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The semiclassical non-perturbative atomic orbital close-coupling approach has been employed to study the electron
capture and excitation processes in He2+–H(1s) and He2+–H(2s) collision systems. In order to ensure the accuracy of
our calculated cross sections, a large number of high excited states and pseudostates are included in the expansion basis
sets which are centered on the target and projectile, respectively. The total and partial charge transfer and excitation cross
sections are obtained for a wide-energy domain ranging from 1 keV/amu to 200 keV/amu. The present calculations are
also compared with the results from other theoretical methods. These cross section data are useful for the investigation of
astrophysics and laboratory plasma.

Keywords: atomic orbital close-coupling (AOCC) method, inelastic collision processes, electron capture and
excitation
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1. Introduction
The investigation of collisions between highly charged

ions and atoms or molecules is very important in plasma
physics and astrophysics. The scheme of neutral hydrogen
beam injection heating plasma which is proposed by the ITER
project in the magnetic confinement fusion experiment re-
quires a large amount of cross section data about the atomic
collision processes to model and diagnose fusion plasma.[1,2]

In addition, most of the ions in the solar wind are proton and
ionized helium.[3,4] When the solar wind ions collide with the
neutral gas (H, He, CO) in comets or planetary atmosphere,
electron capture and excitation processes will occur. The x-
ray emission from the charge transfer processes can be used
to identify the composition and abundance of the solar wind
ions.[5–7] So the cross section data for He2+–H(1s) collision
system are useful for understanding and modeling the x-ray
emission in the astrophysical environment. Some previous
studies[3,4] have shown the existence of H(2s) excited state in
the astrophysical environment, and therefore the cross section
data involving He2+–H(2s) system may also be important in
astrophysics.

In this work, we have studied the electron capture and
excitation processes in collisions of He2+ ions with H(1s, 2s)
in the energy region of 1 keV/amu–200 keV/amu by employ-
ing the semiclassical atomic orbital close-coupling (AOCC)
method. The inelastic collision processes between He2+ and

H(1s) have been extensively studied in the past. Total single-
electron-capture cross sections were measured by Bayfield et
al.,[8] Olson et al.,[9] Shah et al.[10] and Hvelplund et al.[11]

in the combined energy region of 1 keV/amu–500 keV/amu
for this collision system. The partial cross sections for elec-
tron captured to He+(2s) state were also obtained by Bayfield
et al.[8] and Shah et al.[10] The partial excitation cross sec-
tions for H(2p), H(2s) and H(3p) formation were determined
experimentally by Hughes et al.[12] and Detleffsen et al.[13]

in the energy range of 10 keV/amu–300 keV/amu. On the
theoretical side, the cross section calculations for He2+–H(1s)
system were performed by employing various methods to de-
scribe the collision dynamics. The AOCC method was used by
Fritsch et al.,[14] Toshima et al.,[15] Liu et al.[16] and Agueny
et al.[17] to study the charge transfer, excitation and ioniza-
tion processes for this collision system in the combined en-
ergy region of 1 keV/amu–400 keV/amu with different sizes
of expansion basis sets which are centered on the target and
projectile, respectively. Fritsch et al.[14] used smaller Slater-
type orbital (STO) basis sets to describe 22 atomic states of
the target (H) and 38 atomic states of the projectile (He+),
respectively. Toshima et al.[15] selected 11s10p8d6f5g and
11s10p7d6f4g Gaussian-type orbital (GTO) basis sets for H
and He+. The STO basis sets employed by Liu et al.[16] in-
cluded 174 orbitals centered on the target, covering all dis-
crete states with n ≤ 6 and 117 quasicontinuum states, and
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20 orbitals centered on the projectile for all discrete states
with n ≤ 4. Agueny et al.[17] utilized two sets of GTO for
the targets and projectiles, with their largest basis set being
16s13p10d7f4g. They obtained a more accurate cross-section
by averaging the results from these two basis sets. Winter
et al.[18] used the Sturmian-pseudostate close-coupling ap-
proach to calculate the total and partial cross sections for
the electron capture, excitation and ionization processes for
He2+–H(1s) system in the energy region of 0.75 keV/amu–
9.6 MeV/amu. Minami et al.[19] performed the calculations of
charge transfer cross section for He2+–H(1s) collision by us-
ing the classical trajectory Monte Carlo (CTMC), AOCC and
lattice time-dependent Schrodinger equation (LTDSE) meth-
ods in 1 keV/amu–1000 keV/amu, respectively. Faulkner
et al.[20] applied the wave-packet convergent close-coupling
(WP-CCC) method to investigate the electron capture, excita-
tion and ionization processes for this collision system in the
energy region of 10 keV/amu–1000 keV/amu. For He2+–
H(2s) system, no experimental studies have been performed
on the inelastic processes until now. On the theoretical side,
the research mainly focused on the electron capture process.
The molecular close-coupling (MOCC) method was employed
by Blanco et al.[21] and Jouin et al.[22] to compute the to-
tal electron capture cross sections for this collision system in
the combined energy region of 0.0625 keV/amu–9 keV/amu.
The partial electron capture cross sections were calculated by
Esry et al.[23] using the AOCC and CTMC methods in the en-
ergy region of 0.25 keV/amu–16 keV/amu. The total elec-
tron capture cross sections obtained with eikonal approxima-
tion were reported by Chan et al.[24] in the energy region of
10 keV/amu–500 keV/amu. The eikonal impulse approxi-
mation (EI), continuum-distorted-wave approximation (CDW)
and first order Brinkman–Kramers approximation (BK1) were
used by Montanari et al.[25] to study the total and partial cap-
ture cross sections for He2+–H(2s) system in the energy region
of 6.25 keV/amu–225 keV/amu. However, the investigations
of the excitation process are very limited, except for the study
of Agueny et al.[17]

