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Electron capture in collisions of Si3+ ions with atomic hydrogen from low to intermediate energies
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The electron capture process for the Si3+(3s) + H(1s) collisions is investigated by the quantum-mechanical
molecular orbital close-coupling (MOCC) method and by the two-center atomic orbital close-coupling (AOCC)
method in the energy range of 10−5–10 keV/u and 0.8–200 keV/u, respectively. Total and state-selective
cross sections are presented and compared with the available theoretical and experimental results. The present
MOCC and AOCC results agree well with the experimental measurements, but show some discrepancy with
the calculations of Wang et al. [Phys. Rev. A 74, 052709 (2006)] at E > 40 eV/u because of the inclusion of
rotational couplings, which play important roles in the electron capture process. At lower energies, the present
results are about three to five times smaller than those of Wang et al. due to the difference in the molecular data
at large internuclear distances. The energy behaviors of the electron capture cross sections are discussed on the
basis of identified reaction mechanisms.
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I. INTRODUCTION

Electron capture in multicharged ion and neutral atom
collisions has attracted extensive theoretical and experimental
attention, due to their diverse applications in laboratory
plasmas and astrophysics [1]. In the edge and divertor regions
of magnetically confined plasma, electron capture of multiply
charged impurity ions with atomic hydrogen influences the
ionization balance and plasma cooling [2,3]. In astrophysics,
charge transfer plays an important role in determining the prop-
erties of the observed gas [4]. The extreme ultraviolet (EUV)
and x-ray emission from comets and planetary atmospheres
have been explained by charge transfer of heavy solar wind
ions, including Siq+, with neutral species in the cometary and
planetary atmosphere [5]. In order to simulate the behavior
of the relevant environments, accurate total and state-selective
capture cross sections are essential.

For the Si3+ + H collisions, at energies below 10 eV/u,
Herrero et al. [6] estimated the total single-electron capture
cross sections by the Landau-Zener (LZ) method with ab
initio parameters. Wang et al. [7] calculated the charge transfer
cross sections in a wide energy range of 10−5–103 keV/u by
using two theoretical methods: the classical trajectory Monte
Carlo (CTMC) method and the quantum-mechanical molec-
ular orbital close-coupling (MOCC) method. The MOCC
calculations utilize the ab initio adiabatic potentials and
nonadiabatic radial coupling matrix elements obtained from
the work of Herrero et al. [6] with two effective electrons. Their
CTMC results agree well with the experimental measurements
of Kim et al. [8] for energies from 50 to 150 keV/u,
and the MOCC results are about 1.5 times smaller than
the LZ results of Herrero et al. [6]. Bruhns et al. [9]
performed absolute cross-section measurements for Si3+ + H
collisions in the energy range between 44 and 2444 eV/u
using the upgraded ion-atom merged-beam apparatus. The
experimental electron capture cross sections are larger than
the MOCC calculations of Wang et al. [7] at energies higher

than 0.5 keV/u, but smaller at E < 0.1 keV/u. We note
that in the MOCC calculations of Wang et al. [7], a small
molecular basis is used and the rotational coupling is not
included. The electron translational factors (ETFs), which
would have important effect at energies above 1 keV/u, were
also neglected in the MOCC calculations of Ref. [7]. Recently,
Guevara et al. [10] investigated the Si3+ + H collision
in the energy range of 0.04–10 keV/u using the electron
nuclear dynamics (END) method, in which all electrons in
the wave function are considered and the nuclear trajectories
are described classically. Their charge transfer cross sections
are larger than the MOCC results of Wang et al. [7] by
a constant difference of 2–3 × 10−16 cm2 over the energy
range of 0.04–1 keV/u. The energy dependences of both the
MOCC and END results are different from the experimental
measurements of Bruhns et al. [9]. The experimental results [9]
are closer to the MOCC calculations [7] for E < 0.3 keV/u
but remain closer to the END results [10] for higher
energies.

