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Ab initio study of charge transfer in low-energy collisions of Si41 with helium
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We present state-dependent and total charge transfer cross sections for the process Si41(2p6)1He(1s2)
→Si31(3l )1He1(1s), wherel5s,p, in the collision energy range 0.004–10 eV/amu. The cross sections are
determined using a close-coupled quantal method. Fullyab initio adiabatic potentials and nonadiabatic radial
coupling matrix elements obtained with the spin-coupled valence-bond method are incorporated. Rate coeffi-
cients for temperatures between 1000 and 50 000 K and results for isotopic3He are also presented. Astro-
physical applications are briefly discussed.@S1050-2947~97!00902-5#

PACS number~s!: 34.70.1e, 31.30.Gs
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I. INTRODUCTION

Butler and Dalgarno@1# investigated the charge transf
recombination process

Si41~2p6!1He~1s2!→Si31~3l !1He1~1s!, ~1!

wherel5s,p, using the Landau-Zener approximation and
empirical model of the potentials. Opradolce, McCarroll, a
Valiron @2# solved the quantum-mechanical scattering eq
tions for process~1! and calculated the SiHe41 adiabatic
energies using the model potential method, which can
optimized to give nearly exact asymptotic separated-a
energies. Opradolceet al. find the charge transfer rate coe
ficients to have a significant temperature dependence, w
the results of Butler and Dalgarno are nearly tempera
independent. The discrepancy was attributed to Butler
Dalgarno’s empirical potentials and not to a failing of t
Landau-Zener approximation.

We present anab initio investigation of reaction~1! in
which the scattering equations are solved through a f
quantum-mechanical, close-coupled, molecular-orbital
proach@3#. We include only radial coupling since Opradolc
et al. have shown that rotational coupling contributes neg
gibly below;50 eV. We discuss the spin-coupled valenc
bond ~SCVB! calculations in Sec. II. The charge transf
results and discussion are presented in Sec. III, while Sec
addresses astrophysical applications. All notation is
atomic units unless otherwise noted.

II. ELECTRONIC STRUCTURE CALCULATIONS

Adiabatic potentials and radial coupling matrix eleme
were obtained using the SCVB approach. The basic stra
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is very similar to that described in a previous work@4# and so
we indicate here only those features that are particularly
lient to the present study. Further details can be found el
where@5#.

We adopted Dunning correlation-consistent basis s
~triple-z-valence quality! for Si/He consisting of
(15s9p2d/6s2p) Gaussian-type orbitals contracted t
@5s4p2d/3s2p#. SCVB expansions were performed in th
space of the two valence electrons, with the Si(1s22s22p6)
core described by~optimized! molecular orbitals taken from
appropriate state-averaged, full-valence complete-acti
space self-consistent-field calculations@5#. All single and
double vertical excitations plus singly ionic cross excitation
were included into threes, two p, and oned virtual orbitals
for each valence electron, generating very compact SC
wave functions consisting of just 46 valence-band structu
@5#. The calculations were carried out for 34 internucle
separationsR from 1.8 to 14.

FIG. 1. 1S1 adiabatic~dotted line! and diagonal diabatic~full
line! potential energies for the SiHe41 system as a function of
internuclear distanceR.
1064 © 1997 The American Physical Society
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The resulting adiabatic potential energies are displaye
Fig. 1. Visual inspection suggests close agreement w
Opradolceet al. @2#, but, since numerical data are not ava
able in Ref.@2#, quantitative comparison is not possible. T
SCVB approach is a fully flexibleab initio technique that
can describe close nuclear separations, i.e., the molec
region, with much the same accuracy as the asympt
limits. On the other hand, the model potential method
Opradolce et al. @2# incorporates adjustable paramete
that enable the potentials to reproduce exactly the separa
atom behavior, but they may not describe the molecular
gion with comparable accuracy. Table I presents the ca
lated and experimental separated-atom energies relativ
the neutral incoming channel. The agreement is excell
with a maximum difference of only 0.55% for the non
dominant 3s channel. We did not calculate any highe
lying 1S1 states, the next three of which correla
to Si31(3d)1He1(1s), Si21(3s2)1He21, and Si31~4s!
1He1(1s), respectively. The first has an avoided cross
nearR*5120, while the latter two are endothermic by 0.
and 3.5 eV, respectively. For the low-energy regime cons
ered in the present calculations, their contribution to the to
cross sections and rate coefficients is likely to be negligib

The avoided crossing distancesR* and the corresponding
energy gapsDU(R* ) are listed in Table II for the empirica
potentials of Butler and Dalgarno@1#, the model potentials o
Opradolce et al. @2#, and the present SCVB potential
Whereas the positions of the avoided crossings are in c
agreement, the three methods predict significantly differ
values forDU(R* ) with the SCVB result always the larges
For both crossings, the SCVB method gives values
DU(R* ) that are;40% larger than those of Opradolceet al.
@2#.

