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Ab initio study of charge transfer in low-energy collisions of St* with helium
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We present state-dependent and total charge transfer cross sections for the progess®)Si He(1s?)
—Sie*(31)+He" (1s), wherel =s,p, in the collision energy range 0.004—10 eV/amu. The cross sections are
determined using a close-coupled quantal method. Rddlynitio 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 isdtdpiare also presented. Astro-
physical applications are briefly discussE81050-294{®7)00902-5

PACS numbds): 34.70+e, 31.30.Gs

[. INTRODUCTION is very similar to that described in a previous w4k and so
we indicate here only those features that are particularly sa-
Butler and Dalgarnd1] investigated the charge transfer lient to the present study. Further details can be found else-
recombination process where[5].
We adopted Dunning correlation-consistent basis sets
Si**(2p®) + He(1s?)—SP*(3I)+He"(1s), (1)  (triple-¢-valence quality for Si/He consisting of
(15s9p2d/6s2p) Gaussian-type orbitals contracted to
wherel =s,p, using the Landau-Zener approximation and an 5s4p2d/3s2p]. SCVB expansions were performed in the
empirical model of the potentials. Opradolce, McCarroll, andspace of the two valence electrons, with the $7¢is22p®)
Valiron [2] solved the quantum-mechanical scattering equaggre described byoptimized molecular orbitals taken from
tions for process(1) and calculated the Sité adiabatic appropriate state-averaged, full-valence complete-active-
energies using the model potential method, which can bey,qe self-consistent-field calculatioffs]. All single and
optlml'zed to give nearly. exact asymptotic Sep"’“"’VEGd""‘tOnaiouble vertical excitations plus singly ionic cross excitations
energies. Opradolcet al. find the charge transfer rate coef- were included into three-. two . and ones virtual orbitals
ficients to have a significant temperature dependence, whil S each valence electr(;n, gen’erating very compact SCVB

the results of Butler and Dalgarno are nearly temperatur funci st fiust 46 val band struct
independent. The discrepancy was attributed to Butler an ave functions consisting of Just 26 valence-band structures
]. The calculations were carried out for 34 internuclear

Dalgarno’s empirical potentials and not to a failing of the -
Landau-Zener approximation. separation® from 1.8 to 14.
We present arab initio investigation of reactior(1) in
which the scattering equations are solved through a fully
guantum-mechanical, close-coupled, molecular-orbital ap-
proach[3]. We include only radial coupling since Opradolce 125
et al. have shown that rotational coupling contributes negli-
gibly below ~50 eV. We discuss the spin-coupled valence-
bond (SCVB) calculations in Sec. Il. The charge transfer - o7
results and discussion are presented in Sec. I, while Sec. IV¢
addresses astrophysical applications. All notation is in
atomic units unless otherwise noted.
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TABLE I. Asymptotic separated-atom energies for the three

24 |
lowest 13" states of SiH&™.

20

Energy(eV)
Molecular Asymptotic sl
state atomic states Theory Expt. 3
13+ Si**(3s29) + He'(1s) —20.438 —20.550 ;“ 2T
215 * Si**(3p ?2P) + He'(1s) -11.705 -11.709 K wsl
3zt Si**(2p® 1) + He(1s?) 0.0 0.0 g
aReferencd6]. 04T

00
The resulting adiabatic potential energies are displayed in

Fig. 1. Visual inspection suggests close agreement with g, b
Opradolceet al.[2], but, since numerical data are not avail- S e S
able in Ref[2], quantitative comparison is not possible. The

SCVB approach is a fully flexiblab initio technique that FIG. 2. 'S* nonadiabatic radial couplings for the Sitfesys-

can describe close nuclear separations, i.e., the moleculéam as a function of internuclear distariee

region, with much the same accuracy as the asymptotic

limits. On the other hand, the model potential method ofzero with a gradient sufficient to introduce discontinuities.
Opradolce et al. [2] incorporates adjustable parametersThe calculated radial couplingsnatrix elements ob/JR)

that enable the potentials to reproduce exactly the separatedre illustrated in Fig. 2. The peaks corresponding to the two
atom behavior, but they may not describe the molecular reavoided crossings are smooth, well defined, and centered di-
gion with comparable accuracy. Table | presents the calcurectly on the positions of the crossings. The significant cou-
lated and experimental separated-atom energies relative fiing evident inA;, for R<5 is a consequence of the exist-
the neutral incoming channel. The agreement is excellenence of two noninteracting avoided crossings and a
with a maximum difference of only 0.55% for the non- molecular-orbital approack/]. A pure Lorentzian behavior
dominant 3 channel. We did not calculate any higher- is characteristic of the atomic-orbital approximation. As is
lying '3* states, the next three of which correlate intuitively reasonable, the couplings between nonadjacent
to SP*(3d)+He"(1s), Si?"(3s?)+He?", and St'(4s)  states are much smaller than those between adjacent states.
+He* (1s), respectively. The first has an avoided crossingComparisons cannot be made with previous work because
nearR, =120, while the latter two are endothermic by 0.37 Opradolceet al. [2] give no information on the radial cou-
and 3.5 eV, respectively. For the low-energy regime considplings they used.