In order to clarify the discrepancies between the experi-
mental and theoretical results, in the present work, we shall
study the electron capture process for the Si3+ + H collision by
using the quantum-mechanical MOCC method [11,12] in the
energy range of 0.01 eV/u–10 keV/u with a large molecular
basis. Besides the radial couplings, in our calculations we also
included the rotational couplings, which were not considered
in the MOCC calculations of Wang et al. [7] and may play
important roles for electron capture. The molecular structure
data (potential curves and radial and rotational coupling matrix
elements) required in the calculations will be determined by
using the multireference single- and double-excitation config-
uration interaction (MRDCI) method [13,14] with Gaussian-
type basis set. The atomic orbital close-coupling (AOCC)
method will also be used in the intermediate energy range
of 0.8–200 keV/u.

Atomic units will be employed throughout, unless explicitly
indicated otherwise.
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II. COMPUTATIONAL METHOD

A. Molecular structure

The MRDCI package [13,14] was employed to calculate
the potential energy curves and the radial and rotational
coupling matrix elements. The correlation-consistent, polar-
ization valence, quadruple-ζ (cc-pVQZ) type basis set [15]
was employed for Si and H atoms, but the g-type basis was
discarded. Besides the above basis set, the diffuse (1s1p1d)
basis was added for the Si atoms. A threshold of 10−8 hartrees
was used to select the configurations at the internuclear
distances of 1–30 a.u. Using the obtained electronic wave
functions, the radial and rotational coupling matrix elements
were calculated by the finite differentiation method [16] and
analytical approaches, respectively.

In the present calculations, the electron translational effect
was included by transforming the radial and rotational cou-
pling matrix elements between states ψK and ψL into [17]

〈ψK | ∂/∂R − (εK − εL)z2/2R |ψL〉 ,
(1)

〈ψK | iLy + (εK − εL)zx |ψL〉 ,

where εK and εL are the electronic energies of ψK and ψL

states, and z2 and zx are the components of the quadrupole
moment tensor. Equation (1) is deduced by introducing appro-
priate reaction coordinates [11,18], originally developed by
Thorson and Delos [19] and Mittleman [20]. The modification
is similar in form to that resulting from the common translation
factor method [21].

B. MOCC method

Details of the quantum-mechanical MOCC method for
ion-atom collisions can be found elsewhere [11,12] and only
the basic technique is outlined here. In our MOCC method, the
log-derivative method of Johnson [22] was employed to solve a
coupled set of second-order differential equations. Transitions
between channels are driven by radial and rotational (Ar

and Aθ ) couplings of the vector potential
⇀

A(
⇀

R), where
⇀

R

is the internuclear distance vector. In order to avoid the
numerical difficulties encountered in the integration of the
radial coupled equations based on the adiabatic representation,
the diabatic transformation [12,23] was adopted for electronic
states. The radial functions are matched to the plane-wave
and Coulomb boundary conditions for neutral and Coulomb
channels, respectively. The cross section for electron transition

from channel α to channel β can be expressed by the S matrix

σα→β = π

k2
α

∑
J

(2J + 1)
∣∣δαβ − SJ

αβ

∣∣2
, (2)

where kα is the initial momentum in the center-of-mass
coordinate and J is the total angular momentum quantum
number.

C. AOCC method

The details of the two-center AOCC methods can be found
in the literature [11,24] and here we only present its brief
account. The total electron wave function can be expanded
in terms of bound atomic orbitals of the two ionic centers,
(φA, φB), multiplied by plane-wave ETFs,

�(�r,t) =
∑

i

ai(t)φ
A
i (�r,t) +

∑
j

bj (t)φB
j (�r,t). (3)

The frozen core approximation is employed for the Si3+(3s)
ion. The interaction of the Si3+ ion with the electron initially
resident on H is represented by the one-electron model
potential [7]. The straight-line approximation is adopted for
nuclear motion. The substitution of the expansion (3) into
the time-dependent Schrödinger equation gives the first-order
coupled equations for the amplitudes ai(t) and bj (t):

i(Ȧ + SḂ) = HA + KB,
(4)

i(Ḃ + S†Ȧ) = K̄A + H̄B,

where A and B are the vectors of the amplitudes ai and bj ,
respectively. S is the overlap matrix (S† is its transposed form),
H , H̄ and K , K̄ are the direct and exchange coupling matrices.
The cross section for electron capture is obtained by integration
of corresponding probabilities over the impact parameter b:

σcx,j = 2π

∫ ∞

0
|bj (+∞)|2bdb. (5)

III. RESULTS AND DISCUSSIONS

A. Adiabatic potentials and couplings

Using the MRDCI method, we calculated the lowest sixteen
singlet states and twelve triplet states, which correlate to the
lowest nine 1�, two 1�, five 1� states, and six 3�, one
3�, five 3� states of the SiH3+ molecule, respectively. All
of the twelve electrons are considered in our calculation. In
Table I, the asymptotic energy of a few lowest states in the
present calculation are compared with the experimental atomic

TABLE I. Asymptotic separated-atom energies of SiH3+ molecule.

Energy (eV)

Molecular state Asymptotic atomic state Expt. [25] Theor. [6] Error [6] Theor. Error

1 1� Si2+(3s2)[1S] + H+ − 19.895 − 19.843 0.052 − 19.784 0.111
2 1�, 1 1� Si2+(3s3p)[1P] + H+ − 9.618 − 9.421 0.197 − 9.503 0.115
3 1�, 2 1� Si2+(3p2)[1D] + H+ − 4.742 − 4.804 − 0.062 − 4.725 0.017
1 3�, 1 3� Si2+(3s3p)[3P] + H+ − 13.325 − 13.364 − 0.039 − 13.314 0.011
2 3� Si2+(3p2)[3P] + H+ − 3.780 − 3.745 0.035 − 3.791 − 0.011
4 1�, 2 3� Si3+(3s) + H(1s) 0 0 0 0 0
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TABLE II. Position R0 and energy separation H12 of the avoided
crossing between the 3 1� and 4 1� states.

Butler and
3 1�-4 1� Present Herrero et al. [6] Dalgarno [26]

R0 (a.u.) 11.45 11.29 11.6
H12 (a.u.) 0.00084 0.00056 0.00063

energies [25] and the calculations of Herrero et al. [6]. These
states would play dominant roles for the electron capture
process of Si3+ + H collision. The errors of our calculated
energies with respect to the experimental atomic energies
are less than 0.12 eV in the asymptotic region. We can see
that except for the Si2+(3s2) + H+ state, our calculated
energies agree better with the experimental results [25] than
the calculations of Ref. [6].

The adiabatic potential curves for the singlet and triplet
molecular states of SiH3+ are shown in Figs. 1(a) and 1(b),
respectively, for the internuclear distances R = 0–30 a.u.
The 4 1� and 2 3� states represent the initial channels of
Si3+(3s) + H collisions. For singlet states, the avoided crossing
at 11.45 a.u. between the initial 4 1� state and the 3 1�

state [asymptotically correlating to Si2+(2p2 [2D]) + H+
state] would be important at very low energies. In Table II,
the position and energy separation of this avoided crossing
are compared with those in Refs. [6,26]. These parameters
would sensitively influence the Si2+(2p2 [2D]) capture cross
sections in the very-low-energy region. From Table I we know
that the present calculated asymptotic energy of the Si2+(2p2

[2D]) + H+ state agree better than the calculation of Ref. [6]
with the experimental result. The precise asymptotic energy
is necessary for the accurate calculation of the capture cross
sections. At high energies, this avoided crossing can be treated
as diabatic. The radial and rotational couplings between the
3 1� state with the 2 1� and 1 1� states would influence
the electron capture process effectively. The upper states and
the lowest 1 1� state would not influence the charge transfer
obviously. For triplet states, it can be seen that there is no
effective coupling appearing between the initial 2 3� state and
other states.

Figures 2(a) and 2(b) show the radial coupling matrix
elements between the lowest few states for singlet and triplet

manifolds, respectively, with the electron translational effects
included. Correlating to the strong avoided crossing between
the 4 1� and 3 1� states, a sharply peaked Landau-Zener
coupling appears at R = 11.45 a.u. This coupling will
only take effect in the very-low-energy region. Besides this
coupling, there are strong Demkov couplings between 2 1�

and 3 1� states at about 6.2 and 3.3 a.u. These couplings
will effectively populate the system to the 2 1� state, which
asymptotically correlates to the Si2+(3s3p) + H+ state.
The 3 1�–4 1� couplings at 2.2 and 4.2 a.u. will promote
the system to the Si2+(2p2 [2D]) + H+ state at high energies.
The 4 1�-5 1� coupling at 3–5 a.u. and the couplings corre-
lating with the series of 5 1�-6 1�-7 1�-8 1�-9 1� avoided
crossings at 2.5–8.5 a.u. [see Fig. 1(a)] will populate the high
states in the receding stage of the collision. For triplet states,
no effective radial coupling is found between the entrance
2 3� channel and other states. The weak 1 3�-2 3� coupling at
about 5 a.u. would play the dominant role for charge transfer in
triplet manifold and populate the Si2+(3s3p) state. The 2 3�-
3 3� coupling at about 3 a.u. and the series of 3 3�-4 3�-5 3�-
6 3� couplings at 2.5–8 a.u. will promote the system to high
states.

In Figs. 3(a) and 3(b) we show some important rotational
couplings for the singlet and triplet molecular states, respec-
tively. The 2 1�-1 1�, 3 1�-2 1�, and 1 3�-1 3� rotational
couplings are between states converging to the same config-
urations and asymptotically converge to a particularly large
constant. These couplings obviously play prominent roles in
the rearrangement of the system between states with the same
principal and angular quantum number in the receding stage.
The magnitudes of the 3 1�-2 1� and 4 1�-2 1� rotational
couplings were exchanged with each other at R = 11.45 a.u.
This is because that the main configuration of the 3 1� state
was exchanged with that of the 4 1� state at the strong anti-
crossing point. At R > 11.45 a.u., the 4 1� state represent the
entrance channel of Si3+(3s) + H(1s), but at R < 11.45 a.u., the
main configuration of 3 1� state becomes Si3+(3s) + H(1s).
The 3 1� state is strongly rotationally coupled with the
1 1� state at about 5 a.u. This coupling will promote the
system to populate the Si2+(3s3p) + H+ state. The 3 1�

state is also strongly coupled with the 2 1� states at very
small internuclear distance. This coupling would populate the
Si2+(2p2 [2D]) + H+ state at high-energy region. For triplet

FIG. 1. (Color online) Adiabatic potential curves for SiH3+. The solid lines, dotted lines, and dashed lines represent the �, �, and � states,
respectively. (a) Singlet states; (b) triplet states.

012708-3



C. H. LIU, L. LIU, AND J. G. WANG PHYSICAL REVIEW A 90, 012708 (2014)

FIG. 2. (Color online) Radial coupling matrix elements for SiH3+. (a) Singlet states; (b) triplet states.

states, there is no strong rotational coupling between the initial
2 3� state and 3� states appearing at R > 2.5 a.u. The weak
2 3�-1 3� coupling at about 4 a.u. would promote the system
to the Si2+(3s3p) + H+ state.

B. Electron capture cross sections

The electron capture cross sections of Si3+(3s) + H(1s)
collision were calculated by the MOCC and AOCC method
in the energy range of 10−5–10 keV/u and 0.8–200 keV/u,
respectively. In our MOCC calculation, we included all 28
channels shown in Fig. 1, which are nine 1�, five 1�, and
two 1� states in the singlet manifold and six 3�, five 3�,
and 1 3� states in the triplet manifold. The values of Rmax

for matching the boundary conditions were chosen from
2000 to 200 a.u. for collision energies varying from 10−5

to 10 keV/u. Beyond R = 30 a.u., the potentials of the
initial 4 1� and 2 3� states as well as the Si3+ excitation
channels were extended to larger internuclear distances by
the dipole polarization potential Vpol(R) = −αd/2R4, where
αd = 4.5 a.u. is the dipole polarizability of the H(1s) atom.
The long-range asymptotic behavior of the charge transfer
final states was described by the Coulomb form. Because the

singlet and triplet manifolds do not couple with each other
in the nonrelativistic approximation, the MOCC calculations
were performed separately for each manifold. The total and
state-selective cross sections were averaged over the statistical
weights of 1/4 for the singlet and 3/4 for the triplet results.
In our AOCC calculation, the expansion basis includes all
states on the ionic Si3+(3s) center with the principal quantum
number n � 7. Because the single-electron approximation was
considered, the Si2+(2p2) states were not involved.