We currently have no absolute criterion for assigni
phases to the peaks of the radial couplings. Phase cha
were imposed when matrix elements otherwise approac

TABLE I. Asymptotic separated-atom energies for the thr
lowest 1S1 states of SiHe41.

Energy~eV!

Molecular Asymptotic
state atomic states Theory Expt.a

11S1 Si31(3s 2S) 1 He1(1s) –20.438 –20.550
21S1 Si31(3p 2P) 1 He1(1s) –11.705 –11.709
31S1 Si41(2p6 1S) 1 He(1s2) 0.0 0.0

aReference@6#.

TABLE II. Avoided crossings and adiabatic potential diffe
ences at avoiding crossings for the1S1 states of SiHe41.

R* ~a0)
Molecular Asymptotic DU(R* ) ~eV!

state atomic states Ref.@1# Ref. @2# This work

11S1 Si31(3s 2S) 1 He1 4.0 4.5 4.6
2.1 2.46 3.385

21S1 Si31(3p 2P) 1 He1 7.0 6.975 7.0
0.112 0.244 0.344
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zero with a gradient sufficient to introduce discontinuitie
The calculated radial couplings~matrix elements of]/]R)
are illustrated in Fig. 2. The peaks corresponding to the
avoided crossings are smooth, well defined, and centered
rectly on the positions of the crossings. The significant c
pling evident inA32 for R&5 is a consequence of the exis
ence of two noninteracting avoided crossings and
molecular-orbital approach@7#. A pure Lorentzian behavior
is characteristic of the atomic-orbital approximation. As
intuitively reasonable, the couplings between nonadjac
states are much smaller than those between adjacent s
Comparisons cannot be made with previous work beca
Opradolceet al. @2# give no information on the radial cou
plings they used.

III. RESULTS AND DISCUSSION

The charge transfer cross sections are obtained in
present calculation by a fully quantum-mechanical, clo
coupling, molecular-orbital method. The method has be
fully described elsewhere@3#. The calculations are performe
in the diabatic representation. The diagonal elements of

FIG. 2. 1S1 nonadiabatic radial couplings for the SiHe41 sys-
tem as a function of internuclear distanceR.

FIG. 3. 1S1 off-diagonal diabatic potentials for the SiHe41

system as a function of internuclear distanceR.
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1066 55STANCIL, ZYGELMAN, CLARKE, AND COOPER
abatic potential matrix are given in Fig. 1, whereas the o
diagonal elements are displayed in Fig. 3.

State-dependent and total charge transfer cross sec
for process~1! are presented in Figs. 4 and 5, respectively
a function of the center-of-mass collision energyE divided
by the nuclear reduced massm. Electron capture into the
3p state is the dominant channel throughout the whole
ergy range of this study. Not until the collision energy
*25 eV/amu does capture into the 3s state begin to contrib-
ute significantly. The present cross sections are in qualita
agreement with the calculations of Opradolceet al. @2#,
though the current 3s results are typically a factor of 5
smaller, while the 3p ~and total! results are greater for ene
gies*2 eV/amu and smaller for energies&2 eV/amu. This
discrepancy cannot be attributed to the neglect of rotatio
coupling or electron translation factors since Opradolceet al.
have shown the two effects are negligible in this system
energies&15 and 150 eV/amu, respectively. A two-chann
Landau-Zener analysis using theR* andDU(R* ) data from

FIG. 4. State-dependent electron capture cross sections. Si411
4He, this work ~full lines! and Ref. @2# ~dashed lines!, Si411
3He, this work~dotted lines!. The center-of-mass collision energ
E has been divided by the nuclear reduced massm.

FIG. 5. Total electron capture cross sections. The designat
are as given in Fig. 4.
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Table II can qualitatively reproduce this trend suggest
that the cross sections are sensitive to the adiabatic pote
difference at the avoided crossing. While it can be argu
that the model potential method will be reliable for predic
ing R* since the asymptotic separated-atom energies ar
exactly to experimental values, the same cannot be sai
DU(R* ). An ab initio technique is necessary to describe t
molecular region and hence obtain an accurate value
DU(R* ). Merged-beams measurements of the low-ene
cross sections would be useful to discriminate between
two theoretical approaches.

