.056
5s −0.129 −0.130 1S 3s5s −0.568 −0.594 4s −0.031 −0.031

4p −0.031 −0.031
5s −0.020 −0.020
5p −0.020 −0.020

inner-shell electrons are assumed to be inactive. The inter-
action of these frozen electrons and the nucleus with the
two active ones is described by the model potential. For the
latter, the variational parameters α = 2.128 and β = 4.256
were obtained through an optimization procedure in order to
reproduce the Mg+ spectrum and Mg singlet spectrum (see
Table I).

In our calculations, the one- and two-electron states in-
cluded in the expansion, Eq. (5), are expressed in terms of
Gaussian-type orbitals (GTOs) and products of these GTOs.
For the system under consideration, a set of 56 GTOs (12 for
l = 0, 8 × 3 for l = 1, and 4 × 5 for l = 2) is used in the Mg
center, and a set of 35 GTOs (11 for l = 0 and 8 × 3 for l = 1)
is used in H. This allows the inclusion of 1249 singlet states in
total: 387 TT (Mg), 623 TP (Mg+, H), and 239 PP (H−) states.
These states can describe elastic, excitation, single-electron-
capture, and double-electron-capture channels, as well as
ionization through the inclusion of pseudostates with energy
lying above ionization thresholds. Ionization processes are
not discussed in detail in the following. However, at these
collision energies they can be coupled to electron-capture
channels, and it is thus essential to account for ionization [25]
in the calculations. The important one- and two-electron states
of the target (Mg+ and Mg) and the projectile (H and H−) are
reported in Table I, in which good agreement with available
data [20,21] can be seen.

The cross sections reported in the following have been
compared with those obtained with a larger basis set built from
69 GTOs (14 for l = 0, 10 × 3 for l = 1, and 5 × 5 for l = 2)
for the Mg target and 43 GTOs (13 for l = 0 and 10 × 3 for
l = 1) in the H center. This procedure, which involves a much
larger computation time, was performed for only five typical
energies, i.e., 0.25, 1, 9, 20.25, and 100 keV. The total SEC
cross sections from these two sets agree with each other within
6% in the whole considered energy domain. For n�-selective
SEC cross sections, the convergence for most cross sections
was evaluated to be about 10% at intermediate energies and
to be less than 20% in the lower- and higher-energy regions.
Only the cross sections for the weakest channels, i.e., the
H(1s) + Mg+(3s) and H(1s) + Mg+(5s) channels at the low-
est impact energies (0.25 keV), differ from each other by up to
a factor of 1.5. For the DEC process, the cross sections differ

by less than 26% at the lowest impact energies and by less
than 15% at the intermediate and high impact energies.

III. RESULTS AND DISCUSSION

A. Total single-electron-capture cross sections

Our total-electron-capture cross sections are presented as
a function of impact energy in Fig. 2(a), together with exper-
imental data [6–9,11,12] and data from previous theoretical
works [15,17–19]. Note that the cross sections for energies
ranging from 0.25 to 10 keV are also presented in Fig. 2(b) on
a linear scale for simpler comparison. Our cross sections reach
a maximum around 9 keV and fall off rapidly with increasing
impact energy, while a plateaulike structure is shown for E <

3 keV. The latter structure comes from the interplay of elec-
tron transfer to excited states and transfer excitation processes,
as shown in the next section (Figs. 3 and 4). The comparison
with the previous results shows that the experimental results
do not agree with each other. For example, at 2 keV results
from [9,11] show a 37% difference and do not agree within
their respective error bars. Around the maximum, the data
from [7,8] agree with each other but are about 30% lower than
those of [9,11]. For the highest energies shown in Fig. 2 the
results of [6,12] differ by one order of magnitude. This fact,
as well as the differences observed between theoretical data
for energies lower than 5 keV, demonstrates the importance
of new results for that collision system. Our cross sections
agree with some of the experimental ones in the entire energy
range, except above 70 keV, where they are lower than those
of [9,11,12]. The latter discrepancy is certainly due to the fact
that we use the frozen-core approximation, leaving the target
inner-shell electrons passive. To support our interpretation we
have simulated the capture process from the 2s subshell of
Mg, using our two-active-electron SCASCC method with the
same basis sets and the model potential [we mention that the
energies for Mg+(2s) and Mg(2s2) are −3.455 and −5.653
a.u., respectively]. The cross sections for 2s electron capture
to H(nl ) + Mg+(2s) are presented in Fig. 2. Indeed, the con-
tribution from the capture of inner-shell electrons becomes
non-negligible for high impact energies: for the 2s elec-
trons our calculated cross sections show a maximum around
100 keV, where, indeed, a change in slope is shown in the
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FIG. 2. (a) Total single-electron-capture cross sections as a func-
tion of the impact energy. The theoretical results are from the present
calculations (red solid line), Pandey et al. [19] (pink dash-dotted
line), Amaya-Tapia et al. [18] (green dotted line), Dutta et al. [17]
(dark yellow dash-double-dotted line), and Olson and Liu [15] (blue
short-dashed line). The present calculations for 2s electron capture
are also presented (cyan long-dashed line). The experimental results
are from Shah et al. [12] (blue solid diamonds), DuBois and Tobu-
ren [11] (orange crossed diamonds), Morgan and Eriksen [9] (black
solid circles), Futch and Moses [7] (blue open squares), Berkener
et al. [8] (dark yellow open triangles) and Il’in et al. [6] (purple
downward solid triangles). Note that experimental data from [9] for
D+ ions (black open circles) are plotted at the 1