The total electron capture cross sections for the Si3+ + H
collision are displayed in Fig. 4 in the energy range of
10−5–200 keV/u. The present MOCC and AOCC results
are compared with the MOCC and CTMC results of Wang
et al. [7], the END results of Guevara et al. [10], the LZ
calculations of Herrero et al. [6], and the experimental mea-
surements of Bruhns et al. [9] and Kim et al. [8]. The present
AOCC calculations agree very well with the experimental
measurements of Kim et al. [8] at about 100 and 150 keV/u. At
lower energies, the magnitudes of the AOCC results are a little
smaller than the experimental results in Ref. [8]. The CTMC
results of Wang et al. [7] are a little larger than the present
AOCC results at E > 40 keV/u, but become smaller than
the AOCC calculations in the lower-energy region, where the

FIG. 3. (Color online) Rotational coupling matrix elements for BeH3+. (a) Singlet states; (b) triplet states.
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FIG. 4. (Color online) Total electron capture cross sections for
the Si3+ + H collisions. Present 28-channel MOCC calculation: filled
circles; present six-channel MOCC calculation: filled angles; present
AOCC calculation: solid line; MOCC results of Wang et al. [7]:
dashed line; CTMC results of Wang et al. [7]: dotted line; END
results of Guevara et al. [10]: dash-dot-dotted line; LZ results of
Herrero et al. [6]: dash-dotted line; the experimental measurement
of Bruhns et al. [9]: open circles; the experimental results of Kim
et al. [8]: open squares.

CTMC method is known to be inappropriate [11]. Our AOCC
results show good mutual agreement with the 28-channel
MOCC result at 10 keV/u. At lower energies, the AOCC
results tend to increase with the decreasing of energy, while our
MOCC results slowly decrease with decreasing energy in the
keV region. This is because the single-electron approximation
is used in the present AOCC calculations, and the Si2+(3p2)
states are not involved, so that the AOCC results are inaccurate
in the keV region.

The present MOCC results agree well with the experimental
measurements of Bruhns et al. [9] in the energy range
0.3–2 keV/u, and are somewhat larger than the experimental
measurements at energies below 0.3 keV/u. The smaller
experimental cross sections of [9] at low energies may be
due to the loss of collected signal. Bruhns et al. [9] stated
that the signal-to-background ratio was insufficient to collect
statistically significant data at energies below 44 eV/u. The
inadequate angular collection may be another reason for the
loss of signal in the low-energy region, where the large-angle
scattering should play an important role. Our MOCC results
are larger than the MOCC calculations of Wang et al. [7] at
energies above 0.04 keV/u, but become smaller than those of
Ref. [7] at lower energies. We note that in the calculations of
Wang et al. [7], the rotational couplings are not involved, and
only the lowest four 1� states and two 3� states are included.
We also did similar calculations by using the same molecular
basis. The results are also shown in Fig. 4 and indicated by six
channels. We can see that the six-channel results are closer to
the results of Wang et al. at energies above 0.05 keV/u, but
at lower energies, the six-channel results decrease rapidly and
tend to be close to the 28-channel results. The difference of the
present calculations with those of Wang et al. [7] arises from

the different molecular data. Although our six-channel results
appear to agree better with the experimental measurements [9]
than the 28-channel calculations, we think that the six-channel
results are inaccurate because the rotational couplings cannot
be ignored as we have concluded from the molecular data (see
Figs. 1–3). When we included the six channels as well as the
1,2 1,3� states in the calculations, the cross sections are similar
to the present 28-channel results. The END results of Guevara
et al. [10] are somewhat smaller than the present MOCC
results at E > 0.4 keV/u and also show good agreement with
the experiments [9]. At lower energies, their results slowly
decrease and deviate from the experiment results [9]. The
reason may be that in the END calculations, the classical
treatment is adopted for the nuclear trajectories.