ered in the present calculations, their contribution to the total

cross sections and rate coefficients is likely to be negligible. IIl. RESULTS AND DISCUSSION
The avoided crossing distancBg and the corresponding _ _ _
energy gapaAU(R, ) are listed in Table Il for the empirical The charge transfer cross sections are obtained in the

potentials of Butler and Dalgarrid], the model potentials of Present calculation by a fully quantum-mechanical, close-
Opradolce et al. [2], and the present SCVB potentials. coupling, molecular-orbital method. The method has been
Whereas the positions of the avoided crossings are in clodélly described elsewhel@]. The calculations are performed
agreement, the three methods predict significantly different the diabatic representation. The diagonal elements of di-
values forAU (R, ) with the SCVB result always the largest.
For both crossings, the SCVB method gives values of
AU(R,) that are~40% larger than those of Opradoletal.
[2]. o1t
We currently have no absolute criterion for assigning
phases to the peaks of the radial couplings. Phase changes oo}
were imposed when matrix elements otherwise approached§

TABLE II. Avoided crossings and adiabatic potential differ-
ences at avoiding crossings for the * states of SiH&".

Diabatic couplings

R, (ag) 03
Molecular Asymptotic AU(R,) (eV)
state atomic states Rdfl] Ref.[2] This work ad
115 Si®*(3s2S) + Het 4.0 4.5 4.6 s O D S T
21 2.46 3.385 1 2 3 4 It5 l 6d-m 7( . Sf ) 9 10 11 12
215 * Si’*(3p 2P) + He* 7.0 6.975 7.0
0.112 0.244 0.344 FIG. 3. 137 off-diagonal diabatic potentials for the Sikie

system as a function of internuclear distafite
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FIG. 4. State-dependent electron capture cross sectiofis+Si
“He, this work (full lines) and Ref.[2] (dashed lines Si** +
3He, this work(dotted lineg. The center-of-mass collision energy
E has been divided by the nuclear reduced mass
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Table Il can qualitatively reproduce this trend suggesting
that the cross sections are sensitive to the adiabatic potential
difference at the avoided crossing. While it can be argued
that the model potential method will be reliable for predict-
ing R, since the asymptotic separated-atom energies are fit
exactly to experimental values, the same cannot be said of
AU(R,). An ab initio technique is necessary to describe the
molecular region and hence obtain an accurate value of
AU(R,). Merged-beams measurements of the low-energy
cross sections would be useful to discriminate between the
two theoretical approaches.

Stancil and Zygelmaf8] have discussed the influence of
a kinematic isotope effect on the total charge transfer cross
section at low energy. They gave the simple formula, derived
from the Landau-Zener approximation, to relate fie tar-
get cross section to théHe target

o(*He) 1-2Viy(R,)/[u(*He)v?]
o(®*He)  1-2Vyy(R,)/[u(*He)v?]’

@

whereV, is the diabatic potential for the entrance channel
andv the relative collision velocity. For $i” + He, Eq.(2)

abatic potential matrix are given in Fig. 1, whereas the off-predicts a threshold for the isotope effect, thide target

diagonal elements are displayed in Fig. 3.

cross section 2% larger than thele target cross section, of

State-dependent and total charge transfer cross sections 0.5 eV/amu andr(*He)/o(*He)~1.1 at 0.1 eV/amu. The
for procesg1) are presented in Figs. 4 and 5, respectively, agjuantum calculation gives a threshold of 1 eV/amu and

a function of the center-of-mass collision energydivided

o(®He)/o(*He)~1.16 at 0.1 eV/amu, verifying the predic-

by the nuclear reduced mags Electron capture into the tions of Eq.(2). Cross sections fofHe targets are presented
3p state is the dominant channel throughout the whole enin Figs. 4 and 5.

ergy range of this study. Not until the collision energy is
=25 eV/amu does capture into the 8tate begin to contrib-