2 D+ energy. (b) Same
as (a), but for energies ranging from 0.25 to 10 keV on a linear scale.

experimental results [6,9,11] and in a weaker way in [12]; for
the 2p target electrons, which are less bound than the 2s ones,
the maximum of the capture of these electrons is expected
to be located at a lower energy, hidden in the predominant
capture from the valence electrons.

We also compare our results with other theoretical works.
Our total SEC cross sections are in good agreement with the
results of Olson and Liu [15] and MOCC calculations of Dutta
et al. [17] for energies above 5 keV. It is interesting to note that
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FIG. 3. Cross sections for SEC into H(1s) (green), H(2s) (red),
and H(2p) (blue), while the target remains in the ground state
Mg+(3s). The present calculations are plotted as solid lines with
symbols; theoretical results from Dutta et al. [17] for SEC into H(1s),
H(2s), and H(2p) are denoted as dash-double-dotted, short-dashed,
and dotted lines, respectively; theoretical results from Amaya-Tapia
et al. [18] for SEC into H(1s), H(2s), and H(2p) are presented as
solid, long-dashed, and dotted lines, respectively. The experimental
results of Morgan and Eriksen [13] (squares) for capture to H(2s) are
also shown.

the results of Pandey et al. [19] and Amaya-Tapia et al. [18]
lie below ours in this range but get larger beyond 70 keV,
where they agree better with experimental data [9,11,12]. We
believe that the differences from our results are due to differ-
ent reasons: (i) the use of a single active electron with a model
potential to describe the interaction between a Mg+ ion and a
single electron (i.e., electron-electron correlation and electron
exchange effects were not taken into account) and (ii) the use
of an overestimation of the SEC by the use of an approximate
binomial distribution [26]. One can see, indeed, that in [18]

FIG. 4. Cross sections for TE processes. The present calculations
are plotted as solid lines with symbols; theoretical results from Dutta
et al. [17] for TE to Mg+(3p), Mg+(4s), and Mg+(4p) are denoted
as long-dashed, dotted, and dash-dotted lines, respectively.
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the cross sections for selective electron capture are overesti-
mated compared to our results and the experimental data of
Morgan and Eriksen [13] (see Fig. 3). The agreement of the
results in [18] with the experimental data of Shah et al. [12] is
therefore certainly due to a compensation effect between the
overestimation of these cross sections and the failure to take
into account the transfer of inner-shell electrons, processes
which are not negligible in this energy domain (see above).

For low energies, say E < 3 keV, the available theoreti-
cal results differ significantly. On the one hand, the CTMC
calculations of Pandey et al. [19] overestimate experimental
data [9,11], reaching a factor of 2 disagreement at 1 keV; it is
known that the CTMC method, independent of the employed
initial distribution, cannot reproduce accurate capture cross
sections for low energies since it presents serious limitations
to describing molecular features, as pseudocrossings [27].
Note that the three-state MOCC calculations of Olson and
Liu [15] also overestimate our results and the experimental
data [9,11]. On the other hand, the results from Amaya-Tapia
et al. [18] underestimate the data [9,11]; this disagreement is
most likely caused by the lack of representation of transfer
excitation (TE) channels in their single-active-electron ap-
proach: TE plays an important role in the SEC processes
at lower impact energies (see Fig. 4). The calculations of
Dutta et al. [17], which include 14 molecular states, show
good agreement with ours for energies lower than 0.7 keV
and higher than 5 keV. However, for energies in between,
their results exceed ours by up to 70%. As reported in [17],
Dutta et al. examined the convergence of their results by
increasing the molecular states involved in the calculations
from 3 to 14, but the convergence is not monotonic (see Fig. 5
in [17]). Note again that we included 1249 channels in our
calculations, for which the convergence has also been checked
and is better than 6% for the present total SEC cross sec-
tions. We emphasize that, in this energy region (E < 3 keV),
our two-active-electron calculations, taking into account both
electronic correlations between the two valence electrons and
important one- and two-electron channels, show the best over-
all agreement with available experimental data [9,11].