At E < 5 eV/u, the cross sections increase with decreasing
energy due to the sharp 3 1�-4 1� radial coupling at R =
11.45 a.u. The present results are about three to five times
smaller than those of Wang et al. [7]. The LZ results of Herrero
et al. [6] are even larger than the MOCC results of Ref. [7].
As we have pointed out in Table II the position and energy
separations of the 3 1�-4 1� avoided crossing in the present
calculations are different from those of Ref. [6]. In the MOCC
calculation of Wang et al. [7], the molecular data in Ref. [6] are
used. From Table I we know that the present asymptotic energy
of the Si2+(3p2[1D]) + H+ state is closer to the experimental
one than that in Ref. [6]. The precise molecular data in the
present calculation would guarantee the more accurate cross-
section results.

The state-selective cross sections were calculated by the
MOCC and AOCC methods. In Fig. 5, our results for electron
capture to 3s2, 3p2, 3s3p, 3s3d shells of the Si2+ ion are
compared with the MOCC and CTMC calculations of Wang
et al. [7]. At energies higher than 20 eV/u, the 3s3p state
plays the dominant role for the electron capture process. This is
because both the initial singlet and triplet states have relatively
strong radial and rotational couplings with the 3s3p states at
about 5 a.u. At E > 20 keV/u, the 3s3d state also becomes an
important capture channel because it has three compositions.
The 3p2 cross sections begin to increase with the decreasing
of energy at E < 30 eV/u and the 3p2 state becomes the
dominant capture channel at E < 10 eV/u. This is because
the sharp 3 1�-4 1� radial coupling at R = 11.45 a.u. begins
to take effect. The present MOCC results for the dominant
3s3p channels agree well with the AOCC calculations at
5–10 keV/u. Due to the single-electron approximation used
in the present AOCC calculation, the 3p2 state cannot be
included in the calculations, and the relatively small 3s2 and
3s3d cross sections of our MOCC and AOCC calculations do
not agree well with each other. Because the � and � states
are not included in the MOCC calculations of Ref. [7], their
results are somewhat smaller than the present calculations at
E > 20 eV/u for the 3s3p state and at E > 0.5 keV/u for
the 3p2 state. At lower energies, the asymptotic energy level
would play an important role in the electron capture process.
The 3 1�-4 1� avoided crossing in Refs. [6,7] appears at a
relatively smaller R than the present calculations (see Table II);
their 3p2 cross sections begin to increase at a higher energy and
the numerical values are larger than the present calculations
at E < 0.1 keV/u. In Ref. [7], because of the small molecular
basis used in the MOCC calculation, the relatively small results
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FIG. 5. (Color online) State-selective cross sections for electron capture to 3p2, 3s3p states (a) and 3s2, 3s3d states (b) of the Si2+ ions
for Si3+ + H collision. The present MOCC and AOCC results are compared with the MOCC and CTMC results of Wang et al. [7].

of the 3s2 channel would be not exactly correct and the 3s3d

state is not involved.
Figure 6 shows the state-selective cross sections for electron

capture to the 3s4l shells of the Si2+ ion. In the present MOCC
calculations, the 3s4d and 3s4f states were not included. The
capture cross sections of each 3s4l state would be not so exact.
In Fig. 6 we only give the total n= 4 results for electron capture
to the Si2+(3snl) states of the MOCC calculation. The present
MOCC and AOCC results for total n = 4 capture show good
mutual agreement with each other in the overlapping energy
range. The present AOCC results are mainly a little smaller
than the CTMC results of Wang et al. [7]. In the present AOCC
calculations, all of the 3snl (n � 7) states were involved. By
comparing with the experimental results of Kim et al. [8] (see
Fig. 4), we can believe that the present AOCC results would
be more precise than the CTMC calculations [7].

In Figs. 7(a) and 7(b), we show the state-selective cross
sections of our MOCC calculations for singlet and triplet

FIG. 6. (Color online) State-selective cross sections for electron
capture to 3s4l states of Si2+ ions for Si3+ + H collision. The present
MOCC and AOCC results are compared with the CTMC results of
Wang et al. [7].

