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Electron-capture dynamics in collisions of Si4 ions with He atoms at intermediate energies
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Electron capture resulting from collisions of Si41 ions with He atoms below 25 keV/u is investigated using
a molecular-orbital representation within both the semiclassical and quantal representations. Nine molecular
states connecting both to single and double electron-capture processes are included, and hence radial and
rotational couplings among these channels are fully considered. Electronic states and corresponding couplings
are determined by the multireference single- and double-excitation configuration interaction method. The
present results tie in well with the earlier calculations of Stancilet al. at lower energies, but show a rather
different magnitude from the theoretical results of Bacchus-Montabonel and Ceyzeriat and are somewhat
smaller than the measurements of Tawaraet al. The present rate constants do not support the experimental
finding of Fang and Kwong at 4,600 K.

DOI: 10.1103/PhysRevA.63.0427XX PACS number~s!: 34.10.1x, 34.70.1e

I. INTRODUCTION

Electron capture due to collisions of multiply charged
ions with neutral species plays an important role in a variety
of astrophysical and laboratory plasmas. The process can af-
fect the ionization balance of the plasma and is a mechanism
for populating excited states of the product ion@1#. The par-
ticular reaction

Si411He→Si311He1 ~1!

has been studied via a number of theoretical investigations
and may be important in planetary nebulae and astrophysical
shocks@2–4#. Cross sections for process~1! have been com-
puted using the molecular-orbital close-coupling~MOCC!
approach with both quantum-mechanical@4,5# and semiclas-
sical @6# descriptions of the nuclear motion. The various cal-
culations are in fair agreement, though discrepancies as large
as a factor of 2 are evident in certain energy ranges. Experi-
mental studies have been limited to a recent total cross sec-
tion measurement@7# and a determination of the rate coeffi-
cient @8#. The cross sections measured by Tawaraet al. @7#,
though over a limited energy range, are in fair agreement
with all calculations. However, Fang and Kwong@8#, who
measured the rate coefficient at 4600 K using an ion trap
technique, obtained a result that is nearly two orders of mag-

nitude smaller than the rate coefficients calculated with the
Landau-Zener model@1# as well as those obtained from the
quantum-mechanical MOCC results@4,5#. The experiment in
Ref. @8#, however, cannot resolve the various product chan-
nels and is limited to a single energy.

In this paper, we revisit this collision system in an attempt
to resolve the discrepancies between experiment and theory.
In addition to the reaction~1!, the first semiclassical MOCC
calculations are performed for the double-capture channel

Si411He→Si211He21. ~2!

These calculations incorporate new adiabatic potentials and
nonadiabatic coupling matrix elements computed with the
multireference single- and double-excitation configuration-
interaction~MRD-CI! method. Quantum-mechanical MOCC
calculations are also performed at low energies to extend the
previous work in Ref.@4#. Silicon ions have become increas-
ingly important for applications such as Si-thin film manu-
facturing based on the ion-beam technology, and accurate
information on cross sections for inelastic processes and their
dynamics are highly desirable.

II. THEORETICAL MODEL

A. Molecular states

The adiabatic potential curves of SiHe41 are obtained by
employing theab initio MRD-CI method@9#, with configu-
ration selection at a threshold of 1.031027hartree and en-†Deceased.
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ergy extrapolation, using the Table configuration interaction
~CI! algorithm @10#. The two electrons in the first~lowest!
molecular orbital~MO! are kept inactive in the present CI
calculation, and the highest MO is discarded. The coupling
matrix elements are calculated by using the resulting CI
wave functions. The radial coupling elements are calculated
by using a finite-difference method@11#. In the calculations,
the basis set for the silicon atom is (13s10p4d1 f ), which is
contracted to@10s7p4d1 f # @12#. But the exponent of thef
function is reoptimized and the value is 0.34; thes, p basis
set is from Ref.@13#, also see Ref.@14#. For the He atom, the
(10s5p1d)/@7s4p1d# basis set in Ref.@15# is employed, but
the most diffused function with the exponent of 0.03 is
deleted. Further details of ourab initio MRD-CI calculations
are listed in Table I.