B. n�-selective single-electron-capture cross sections

We now investigate state-selective SEC cross sections to
provide detailed information on the final-state distribution of
captured electrons, which is of particular interest both in astro-
physics and in plasma diagnostics research since it determines
the characteristics of the emitted radiation.

In Fig. 3 we provide the cross sections for SEC into
ground state H(1s) and excited L-shell H(2s) and H(2p), while
the target is in the ground state Mg+(3s). The experimental
data from Morgan and Eriksen [13] and theoretical results
of Amaya-Tapia et al. [18] and Dutta et al. [17] are also
presented for comparison. From Fig. 3, it is clear that there
is no agreement between the presented results. Indeed, our
results show that electron transfer to H(2p) is dominant below
50 keV, while SEC to H(1s) takes over for higher energies.
As can be observed in Fig. 3, the MOCC calculations of Dutta
et al. [17] are in rather poor agreement with our results as well
as the theoretical results of Amaya-Tapia et al. [18] and the ex-
perimental data [13] for electron transfer to H(2s). Moreover,

the calculations of Dutta et al. [17] overestimate significantly
the dominant SEC to H(2p) process for lower impact energies.
This explains the overestimation of the total SEC of the results
obtained by these authors observed in Fig. 2. The calculations
of Amaya-Tapia et al. always lie above our results, except for
electron transfer to H(2p) for energies at 15–60 keV, for which
their results lie slightly below ours. The most likely reason
for the discrepancies is the use of the independent electron
approximation.

Comparing our results with the only existing experimental
data from [13] for electron transfer to H(2s), we obtain very
good agreement for energies ranging from 20 to 70 keV but
then underestimate the data for higher energies. The latter
disagreement may be due again to the frozen-core approx-
imation employed in our calculations. For energies from 3
to 20 keV, our results are larger than the experimental data,
within a factor of 2. We cannot make a firm conclusion about
this discrepancy, although the convergence of the present cal-
culation has been checked, as mentioned above, to be about
10% at this energy range. In addition, as mentioned in [13],
the absolute uncertainty of the experimental data was difficult
to assess owing to possible systematic errors associated with
the calibration of the Lyman-α detector and in the evaluation
of the metal vapor pressure from thermodynamic data. Further
experimental investigations will be useful to draw definite
conclusions.

In Fig. 4, we present the cross sections for the TE process,
which is actually a two-electron process, i.e., the transfer of
one electron to the ground state of the projectile while the
second target electron is excited. The MOCC calculations of
Dutta et al. [17] are also presented. Compared to the processes
with the transfer to excited states shown in Fig. 3, the TE
cross sections show a very different behavior as a function
of impact energy: all considered TE processes, except TE
to Mg+(3p), decrease with increasing energy, showing os-
cillatory structures for energies below 30 keV. This tends
to indicate that they are strongly coupled. Furthermore, the
respective decrease and increase of the contributions of the
transfer to excited states and TE for energies lower than 3
keV result in the plateaulike structure in the total SEC cross
sections (see Fig. 2). A comparison of our calculated TE
cross sections with the only available calculations of Dutta
et al. [17] shows large discrepancies. To our knowledge, no
experimental investigation is available to confirm one or the
other series of predictions. However, it should be noted that
the calculations in [17] considered only 14 molecular states,
and their convergence is not monotonic, while we included
1249 channels in our calculations.

C. Double-electron-capture cross sections

In Fig. 5, our DEC cross sections are presented and com-
pared with available experimental data [7,9,14,28] as well
as the unique available calculations based on a multichannel
Landau-Zener model [16]. It can be seen that the measured
DEC cross sections are more than one order of magni-
tude smaller than the SEC ones, showing, moreover, a clear
oscillatory structure. Our results reproduce well the exper-
imental data [7,9,14] in both magnitude and shape, while
the multichannel Landau-Zener calculations [16] significantly
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FIG. 5. Total DEC cross sections as a function of the impact en-
ergy. Theoretical results are from the present calculations (red solid
line) and Olson [16] (black dotted line). The experimental results are
from Morgan and Eriksen [9] (black solid circles), Alvarez et al. [14]
(blue solid triangles), Futch and Moses [7] (black open circles), and
Il’in et al. [28] (dark yellow dashed line).

exceed the measured data and do not reproduce the observed
oscillatory structure. Note that above 70 keV, our results un-
derestimate the measured data [9] as in the case of SEC (see
Fig. 2). This is again certainly due to the frozen-core approx-
imation employed in our calculations and to a non-negligible
DEC process involving inner and valence electrons. It should
also be noted that the experimental results of Il’in et al. [28]
lie above our calculations and do not agree with the other
available experimental data [7,9,14].