Figure 6 presents partial cross sectiensversus angular

momentumJ for capture into Si* (3p) from collisions of

ute significantly. The present cross sections are in qualitativéi** with both *He and>He targets at small and large col-

agreement with the calculations of Opradolegal. [2],

lision energies. The origin of the enhancéde cross section

though the current § results are typically a factor of 5 at low collision energies is apparent from Figag where
smaller, while the  (and tota) results are greater for ener- the maximum partial cross section fdHe o ;_,5 is more

gies=2 eV/amu and smaller for energies2 eV/amu. This

than twice as large as;_3y, the maximum partial cross

discrepancy cannot be attributed to the neglect of rotational

coupling or electron translation factors since Opradelcal.
have shown the two effects are negligible in this system for
energiess 15 and 150 eV/amu, respectively. A two-channel
Landau-Zener analysis using tRe andAU(R, ) data from
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FIG. 6. Partial cross sections; versusJ for capture into

FIG. 5. Total electron capture cross sections. The designationSi** (3p) from Si** + “He (full lines) and SF* + 3He (dotted

are as given in Fig. 4.

lines). (a) E=0.01 eV/amu andb) E=5 eV/amu.
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section for*He. The angular momentum of the glokahd
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is slightly larger for the heaviefHe target as was noted for

local) peak partial cross sections are shown numerically irthe N** + H(D) charge-transfer systef8]. These types of

Fig. 6(@) to be related through the equation

n(*He)
m\]s(\h‘f' 1),

where J, (J3) is the angular momentum witiHe (3He)

Ja(Jg+ 1)~ 3

features have yet to be experimentally confirmed for low-
energy multiply charged systems and it appears likely to re-
main so due to the required energy resolution and cross-
section sensitivity.

Rate coefficients for reactiarl) have been determined by
averaging the cross section over a Maxwellian velocity dis-

targets. An analogous expression can be obtained classicalijbution. State- and target-isotope-dependent rate coeffi-

bmax

from the relations b=J(J+1)/uv and
~R, V1-2V14(R, )/ uv? where b™ is the maximum im-

cients are presented in Table Ill. Figure 7 displays the total
rate coefficients in comparison to previous calculations. The

pact parameter for which a trajectory can enter the reactiorates are fit to the parametric form
region and charge transfer. It is interesting to note that the

b (J) of the local partial cross section peaks have the same

mass dependence 88 (JM®). Equation(3) also implies
b,~ Vi (PHe)/u(*He)bs, the so-called focusing effect. For
large collision energies, while théHe partial cross sections
are larger than fofHe, as shown in Fig.(®), the “He partial
cross sections remain significant to much higheresulting

T \b (=T
10000 A 7¢ )

with the parametera; (cm® s~ 1), b;, andc; (K) given in
Table Ill. The fits are reliable to within 5% and 15% for

a<T>=Ei a (4

in nearly identical total cross sections regardless of targetapture into the B and 3 channels, respectively, over the

mass. For largd (and large energy Eq. (3) is replaced by

determined temperature range. The current results have a

J,~ m(*He)/u(®He)d; and the impact parameter becomesstronger temperature dependence than any of the previous

target-mass-independent.

investigations. The discrepancies increase with decreasing

Unlike earlier investigations, the current calculations con-temperature. Fof = 1000 K, our rate coefficient is a factor
sist of a energy grid of typically 25 points per decade revealof 2.9 smaller than the value determined by Opradeical.
ing features previously hidden. Superimposed over a mond=2]. A direct measurement of the rate coefficient would be
tonic behavior, the total cross sections display a pronouncedseful, such as by the laser-induced-plasma ion-source—ion-
oscillatory structure, which may be interpreted as a type ofrap technique of Fang and Kwohty1], but the experimental

Stueckelberg oscillatiof9,10,3. The number of oscillations

TABLE lll. State-dependent rate coefficients(cm?® s™1) as a
function of temperaturd. Fitting parameters;, (cm® s™%), b,
andc; (K) according to Eq(4) are given at the end of the table. The
numbers in brackets denote multiplicative powers of ten.