The main motivation of the present work is to investigate
the dynamics of electron capture and excitation processes in
He2+–H(1s, 2s) collision systems and provide the accurate the
total and partial cross section data for the above two inelastic
processes in a wide energy region. Therefore, we use larger
basis sets in the current calculations than the previous AOCC
method to ensure that the results are more accurate.

The paper is organized as follows. In Section 2, we
briefly outline the AOCC method used in this work. Section 3
mainly presents and discusses the results of our calculations
for He2+–H(1s, 2s) collisions. Conclusions are given in Sec-
tion 4. Atomic units are used throughout, unless explicitly
indicated.

2. Theoretical method
The details of the AOCC method, employed in the present

calculations, are given elsewhere.[26] Here we briefly outline
the main features of the method. The motion of nuclei fol-
lows classical trajectories while the electronic dynamics is de-
scribed with a quantum treatment in this method. The position
vector of the projectile relative to the target is reasonably ap-
proximated by classical trajectories 𝑅(t) = 𝑏+𝑣t (see Fig. 1),
where 𝑏 and 𝑣 are the impact parameter and velocity, respec-
tively. The asymptotic states of the target and projectile parti-
cles are described by Gaussian-type orbital (GTO) basis sets

ψ
T(P)
i( j) (𝑟) = ∑

k
ckχk (𝑟), (1)

where

χk (𝑟) = Nkxuk yvk zwk e−αkr2
. (2)

The Nk is a normalization factor and uk, vk and wk are integers
(k = 1, . . . ,N). All possible combinations of uk, vk and wk up
to a given l = uk +vk +wk are employed to cover all spherical
harmonics Yl,m for a given value of l.

T
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Fig. 1. Collision geometry. The impact parameter 𝑏 and the projectile
velocity 𝑣 define the collision plane. The position of the electron with
respect to the target center is denoted 𝑟.

The total wavefunction of the collision system can be
written as

Ψ (𝑟,𝑅(t)) = ∑i C
T
i (t)ψ

T
i (𝑟)e−iεT

i t

+∑ j C
P
j (t)ψ

P
j (𝑟) e−iεP

j t e−
i
2 v2t+i𝑣·𝑟, (3)

where ψT
i (ψP

j ) and εT
i (εP

j ) are the atomic states and energies
of the target and projectile, respectively. The states centered
on projectile contain the plane-wave electron translation fac-

tor (ETF) e−
i
2 v2t+i𝑣·𝑟, ensuring the Galilean invariance of the

results.
The time-dependent Schrödinger equation of the active

electron can be written as[
H− i

∂

∂ t

]
Ψ (𝑟,𝑅(t)) = 0, (4)

with the electronic Hamiltonian

Ĥ =−1
2

∇
2 +VT +VP, (5)
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where VT and VP are the interactions between the active elec-
tron and two nuclei, respectively, which are described by
Coulomb potentials. Inserting the total wave function Eq. (3)
into Schrödinger Eq. (4) leads to the first-order coupled differ-
ential equation for the scattering amplitude as

i
d
dt

𝑐(t) = 𝑆−1 (𝑏,𝑣, t)𝑀 (𝑏,𝑣, t)𝑐(t) , (6)

where 𝑐 is the column vector of the coefficients, 𝑆 and 𝑀 are
the overlap and the coupling matrices, respectively.