Stancil and Zygelman@8# have discussed the influence
a kinematic isotope effect on the total charge transfer cr
section at low energy. They gave the simple formula, deriv
from the Landau-Zener approximation, to relate the4He tar-
get cross section to the3He target

s~3He!

s~4He!
'
122V11~R* !/@m~3He!v2#
122V11~R* !/@m~4He!v2#

, ~2!

whereV11 is the diabatic potential for the entrance chann
andv the relative collision velocity. For Si41 1 He, Eq.~2!
predicts a threshold for the isotope effect, the3He target
cross section 2% larger than the4He target cross section, o
; 0.5 eV/amu ands(3He)/s(4He);1.1 at 0.1 eV/amu. The
quantum calculation gives a threshold of; 1 eV/amu and
s(3He)/s(4He);1.16 at 0.1 eV/amu, verifying the predic
tions of Eq.~2!. Cross sections for3He targets are presente
in Figs. 4 and 5.

Figure 6 presents partial cross sectionssJ versus angular
momentumJ for capture into Si31 (3p) from collisions of
Si41 with both 4He and3He targets at small and large co
lision energies. The origin of the enhanced3He cross section
at low collision energies is apparent from Fig. 6~a!, where
the maximum partial cross section for3He sJ525 is more
than twice as large assJ530, the maximum partial cross

ns
FIG. 6. Partial cross sectionssJ versus J for capture into

Si31 (3p) from Si41 1 4He ~full lines! and Si41 1 3He ~dotted
lines!. ~a! E50.01 eV/amu and~b! E55 eV/amu.
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section for 4He. The angular momentum of the global~and
local! peak partial cross sections are shown numerically
Fig. 6~a! to be related through the equation

J4~J411!;
m~4He!

m~3He!
J3~J311!, ~3!

where J4 (J3) is the angular momentum with4He (3He!
targets. An analogous expression can be obtained classi
from the relations b5AJ(J11)/mv and bmax

'R*
A122V11(R* )/mv

2 wherebmax is the maximum im-
pact parameter for which a trajectory can enter the reac
region and charge transfer. It is interesting to note that
b (J) of the local partial cross section peaks have the sa
mass dependence asbmax (Jmax). Equation~3! also implies
b4;Am(3He)/m(4He)b3, the so-called focusing effect. Fo
large collision energies, while the3He partial cross section
are larger than for4He, as shown in Fig. 6~b!, the 4He partial
cross sections remain significant to much higherJ, resulting
in nearly identical total cross sections regardless of ta
mass. For largeJ ~and large energy!, Eq. ~3! is replaced by
J4;m(4He)/m(3He)J3 and the impact parameter becom
target-mass-independent.

Unlike earlier investigations, the current calculations co
sist of a energy grid of typically 25 points per decade reve
ing features previously hidden. Superimposed over a mo
tonic behavior, the total cross sections display a pronoun
oscillatory structure, which may be interpreted as a type
Stueckelberg oscillation@9,10,3#. The number of oscillations

TABLE III. State-dependent rate coefficientsa ~cm3 s21) as a
function of temperatureT. Fitting parametersai ~cm3 s21), bi ,
andci ~K! according to Eq.~4! are given at the end of the table. Th
numbers in brackets denote multiplicative powers of ten.

4He 3He
T ~K! 3s 3p 3s 3p

1000 4.14@218# 1.68@210# 1.97@217# 2.57@210#
2000 1.33@217# 3.02@210# 5.21@217# 4.32@210#
3000 3.28@217# 4.34@210# 9.89@217# 5.97@210#
4000 6.04@217# 5.60@210# 1.51@216# 7.52@210#
5000 9.26@217# 6.80@210# 2.03@216# 8.96@210#
6000 1.27@216# 7.94@210# 2.54@216# 1.03@29#

7000 1.62@216# 9.02@210# 3.09@216# 1.16@29#

8000 1.98@216# 1.01@29# 3.74@216# 1.28@29#

9000 2.35@216# 1.10@29# 4.62@216# 1.39@29#

10000 2.77@216# 1.19@29# 5.89@216# 1.50@29#

15000 7.46@216# 1.62@29# 2.69@215# 1.98@29#

20000 2.56@215# 1.97@29# 1.04@214# 2.37@29#

30000 1.81@214# 2.64@29# 6.53@214# 3.01@29#

40000 6.67@214# 3.03@29# 2.15@213# 3.52@29#

50000 1.67@213# 3.42@29# 4.97@213# 3.93@29#

a1 5.51@216# 1.31@29# 1.00@215# 1.64@29#

b1 2.14 8.90@21# 1.70 8.07@21#

c1 1.3714 1.00@15# 9.07@13# 1.09@15#

a2 5.23@217# 4.29@216#
b2 7.41 6.00
c2 1.29@14# 1.94@14#
n
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is slightly larger for the heavier4He target as was noted fo
the N41 1 H~D! charge-transfer system@8#. These types of
features have yet to be experimentally confirmed for lo
energy multiply charged systems and it appears likely to
main so due to the required energy resolution and cro
section sensitivity.