We have further investigated the oscillatory structure in
the DEC cross sections based on our ab initio calculations.
In the following, we show the cross sections for DEC and
some specific channels which also present oscillations in the
same energy range as DEC. In the same manner as in [29],
to show the oscillatory structure more clearly, we present in
Fig. 6(a) the cross sections of the DEC process as a function of
the inverse of the relative velocity 1/v, together with electron
transfer to H(2p±1) + Mg+(3s) and those corresponding to
two-electron TE processes, i.e., transfer of one electron to
the ground state of the projectile H(1s) while the second
target electron is excited to Mg+(3d±1) and Mg+(4p0). The
cross sections for DEC and TE to H(1s) + Mg+ (3d±1), as
well as electron transfer to H(2p±1) + Mg+(3s) and TE to
H(1s) + Mg+ (4p0), show clear periodic oscillations but with
opposite phases. This suggests that the oscillatory patterns
come from coherence effects between the considered DEC,
TE, and electron transfer processes. In fact, such oscilla-
tory structure in total cross sections was observed previously
for symmetric collision systems and was interpreted by a
three-state two-crossing model proposed by Rosenthal and
Foley [30]: (i) for excitation of helium by helium-ion impact
(see [31] for more details on the model), (ii) for ioniza-
tion and negative-ion formation in H + H collisions [32],
and (iii) recently, for double-electron capture in H+ + H−
collisions [29]. In the present asymmetric collision system,

FIG. 6. (a) The present cross sections as a function of the in-
verse of the relative velocity 1/v for DEC, electron transfer to
H(2p±1) + Mg+(3s), and TE to Mg+(3d±1) and Mg+(4p0) channels.
(b) Comparison of electron transfer and TE cross sections obtained
from the present full two-active-electron calculations and restricted
two-active-electron calculations without DEC channels (see text).

the interference mechanism, involving DEC, TE, and elec-
tron transfer to excited-state channels, is more complex than
that from the Rosenthal model because of the rich molecu-
lar energy curves observed for this system [33]. To support
our interpretation of the oscillatory structures, additional re-
stricted two-active-electron calculations, i.e., with the same
close-coupling scheme and basis set but excluding DEC chan-
nels, have been performed: cross sections for electron transfer
to H(2p±1) + Mg+(3s) and TE to Mg+ (3d±1 and 4p0) are
presented and compared with the results from our full calcu-
lations in Fig. 6(b). One can observe that the calculations with
and without DEC channels agree with each other in magnitude
but not in shape: indeed, the cross sections from our restricted
calculations (without DEC channels) show a quite smooth be-
havior without oscillatory energy-dependent structures. This
reinforces the interpretation that the oscillatory structures ob-
served in DEC cross sections stem from complex coherence
effects between the processes for DEC, TE, and electron
transfer to excited states. However, to our knowledge, state-
to-state cross sections for TE processes and electron transfer
to higher excited states of the projectile have never been
reported experimentally, and theoretical calculations using the
MOCC method including all important channels are also not
available. Further experimental and theoretical investigations
will be useful to draw definite conclusions.
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IV. CONCLUSION

In this work, single- and double-electron-capture processes
occurring in H+ + Mg collisions have been investigated in a
wide collision energy region from 0.25 to 180 keV. We used a
two-active-electron SCASCC method with a large basis set to
reach controlled reasonable convergence. To date, our close-
coupling description of the collision is the most elaborate one
in terms of accounting for electron correlation and open chan-
nels. For total SEC and DEC cross sections, our calculations
show the best overall agreement with experimental results,
except for energies higher than 70 keV, for which our results
are lower than experimental data. We showed that these dis-
crepancies are certainly due to the frozen-core approximation
employed in our calculations and tend to reflect the substantial
contribution from inner-shell electron capture. Comparison of
our results with other theoretical calculations further demon-
strated the importance of strong couplings between various
channels and electronic correlation effects. Apart from the
total cross sections, the state-to-state electron transfer and TE
cross sections were also reported and compared with avail-

able experimental and theoretical results. Whereas fairly good
agreement is found with the only existing experimental data
for electron transfer to H(2s), there are large discrepancies
between our results and other available calculations. Possi-
ble reasons for the latter discrepancies were also discussed.
Furthermore, our investigations suggest that the oscillatory
structures observed in the DEC cross sections stem from the
coherence effect between processes for DEC, TE, and electron
transfer to excited states. Further experimental investigations
and molecular-orbital-based calculations taking care of all
important channels are required to draw definite conclusions
and confirm our interpretation.
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