“He *He
T (K) 3s 3p 3s 3p
1000 414-18] 1.64§—-10] 1.94-17] 2.51-10]
2000 1.38-17] 3.01—-10] 5.20-17] 4.34-10]
3000 3.28—-17] 4.34—-10] 9.89—-17] 5.91-10]
4000 6.04—-17] 5.60d—10] 1.51-16] 7.53-10]
5000 9.26—17] 6.80—10] 2.03-16] 8.94-10]
6000 1.27-16] 7.94-10] 2.54-16] 1.03-9]
7000 1.62—-16] 9.04-10] 3.09-16] 1.14-9]
8000 1.98-16] 1.01-9] 3.74-16] 1.24-9]
9000 2.35—-16] 1.1-9] 4.6 —16] 1.39-9]
10000 2.77-16] 1.19-9] 5.89-16] 1.5 -9]
15000 7.46—-16] 1.64—-9] 2.69—-15] 1.94-9]
20000 2.56—15] 1.97-9] 1.04 —-14] 2.371—-9]
30000 1.81—14] 2.64-9] 6.53 —14] 3.01-9]
40000 6.67—14] 3.03-9] 2.19-13] 3.54-9]
50000 1.67-13] 3.494—-9] 4.97-13] 3.93-9]
a 5.51-16] 1.371-9] 1.0 —-15] 1.64-9]
b, 2.14 8.90—-1] 1.70 8.07—1]
cy 1.37+4 1.0Q+5] 9.07+3] 1.09+5]
a, 5.23-17] 4.29-16]
b, 7.41 6.00
Cy 1.29+4] 1.94 +4]

uncertaintied (+=0.2—0.3)x10 ° cm® s~ 1] at the typical
measurement temperature- 4000 K) may not be sufficient
to resolve the~0.4x 10 ° cm® s~ difference between our
calculation and that of Opradole al.

Figure 7 also presents the rate coefficients for charge
transfer due to collisions of i with *He obtained directly
from the *He cross section and by mass scaling the energy
dependence of théHe cross section. Both procedures give
3He rate coefficients that agree at high temperatures as ex-
pected since théHe and*He cross sections are almost iden-

=

Rate coefficient (cmasgl)

10
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.
10°
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FIG. 7. Total electron capture rate coefficients. The designations
are as given in Fig. 4 with the additions of*Si-*He, Ref.[1]
(dot-dashed ling and St™+3He, this work, determined with the
3He cross sectiofthick dotted lin@ and the mass-scaleétHe cross
section(thin dotted line.
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tical at high collision velocities, but ai=1000 K the rate
coefficient using the’He cross section is 20% larger.

IV. ASTROPHYSICAL APPLICATIONS
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serve, and may be attenuated by dust. Cleigagl.[19] mod-
eled the 1400-A line to be 9% smaller than observed, which
does not confirm dust attenuation, and estimated the tem-

perature of the Si* ions to be betweer-14 000 and 16 500
K. Our rate coefficients are-:30% larger than those given in

The importance of charge transfer in astrophysical, aRef.[1] in this temperature range and may therefore increase
well as fusion, plasmas has been reviewed many times in the modeled line intensity. Butler and Raymof2D] find

literature[12,13. We restrict the discussion below to pos-
sible direct applications of reactiail) in astrophysical en-
vironments. The Si IV B-3s 1400-A line is observed in

that charge transfer decreases thé*Sabundance forT
<25 000 K and increases the 1400-A line intensity by 20%
in a high-velocity shock. Our rate coefficients may also en-

many types of gaseous nebulae and its intensity is routinelance these effects.

larger than predicted by photoionization models. For ex-

ample, in the cataclysmic variable DQ Herculi&4], the
1400 A line is~2 times larger than given by the appropriate
x-ray illuminated nebula models of Kallman and McCray
[15]. The models in Ref.15] did not include charge transfer
as a mechanism for populating the35(3p) level. To test

In the nebula of supernova ejecta, radioactive decay from
%6Co heats and ionizes the gas. Through a variety of scatter-
ing and inner-shell transition processes energetic electrons
are produced that collide with metals creating multiply
charged ions. Charge exchange quickly drives the ionization
stage of nearly all species to singly charded]. Reaction

the possible importance of charge transfer in such environ¢) may contribute significantly in such an environment.

ments, the rate coefficients for reactidn as well as charge-
transfer rate coefficients for collisions of “3i with H
adapted from Gargaud and McCarrdk] were provided to

Kallman. He reran the photoionization model for a quasar . h .
P g qu electron capture in collisions of i with He. The current

emission line cloud with parameters similar to those chose
by Kwan and Krolik[17]. However, the model predicted that
charge transfer would contribute onky0.1% to the total
1400-A line intensity{18]. This can mostly be attributed to
the very poor spatial overlap of 6i with neutral H and He

in the cloud, which can be seen by examining the Si ioniza:

tion structure for many of the models in R¢L5]. Reaction

V. CONCLUSION

We have presented a quantum-mecharétainitio study

results differ modestly from previous theoretical investiga-

tions. Low-energy measurements would be useful to dis-
criminate between the various calculations. The process may
be important in various astrophysical phenomena where a

significant spatial overlap of $i with neutral helium exists.
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