Rate coefficients for reaction~1! have been determined b
averaging the cross section over a Maxwellian velocity d
tribution. State- and target-isotope-dependent rate co
cients are presented in Table III. Figure 7 displays the to
rate coefficients in comparison to previous calculations. T
rates are fit to the parametric form

a~T!5(
i
ai S T

10 000D
bi

expS 2T

ci
D , ~4!

with the parametersai ~cm3 s21), bi , andci ~K! given in
Table III. The fits are reliable to within 5% and 15% fo
capture into the 3p and 3s channels, respectively, over th
determined temperature range. The current results hav
stronger temperature dependence than any of the prev
investigations. The discrepancies increase with decrea
temperature. ForT51000 K, our rate coefficient is a facto
of 2.9 smaller than the value determined by Opradolceet al.
@2#. A direct measurement of the rate coefficient would
useful, such as by the laser-induced-plasma ion-source–
trap technique of Fang and Kwong@11#, but the experimenta
uncertainties@(60.220.3)31029 cm3 s21# at the typical
measurement temperature (;4000 K! may not be sufficient
to resolve the;0.431029 cm3 s21 difference between ou
calculation and that of Opradolceet al.

Figure 7 also presents the rate coefficients for cha
transfer due to collisions of Si41 with 3He obtained directly
from the 3He cross section and by mass scaling the ene
dependence of the4He cross section. Both procedures gi
3He rate coefficients that agree at high temperatures as
pected since the3He and4He cross sections are almost ide

FIG. 7. Total electron capture rate coefficients. The designati
are as given in Fig. 4 with the additions of Si4114He, Ref. @1#
~dot-dashed line!, and Si4113He, this work, determined with the
3He cross section~thick dotted line! and the mass-scaled4He cross
section~thin dotted line!.
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1068 55STANCIL, ZYGELMAN, CLARKE, AND COOPER
tical at high collision velocities, but atT51000 K the rate
coefficient using the3He cross section is 20% larger.

IV. ASTROPHYSICAL APPLICATIONS

The importance of charge transfer in astrophysical,
well as fusion, plasmas has been reviewed many times in
literature @12,13#. We restrict the discussion below to po
sible direct applications of reaction~1! in astrophysical en-
vironments. The Si IV 3p-3s 1400-Å line is observed in
many types of gaseous nebulae and its intensity is routin
larger than predicted by photoionization models. For
ample, in the cataclysmic variable DQ Herculis@14#, the
1400 Å line is;2 times larger than given by the appropria
x-ray illuminated nebula models of Kallman and McCr
@15#. The models in Ref.@15# did not include charge transfe
as a mechanism for populating the Si31(3p) level. To test
the possible importance of charge transfer in such envir
ments, the rate coefficients for reaction~1! as well as charge
transfer rate coefficients for collisions of Si41 with H
adapted from Gargaud and McCarroll@16# were provided to
Kallman. He reran the photoionization model for a qua
emission line cloud with parameters similar to those cho
by Kwan and Krolik@17#. However, the model predicted tha
charge transfer would contribute only;0.1% to the total
1400-Å line intensity@18#. This can mostly be attributed t
the very poor spatial overlap of Si41 with neutral H and He
in the cloud, which can be seen by examining the Si ioni
tion structure for many of the models in Ref.@15#. Reaction
~1!, though, may play a role for x-ray sources embedded
diffuse or dense interstellar clouds.

The Si IV 1400-Å line is also observed in planetary neb
lae @19# and astrophysical shocks@20#. Both Refs.@19# and
@20# modeled these environments using the charge-tran
rate coefficients estimated by Butler and Dalgarno@1#. In
planetary nebulae, the 1400-Å line is weak, difficult to o
-
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serve, and may be attenuated by dust. Clegget al. @19# mod-
eled the 1400-Å line to be 9% smaller than observed, wh
does not confirm dust attenuation, and estimated the t
perature of the Si41 ions to be between;14 000 and 16 500
K. Our rate coefficients are;30% larger than those given i
Ref. @1# in this temperature range and may therefore incre
the modeled line intensity. Butler and Raymond@20# find
that charge transfer decreases the Si41 abundance forT
&25 000 K and increases the 1400-Å line intensity by 20
in a high-velocity shock. Our rate coefficients may also e
hance these effects.

In the nebula of supernova ejecta, radioactive decay fr
56Co heats and ionizes the gas. Through a variety of sca
ing and inner-shell transition processes energetic elect
are produced that collide with metals creating multip
charged ions. Charge exchange quickly drives the ioniza
stage of nearly all species to singly charged@21#. Reaction
~1! may contribute significantly in such an environment.

V. CONCLUSION

We have presented a quantum-mechanicalab initio study
of electron capture in collisions of Si41 with He. The current
results differ modestly from previous theoretical investig
tions. Low-energy measurements would be useful to d
criminate between the various calculations. The process
be important in various astrophysical phenomena wher
significant spatial overlap of Si41 with neutral helium exists.
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