The predictor–corrector method is used to solve the above
first-order coupled differential equation to obtain the transition
probability for an impact parameter and velocity as

Pf i
(
b,vp

)
=
∣∣c f i (b, t)

∣∣2 . (7)

For a transition from an initial state to the final state i→ f , the
cross section can be calculated as

σ f i
(
vp
)
= 2π

∫ +∞

0
bPf i

(
b,vp

)
db. (8)

In our calculations, three basis sets (B1: 17s14p11d8f5g; B2:
18s15p12d9f6g; B3: 19s16p13d10f7g) are used for the H and

He+ centers in order to ensure better convergence of the re-
sults. The basis sets of the target (H) are given in Table 1. For
the projectile, the GTO exponents can be deduced from H cen-
ter by using the scaling law αZ= αHZ2.[27] All the basis sets
include orbitals up to n = 5 (l = 4) for both target and pro-
jectile. The binding energies of H atoms and He+ ions which
are calculated by the above basis sets are provided in Table 2
and compared with the corresponding data from NIST.[28] The
overall agreement between our calculations and NIST data[28]

is very good and the relative differences are less than 0.06%.

Table 1. The GTO exponents (αn) of hydrogen atom. The values of β

for each l follow a geometric sequence according to αn = αβ 1−n, and n
is the number of GTO.

B1 B2 B3

l α β n α β n α β n
s 100 1.3335 17 100 1.3111 18 100 1.2915 19
p 10 1.425 14 10 1.3894 15 10 1.3593 16
d 1 1.584 11 1 1.5199 12 1 1.4677 13
f 0.1 1.93 8 0.1 1.7783 9 0.1 1.6681 10
g 0.01 1.775 5 0.01 1.585 6 0.01 1.4677 7

Table 2. Comparison of binding energies (E; in a.u.) of H atom and He+ ion with the NIST[28] data.

State Eref E(B1) ∆ ∗ E(B2) ∆ ∗ E(B3) ∆ ∗

H

1s −0.4997333 −0.4999920 0.052% −0.4999956 0.052% −0.4999913 0.052%
2s −0.1249339 −0.1249990 0.052% −0.1249994 0.052% −0.1249989 0.052%
2p −0.1249329 −0.1250000 0.054% −0.1250000 0.054% −0.1250000 0.054%
3s −0.0555260 −0.0555552 0.053% −0.0555554 0.053% −0.0555552 0.053%
3p −0.0555257 −0.0555554 0.053% −0.0555555 0.054% −0.0555555 0.054%
3d −0.0555255 −0.0555555 0.054% −0.0555556 0.054% −0.0555556 0.054%
4s −0.0312333 −0.0312497 0.053% −0.0312499 0.053% −0.0312499 0.053%
4p −0.0312332 −0.0312494 0.052% −0.0312500 0.054% −0.0312500 0.054%
4d −0.0312331 −0.0312500 0.054% −0.0312500 0.054% −0.0312500 0.054%
4f −0.0312330 −0.0312499 0.054% −0.0312499 0.054% −0.0312499 0.054%

He+

1s −1.9998160 −1.9999661 0.008% −1.9999558 0.007% −2.0000130 0.010%
2s −0.4999626 −0.4999958 0.007% −0.4999946 0.006% −0.5000014 0.008%
2p −0.4999470 −0.4999998 0.011% −0.4999999 0.011% −0.4999999 0.011%
3s −0.2222030 −0.2222208 0.008% −0.2222206 0.008% −0.2222226 0.009%
3p −0.2221983 −0.2222217 0.011% −0.2222222 0.011% −0.2222222 0.011%
3d −0.2221941 −0.2222221 0.013% −0.2222222 0.013% −0.2222222 0.013%
4s −0.1249880 −0.1249989 0.009% −0.1249993 0.009% −0.1250002 0.010%
4p −0.1249861 −0.1249975 0.009% −0.1249998 0.011% −0.1250000 0.011%
4d −0.1249843 −0.1249999 0.012% −0.1250000 0.013% −0.1250000 0.013%
4f −0.1249835 −0.1249995 0.013% −0.1249997 0.013% −0.1249998 0.013%

∗∆ =
∣∣Epresent−ENist

∣∣/ENist.