B. Scattering dynamics

Semiclassical approach

A semiclassical MO expansion method with a straight-
line trajectory of the incident ion was employed to study the
collision dynamics above 30 eV/u@16#. In this approach, the
relative motion of heavy particles is treated classically, while
electronic motions are treated quantum mechanically. The
total scattering wave function was expanded in terms of
products of a molecular electronic state and atomic-type
electron translation factors~ETF’s!, in which the inclusion of
the ETF satisfies the correct scattering boundary condition.
Substituting the total wave function into the time-dependent
Schrödinger equation and retaining the ETF correction up to
the first order in the relative velocity between the collision
partners, we obtain a set of first-order coupled equations in
time. Transitions between the molecular states are driven by

nonadiabatic couplings. By solving the coupled equations
numerically, we obtain the scattering amplitudes for the tran-
sitions; the square of the amplitude gives the transition prob-
ability, and integration of the probability over the impact
parameter gives the cross section. Nine molecular states are
included in the dynamical calculations~see Fig. 1! separating
to the initial channel @Si411He~1S!#(3 1S1), the
single-capture channels @Si31~2S!1He1:1 1S1#,
@Si31~2P!1He1:2 1S1,1 1P#, @Si31~2D!1He1:
4 1S1,2 1P,1 1D#, @S31~2S!1He1:6 1S1#, and the double-
capture channel@Si21~1S!1He21:5 1S1#.

Quantum approach

A fully quantum-mechanical representation of the MO ex-
pansion method was employed for collision energies from 10
to 230 eV/u to extend the earlier work of Stancilet al. @4#. In
this energy region, transitions are also driven by nonadia-
batic coupling. The total scattering wave function is ex-
panded as a sum of products of molecular electronic wave
functions and nuclear wave functions. The coupled equations
in R, that the nuclear wave functions satisfy, are obtained
from the time-independent Schro¨dinger equation@16#. The
coupled equations are solved numerically, after partial-wave
decomposition, to obtain the scattering matrix. The molecu-
lar states included are threeS channels: ~1!
@Si411He:3 1S#, @Si31~2S!1He1:1 1S1#, and
@Si31~2P!1He1:2 1S1#.

TABLE II. The present molecular orbitals and corresponding asymptotes of SiHe41.

No. Asymptote

Relative energy~cm21!

Exp. Cal. State

1. Si31(2Sg)1He1(2Sg) 0 0 1 1S1

2. Si31(2Pu)1He1(2Sg) 71 290 71 181 21S1,1 1P

3. Si31(2Dg)1He1(2Sg) 160 377 160 599 41S1,2 1P,1 1D

4. Si41(2Sg)1He(1Sg) 165 793 165 013 31S1,
5. Si21(1Sg)1He21 168 968 169 808 51S1

6. Si31(2Sg)1He1(2Sg) 193 982 193 158 61S1

TABLE I. Number of reference configurations,Nref , and num-
ber of roots,Nroot treated in each irreducible representation and the
corresponding number of generated (Ntot) and selected (Nsel)
symmetry-adapted functions for a threshold of 0.231026 hartree at
Si-He internuclear distance of 2.0a0 in the SiHe41 calculation.

State NrefNroot Ntot Nsel

1A1 32/8 935 909 153 550
1B1 11/3 432 392 65 274
3A1 22/6 1 211 586 162 846
3B1 10/3 665 882 89 542

FIG. 1. Adiabatic (1S1, 1P, 1D) potentials for the SiHe41 sys-
tem.
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III. RESULTS AND DISCUSSION

A. Adiabatic potentials and coupling matrix elements

The present adiabatic potential curves including single-
and double-capture channels forS and P states are illus-
trated in Fig. 1. The precision of the present calculations and
asymptotes can be judged from Table II. Asymptotically the
4 1S1 state corresponds to the initial@Si411He~1S!# chan-
nel. However, it has a strong avoided crossing with the
3 1S1 state at aroundR530 a.u., and hence, inside of thisR
region, they switch with the 31S1 state acquiring the char-
acter of the initial neutral channel. A simple Landau-Zener
calculation suggests that this avoided crossing between the
3 1S1 and 41S1 channels can be safely treated as diabatic.
Therefore we treat the 31S1 channel as the initial channel
in the present calculation. As a measure of the accuracy of
the present calculation, the comparison of energies for the
first three states with other theories along with experimental
data@17# is made in Table III. All theories are found to be
comparable in accuracy, but the results by Stancilet al. are
found to be slightly better than any of these.

Representative coupling matrix elements both for the ra-
dial and rotational components are displayed in Figs. 2 and
3, respectively. Visual inspection suggests that most of the
present relevant coupling matrix elements are in close agree-
ment with those of other theories including that of Stancil
et al.and Opradolce, McCarroll, and Valiron. Couplings that
connect to higher single- and double-capture states are found
to be fairly strong, and hence it is important to assess the role
of the double-capture process.