manifolds, separately. In the case of the singlet manifold, the
collision system in its approaching stage evolves along the
4 1� state, which is coupled with the 3 1� state [asymptotically
correlating to the Si2+(3p2 [1D]) + H+ configuration] by a
strong Landau-Zener coupling at 11.45 a.u. This coupling is
very narrow and sharp and can be treated as diabatic in the
high-energy region. During the further evolution of the system
toward the united atom region, it evolves (with well-defined
probabilities) along the 3 1� and 4 1� states (mainly the
3 1� state at high energy). At about 6.2 a.u., the 3 1� state
strongly coupled with the 2 1� [asymptotically correlating to
the Si2+(3s3p) + H+ configuration]; see Figs. 1(a) and 2(a). At
small internuclear distances, these states are radially coupled
with the 1 1� and 5 1� states and rotationally coupled with
the 1� states. In the receding stage of the collision, the
system undergoes the 2 1�-3 1� and 3 1�-4 1� couplings
again. The 5 1� state would undergo the series of strong
5 1�-6 1�-7 1�-8 1�-9 1� radial couplings at 2.5–8.5 a.u. [see
Fig. 1(a)] and promote the system to the Si2+(3p2 [1S]) + H+,
Si2+(3s3d) + H+, Si2+(3s4l) + H+ states as well as the
Si3+(3p) + H state. The asymptotically degenerate states
(such as 2 1� and 1 1� states, 3 1� and 2 1� states) would
also undergo the strong rotational couplings even at large
internuclear distances. These couplings would only influence
the rearrangement of the system between these states.

For the triplet manifold, the entrance channel is the 2 3�

state. In the approaching stage of the collision, the 2 3�

initial state exerts a Demkov coupling at R � 5 a.u. with
the 1 3� state, which asymptotically correlates to the
Si2+(3s3p) + H+ state. During the further evolution, the
2 3� state is coupled with the 3 3� state at about 3 a.u. At
small internuclear distances, the 1 3�, 2 3�, and 3 3� states
rotationally coupled with the 3� states. In the receding stage of
the collision, the 2 3� state undergoes the 2 3�-3 3� couplings
again. The system is promoted to the Si2+(3s3d) + H+ and
Si2+(3s4l) + H+ states as well as the Si3+(3p) + H state by
the strong series of 3 3�-4 3�-5 3�-6 3� radial couplings at
2.5–8 a.u. Because the 1 3�-2 3� radial coupling is weaker
and appears at a relatively smaller internuclear distance than
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FIG. 7. (Color online) State-selective electron capture cross sections of singlet (a) and triplet (b) states for Si3+ + H collision.

the 2 1�-3 1� coupling, the triplet capture cross sections
decrease rapidly at E < 1 keV/u.

IV. CONCLUSION

In the present paper we have calculated the total
and state-selective electron capture cross sections for the
Si3+(3s) + H(1s) collision by using the MOCC and AOCC
methods in the energy range of 10−5–10 keV/u and 0.8–
200 keV/u, respectively. The molecular data are calculated
by the ab initio MRDCI package.

The present MOCC electron capture cross sections agree
well with the experimental measurements of Bruhns et al. [9]
in the energy range 0.3–2 keV/u, and at lower energies, the
calculated results are larger than the experimental ones. The
smaller experimental cross sections of [9] in the low-energy
region may be due to the loss of collected signal. Our
AOCC calculations agree well with the experiments of Kim
et al. [8] at 50–150 keV/u. Our MOCC result is in good mutual
agreement with the AOCC result at E = 10 keV/u. Because of
the use of single-electron approximation, the present AOCC
calculation would be invalid in the lower-energy region for
this collision system. Our MOCC results are larger than the
MOCC calculations of Wang et al. [7] at E > 0.04 keV/u.

This is because the rotational couplings involved in the present
calculation play very important roles for electron capture. At
E < 10 eV/u, the present results are three to five times smaller
than those in Ref. [7] due to the difference in the molecular data
calculation at large internuclear distances. The discrepancies
between the present results and the END calculations of
Guevara et al. [10] at low energies may be attributed to their
classical treatment for the nuclear trajectories. The electron
capture to the 3s3p state dominates the capture process in the
energy range of 20 eV/u–20 keV/u. The 3p2 state becomes the
dominant capture channel at E < 10 keV/u. At E > 20 keV/u,
the 3s3d state is also important because it has three com-
positions. The collision dynamics for both singlet and triplet
manifolds are discussed in terms of the most important reaction
paths and the involved radial and rotational couplings.
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