3. Results and discussion

In order to obtain better convergent cross sections, a large
number of bound states and some pseudostates are included in
the expansion basis sets on two centers to fully take into ac-
count the effect of multichannel couplings in the present cal-
culations. We use three sets of GTOs which are shown in Ta-
ble 1 to calculate the cross sections. The B1, B2 and B3 basis
sets are composed of 215 GTOs, 240 GTOs and 265 GTOs,

respectively. Almost all pseudostates (200–300) generated by

each Gaussian basis of He+ and H centers are included in the

coupling calculation with a total of 554, 624 and 693 reac-

tion channels, respectively. The GTOs are square-integrable

L2 functions and cannot describe the exact boundary condi-

tions of continuum states.[29] In order to reduce the error of

GTOs in describing pseudostates, the present cross sections

can be given by the average values of the cross sections which
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are obtained with the above three basis sets as

σPresent =
1
3
× (σB1 +σB2 +σB3) . (9)

3.1. He2+–H(1s) collision
3.1.1. Excitation cross sections

The cross sections for excitation to 2l, 3l, n = 4 and
n = 5 states of H atoms in He2+–H(1s) system are given in
Figs. 2(a)–2(f), respectively. The results of the present AOCC
method are compared with the previous AOCC calculations by
Toshima et al.,[15] Fritsch et al.,[14] Agueny et al.,[17] Liu et
al.,[16] WP-CCC calculations of Faulkner et al.,[20] and with
the calculations of the coupled-Sturmain approach of Winter
et al.[18] In the same figure, the experimental data of 2l and
3p states from Hughes et al.[12] and Detleffsen et al.[13] are
also shown. It can be seen from Figs. 2(a), 2(b) and 2(d) that
the differences between the experimental data and most of the
theoretical results are obvious. For cross sections of excita-
tion to the 2s and 2p states, the experiment data of Hughes et

al.[12] overestimate most of the theoretical results, except for
the 30 keV/amu–40 keV/amu for the 2s state and 30 keV/amu–
60 keV/amu for the 2p state, respectively. However, the exper-
imental data from Detleffson et al.[13] are in general agreement
with most of the theoretical calculations, including our AOCC
results, for the energy region above 80 keV/amu. These dis-
crepancies between experimental data and theoretical results
may be from the fact that the hydrogen atomic targets in these
experiments[12,13] were produced by using the highly disso-
ciated hydrogen molecule beam, leading to a mixture of hy-
drogen molecule in the target. By comparing our results with
other theoretical results in Figs. 2(a)–2(f), we can see that our
results are consistent with the trend of the new results of Liu
et al.,[16] Faulkner et al.[20] and Agueny et al.[17] However,
the cross sections for excitation to 2s, 3s, and 3d states have
certain gaps near the peak in Figs. 2(a), 2(c), 2(e). The dif-
ferences are mainly due to the different types and sizes of the
expansion basis sets centered on both target and projectile.
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Fig. 2. The cross sections for excitation to 2l, 3l states and n = 4, 5 shells of H atoms in He2+–H(1s) collision. Theory: (solid red line) present
results; (dashed olive line) WP-CCC results of Faulkner et al.;[20] (dotted violet line) coupled-Sturmain approach results of Winter et al.;[18]

(dash-dotted blue line) AOCC results of Toshima et al.;[15] (dash-dot-dotted purple line) AOCC results of Fritsch et al.;[14] (short dashed orange
line) AOCC results of Agueny et al.;[17] (short dotted royal line) AOCC results of Liu et al.[16] Experiment: (magenta triangles) Hughes et al.;[12]

(black diamonds) Detleffsen et al.[13]

3.1.2. Electron capture cross sections

For the electron capture process, we summarize the the-
oretical and experimental results of the total electron capture
cross sections in Fig. 3. It can be seen that our calculations are
in good agreement with the experimental data[9–11] and other
theoretical results[15,16,18,20] in the considered energy region,

except for the experimental data of Bayfield et al.[8] It is obvi-
ous that the date from Bayfield et al.[8] are also larger than the
other experimental[9,10] and theoretical data[15,16,18,20] in the
energy region below about 40 keV/amu.