B. Electron capture cross sections

1. Single capture

Partial cross sections for capture to the 11S1, 2 1S1,
and 11P channels are shown in Fig. 4. Two main features
are apparent:~i! the cross section for the 11S1 states domi-
nates above 200 eV/u while those for the 21S1 and 11P
states take over below this energy and begin to show an
increasing trend as the energy lowers, and~ii ! a strong oscil-
latory structure can be seen in the cross section for the
1 1S1 state, while much weaker undulations are observed
for the 2 1S1 state. The oscillatory structure in the 11S1

state is due to the extremum in the potential difference be-
tween the 11S1 and 31S1 states@18#. Although the 21S1

state is present in-between, it is found to be diabatic in nature
in the energy region where the oscillation can be seen, and
hence the role of the 21S1 state is secondary. As the colli-
sion energy becomes lower, however, the 21S1 state in-
creasingly becomes adiabatic, and the coupling between the
1 1S1 and 21S1 states becomes effective. Consequently
this effect translates into the 21S1 cross section hence caus-
ing the out-of-phase oscillation. The effect of the
@Si31~2D!1He1;4 1S1,2 1P,1 1D# channels are very small

TABLE III. The comparison of asymptotic energies for first
three states.

State

Energy~a.u.!

Present Ref.@4# Ref. @6# Expt @16#

Si411He@3 1S# 0 0 0 0
Si31(3p)1He1@2 1S# 0.427 53 0.430 16 0.433 14 0.430 58
Si31(3s)1He1@1 1S# 0.751 85 0.755 22 0.745 81 0.755 41

FIG. 2. Representative radial coupling matrix elements between
1S1 states.

FIG. 3. Representative rotational coupling matrix elements be-
tween 1S1 and 1P states.

FIG. 4. Partial cross sections for single- and double-electron
capture into each individual molecular channel from the semiclas-
sical MOCC calculations.
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below 3 keV/u, but it becomes increasingly conspicuous as
the energy increases. Obviously, these channels have a non-
negligible effect above a few keV/u, and hence should be
included in the theory. The contribution from the 11D state,
however, is the smallest within the manifold.

Double capture

Double-capture cross sections are also included in Fig. 4.
The size of the double-capture cross section is similar to that
of @Si31~2D!1He1# formation. Therefore, the flux promo-
tion to this channel is expected to proceed through interme-
diate single-capture channels, i.e., the ladder-climbing
model, below about 4 keV/u, hence increasing in the same
manner and having a sizable cross section. However, as the
energy increases further, the direct excitation to this channel
begins to contribute, and this is exemplified by the rapid rise
of the cross section that becomes dominant above 4 keV/u. A
weak oscillatory structure is due to multichannel interfer-
ence. At the highest end of the present energy range, double
capture to excited states may become important, and hence,
the present calculation may underestimate the double-capture
processes.

Total cross sections

Total single- and double-capture cross sections are illus-
trated in Fig. 5. The single-capture cross section reaches its
minimum with a value of 1310215cm2 at around 100 eV/u,
and at both sides of the energy, it shows an increasing trend.
It peaks at around 5 keV/u with a value of 2310215cm2,
followed by a sharp decrease on the higher-energy side. The
undulation due to the 11S1 state is still apparently visible
above the minimum although it significantly weakens below
the minimum. The double-capture cross section is small, on
an order of 10218cm2 below 1 keV/u, but begins to increase,
reaching about 5310215cm2 at 10 keV/u. It also shows
small structures as described above. In the present energy
region considered, the double-capture process is a secondary
effect, but amounts to about 22% of the total capture at 30
keV/u.