The partial cross sections for electron captured to the 1s,
2l and 3l states of He+ ions are given in Fig. 4. For this col-
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lision system, n = 2 is the dominant reaction channel. Only
the cross section for electron captured to the 2s state has ex-
perimental values.[8,10] From Fig. 4(b), we can see that our re-
sults are in good agreement with other theoretical results[15–20]

in the entire energy region. At the same time, the theoreti-
cal results in the 20 keV/amu–50 keV/amu energy range agree
well with the experimental data of Shah et al.[10] For the re-
sults of capture to He+(2p) state, no experimental data have
been published to date. All the theoretical results have the
same energy behavior in the considered energy region, but
the magnitudes have slight differences. The present result is
in the middle of two groups of theoretical results for colli-
sion energies below 100 keV/amu. When the collision energy
is higher than 100 keV/amu, our result is in good agreement
with the results of Toshima et al.,[15] Winter et al.,[18] Mi-
nami et al.[19] and Faulkner et al.[20] For the capture to the
1s state (Fig. 4(a)), all the theoretical cross sections reach the
maximum value near the collision energy of 45 keV/amu. At
higher energies, our results are a little larger than the other re-
sults. For the cross sections of capture to the 3l states (shown
in Figs. 4(d)–4(f)), there is good agreement between different
theoretical results[15,17–20] within the full energy range. In ad-
dition, we also provide the cross sections for electron captured
to the n= 1–5 shells of H atoms in Fig. 5. The previous AOCC
results of Agueny et al.[17] are also given for comparison. We

can see that for the energies above 40 keV/amu, the 1s state
of He+ ion gradually becomes the dominant reaction channel
for this collision system. When the collision energy is below
100 keV/amu, the present capture cross section of 2p state is
lower than that of Agueny’s (which is shown in Fig. 4(c)). This
leads to a difference in the cross section of n = 2 channel.
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Fig. 3. The total electron capture cross sections as a function of energy
in He2+–H(1s) collision. Theory: (solid red line) present results; (dash-
dotted cyan line) AOCC results of Toshima et al.;[15] (dash-dot-dotted
magenta line) coupled-Sturmain approach results of Winter et al.;[18]

(short dashed dark yellow line) AOCC results of Liu et al.;[16] (short dot-
ted violet line) WP-CCC results of Faulkner et al.[20] Experiment: (green
circles) Shah et al.;[10] (royal diamonds) Olson et al.;[9] (wine triangles)
Bayfield et al.;[8] (orange squares) Hvelplund et al.[11]
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Fig. 4. The partial cross sections for electron captured into the 1s, 2l and 3l states of He+ ions in He2+–H(1s) collision. Theory: (solid red line)
present results; (dashed green line) AOCC and (dotted blue line) LTDSE results of Minami et al.;[19] (dash-dotted cyan line) AOCC results of
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et al.[17] Experiment: (wine triangles) Bayfield et al.;[8] (olive hexagons) Shah et al.[10]
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Fig. 5. The cross sections for electron captured into the n = 1–5 shells
of He+ ions in He2+–H(1s) collision. The present results are denoted by
solid lines; the results of Agueny et al.[17] are dashed lines.
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Fig. 6. Cross sections for excitation to 3l, 4l and n = 5 channels of H
atoms in He2+–H(2s) collision. The present results are shown by solid
lines; the results of Agueny et al.[17] are presented by dashed lines.

3.2. He2+–H(2s) collision
3.2.1. Excitation cross sections

The research on the excitation process in collisions of
He2+ with H(2s) atoms has been very limited. In Fig. 6(a), the
cross sections for excitation to H(3l) states in this collision are
presented and compared with the results of Agueny et al.[17]

For this collision system, H(2s)→H(3d) transition dominates
for collision energies below 60 keV/amu. When the collision
energy exceeds 60 keV/amu, the main channel becomes the
2s→ 3p transition. It can be seen from this figure that our re-
sults are significantly different from those of Agueny et al.[17]

in the regions near the peak of cross sections. The cross sec-
tions for excitation to the H(4l) states of H atoms are shown
in Fig. 6(b). The calculations from Agueny et al.[17] are also
given in the same figure for comparison. It can be seen that
the cross sections excitation to H(4l) states are one order of
magnitude smaller than those of the H(3l) states. The present
results have similar energy behavior with the results of Agueny
et al.[17] in the entire energy region, but the magnitudes have

slight differences. Simultaneously, the results of excitation to
n = 5 channel are also displayed in Fig. 6(c) with the results of
Agueny et al.[17] For the collision energy below 30 keV/amu,
our results are smaller than Agueny’s.[17] The reason for these
discrepancies may be from the fact that a large size of AO
expansion basis including pseudostates is used in the present
AOCC method.

3.2.2. Electron capture cross sections

In Fig. 7, we present our total electron capture cross sec-
tions for He2+–H(2s) collision and compare them with the re-
sults of the previous AOCC method of Esry et al.,[23] CTMC
method of Blanco et al.,[21] and the MOCC method of Blanco
et al.[21] and Jouin et al.[22] It is noted that in the energy region
below 3 keV/amu, our results are slightly larger than those of
MOCC method of Blanco et al.[21] and Jouin et al.,[22] and the
AOCC results of Esry et al.[23] The reason for this difference
is mainly from the fact that the expansion basis sets used in
the previous calculations are too small. In the energy region of
3 keV/amu–10 keV/amu, the present result is in good agree-
ment with the MOCC results of Jouin et al.[22] which used a
19-state basis set and the CTMC results of Blanco et al.[21] In
the 10 keV/amu–30 keV/amu range, our results are consistent
with the EI results of Montanari et al.[25] In the high energy
region near 100 keV/amu, our results reproduce the results[24]

of CDW and EI methods.
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Fig. 7. The total electron capture cross sections as a function of energy
in He2+–H(2s) collision. Present results: solid red line; results of Blanco
et al.:[21] dashed green line and double dashed blue line; results of Jouin
et al.:[22] dash-dotted magenta line and dash-dot-dotted cyan line; results
of Esry et al.:[23] short dashed dark yellow line; results of Montanari et
al.:[25] short dash-dotted navy line and double short dash-dotted purple
line; results of Chan et al.:[24] dashed orange line.

The partial cross sections for capture to the 3l, 4l and

n = 4, 5 channels of He+ ions for this collision system are
shown in Figs. 8(a)–8(d), 9(a)–9(d), and 10, respectively, and
the other available theoretical results[17,21–23,25] are also pro-
vided for comparison. From these figures, we can see that
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our results are all in good agreement with those of Agueny et
al.[17] in the considered energy region, except for the 4f chan-
nel for the energies below 10 keV/amu. There are currently

no experimental results reported for this system, so the differ-
ences between our calculations and other theoretical results in
the figures need further study.
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Fig. 8. The cross sections for electron captured into the n = 3 shell of He+ ion in He2+–H(2s) collision. Present results: solid red line; results of
Esry et al.:[23] short dashed black line; results of Jouin et al.:[22] dash-dotted violet line; results of Agueny et al.:[17] dash-dot-dotted dark yellow
line; results of Blanco et al.:[21] dotted green line.
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Fig. 9. The cross sections for electron captured into the 4l states of He+ ions in He2+–H(2s) collision. Present results: solid red line; results of
Esry et al.:[23] short dashed black line; results of Montanari et al.:[25] dashed cyan line, dotted green line and blue dash dotted line; results of
Agueny et al.:[17] dash-dot-dotted dark yellow line.
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Fig. 10. The cross sections for electron captured into the n = 4,5 shells
of He+ ions in He2+–H(2s) collision. The present results are denoted by
solid lines in different colors; the results of Agueny et al.[17] are dashed
lines in different colors.

4. Conclusion

Using a semiclassical atomic orbital close-coupling ap-
proach, we have investigated the electron capture and excita-
tion processes in He2+–H(1s, 2s) collisions. The total and par-
tial cross sections for these two processes have been reported
in the energy region of 1 keV/amu–200 keV/amu, and com-
pared with available theoretical and experimental data. It is
found that the differences between the present results and the
other theoretical results are mainly due to the fact that rela-
tively large basis sets (especially the ionization channels rep-
resented by pseudostates) centered on the target and projectile
are used in the present calculations. This can fully take into
account the effect of multi-channel couplings for the collision
process of these systems. Especially for the excitation pro-
cess, the impact of the multi-channel couplings on the exci-
tation cross sections can be clearly observed. In contrast, the
cross sections for electron capture process are easier to con-
verge, and the present results are consistent with those of the
previous studies. The reliable cross sections from the present
work are useful for the spectral simulation and diagonalization
in astrophysics and laboratory plasma.
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