C. Comparison with other theories and experiments

In Fig. 6, all theoretical results including the present result
are displayed along with the recent experimental data by
Tawaraet al. @7#. The present results are found to fit in very
well with the previous quantum-mechanical MOCC result of
Stancil et al. @4#, which are extended here from 10 to 230
eV/u, to overlap the energy region of the present semiclassi-
cal calculation. The result by Opradolce, McCarroll, and Va-
liron @5# also appears to agree well above 100 eV/u, although
their cross section below this energy is found to be smaller
by 15% than that of Stancilet al., down to 1 eV/u. However,
the result of Opradolce, McCarroll, and Valiron has a peak at
around 1 eV/u and slightly decreases below 1 eV/u, reaching
a minimum at 0.02 eV/u, followed by a sharp increase for
lower energies. This feature in the low-energy region is quite
different from that of Stancilet al. The results of Bacchus-
Montabonel and Ceyzeriat@6# are found to be in reasonable
accord with that of Stancilet al. below 2 eV/u. However,
their result continues to increase slowly above 2 eV/u and
reaches a maximum at around 50 eV/u, while that of Stancil
et al.already shows the decreasing trend beyond 2 eV/u with
the present quantum MOCC results smoothly connecting to
the present semiclassical MOCC results at 70 eV/u. Hence
the present result does not agree with that of Bacchus-
Montabonel and Ceyzeriat in magnitude, with theirs being
larger by 50%, although the energy dependence for both re-
sults is found to be in fair agreement above 20 eV/u. Further,
we have extended the calculation to lower energies using a
three-channel approximation to estimate the rate coefficients,
and have found good agreement with earlier results of Stan-
cil et al. In order to understand the origin of this discrepancy,
we have compared closely the three sets of adiabatic poten-
tials and dominant coupling matrix elements reported by
Bacchus-Montabonel and Ceyzeriat, by Stancilet al., and
from the current paper. As described earlier and seen in
Table III, the precision of the adiabatic potentials for two
dominant capture channels among the three theories are
comparable with the maximum difference being less than 1%
for both channels. The radial coupling between the 31S and

FIG. 5. Single- and double-capture cross sections in the colli-
sion energy from 40 to 25 keV/u from the semiclassical MOCC
calculations.

FIG. 6. Single electron capture and double electron capture
cross sections from the present quantum and semiclassical MOCC
calculations in comparison to other theoretical and experimental
results.
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2 1S states is dominant, and is considered to be the most
important for the removal of flux. The magnitude of this
coupling at the peak by Stancilet al. is found to be the larg-
est, by about 6%, among the three. The peak height by
Bacchus-Montabonel and Ceyzeriat appears to be the small-
est, while that obtained in the current paper lies in the
middle, which may be due in part to the effect of the type of
ETF’s used. The difference for the peak position of this cou-
pling for the three theories is found to be insignificant. Al-
though the visual inspection of adiabatic potentials and cou-
plings does not provide strong evidence for the discrepancy,
it is known, however, that small differences in the coupling
often cause sizable differences in cross-section calculations,
and this may be the source.

Very recently, Tawaraet al. @7# measured single- and
double-capture cross sections in the energy region from 20 to
100 eV/u. Their results have relatively large error bars, but
the lowest two points agree better with that of Stancilet al.,
while the three points at higher energies seem to agree with
that of Bacchus-Montabonel and Ceyzeriat, being somewhat
larger than the current semiclassical MOCC calculations.
The experimental result does not resolve this discrepancy in
the present case. They also measured double-capture cross
sections, which are larger than the present results. Since the
present calculation neglects double-capture channels to ex-
cited states, it may underestimate the total double-capture
cross section. However, for collision energies less than 100
eV/u, capture to the Si21 ground state should be the domi-
nant channel. It is possible that the experimental data over-
estimates double capture, particularly since the double-
capture threshold is 0.1 eV/u.

D. Rate coefficients

Rate coefficients for the process~1! have been evaluated
by averaging the cross section over a Maxwellian velocity

distribution from 5000 to 53105 K. The present rate coeffi-
cients are found to gradually vary from 5.2310210 to 2.1
31028 cm3/s at the corresponding temperatures. Our rate
coefficient at 5000 K is two orders of magnitude larger than
the experimental data reported by Fang and Kwong@8# who
gave a value of 4.54310212cm3/s. The present rate coeffi-
cients are consistent with those of Stancilet al.

IV. CONCLUSION

We have investigated single- and double-capture dynam-
ics in collisions of Si41 ions with He atoms in the energy
region from 10 to 25 keV/u. The present results for single-
capture cross section are found to agree very well with the
previous result of Stancilet al. in the entire energy region
studied. The results of Bacchhus-Montabonel and Cyzeriat
are larger by 50% above 20 eV/u, although their energy de-
pendence is in fair agreement with the present results above
20 eV/u. The experimental data by Tawaraet al. for single
capture is in good agreement with all the theoretical studies,
but the error bars are too large to discriminate between the
various calculations. As in the previous theoretical investiga-
tions, the current paper suggests that the rate coefficient mea-
surement of Fang and Kwong is two orders of magnitude too
small.
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