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Abstract. Ab initio potential-energy curves and coupling
matrix elements of the X and II molecular states
involved in the collision of the Si*", Si’™ and Si**
multicharged ions on atomic hydrogen and helium have
been determined by means of configuration interaction
methods. The total and partial electron capture cross
sections have been determined using a semiclassical or
a quantal approach in the 0.002-0.1 au velocity range.
A detailed comparison with very recent theoretical and
experimental rate coefficient results is made.
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1 Introduction

The charge-transfer recombination with atomic hydro-
gen and helium is an important process in astrophysical
plasmas for many low charged ions whose emission lines
are used to provide direct information on the ionization
structure of astronomical objects. Great interest has
been paid very recently to silicon ions [1-15], with
the experiments of Fang and Kwong [16, 17] providing
some of the first experimental data on charge-transfer
rate coefficients at low temperatures. Silicon is found in
a variety of astronomical plasmas and several important
charge-transfer processes may be suggested. In par-
ticular the charge-exchange recombination of Si*" and
Si** may lead directly to the formation of a ground-
state ion and thus may induce rapid ionization via the
inverse charge-transfer process. Such reactions are
critical in determining the fractional abundances
of silicon ions. We have considered the three main
reactions

Si%*(35%)'S+H(1s)’S — Sit(3s?3p)"P + H* (1)
Si**(35)2S+He(1s%)'S — Si**(3s?)'S+He (1s)’S  (2)
Si*t(2p°)'S+He(1s%)'S — Si** (31)*L+He 't (1s)’S  (3)

as well as electron capture by metastable ions

Si**(35s)’S+He(15*)'S — Si**(3s3p)'*P’ + He " (15)*S  (4)
Si** (3p)?P’+ He(1s%)'S — Si** (3s3p)"*P+He* (15)’S  (5)
— Si?*(3s7)'S+He" (15)’S.  (6)

Here we report a complete ab initio molecular treat-
ment of the Si’" + H, Si*" + He and Si*" + He
charge-transfer processes and compare them to other
theoretical and experimental approaches, in particular
the very recent work of Stancil and coworkers [9, 15] and
Clarke and coworkers [10, 14], in order to provide an
interpretation of the mechanism of such processes.

2 Computational method

2.1 Adiabatic potential-energy curves

The potential-energy curves were determined for a large number of
interatomic distances in the 2-30 au range by means of multicon-
figuration self-consistent field calculations followed by configura-
tion interaction based on the CIPSI = configuration interaction
by perturbation of a multiconfiguration wavefunction selected
interactively (CIPSI) algorithm [18, 19]. A nonlocal pseudopoten-
tial [20] was used to represent the core electrons of the silicon atom.
Special care was taken to construct sets of determinants providing
the same level of accuracy over the whole distance range with a
threshold of n = 0.001 for the perturbation contribution providing
a good description of the wavefunctions.

The basis of atomic functions used to represent the silicon ions
was a 9s7p2d basis of Gaussian functions contracted to S5s4p2d,
optimized on Si**(35)S and Si** (3s3p)*P from the basis sets of
McLean and Chandler [21]. This basis set provides overall good
agreement with experimental data [22] for a large number of silicon
levels in an energy range of about 100 eV (Table 1). For helium and
hydrogen, we took, respectively, the 4slp and 5s3p basis already
used in previous applications [23, 24]. This basis of atomic func-
tions may be compared to the larger coupled-cluster polarized va-
lence triple zeta and augmented coupled-cluster polarized valence
quadruple zeta basis sets of Woon and Dunning [25] with errors of
the order of 10™* au on the Hartree-Fock energies.

2.2 Coupling matrix elements

The radial coupling matrix elements between all pairs of states of
the same symmetry were calculated by means of the finite-difference
technique:

gkL(R) = (¥Pk d/dR ¥L) = Aliino 1/APx(R) YL(R+A)) ,



Table 1. Comparison of the calculated atomic levels with the
experimental data of Bashkin and Stoner (eV)

Levels Calculation Experiment
Siji(Zp(’% IS 44.881 45.140
Si** (3p)*P 8.781 8.876
Si3*(35)%S 0.0 0.0
Si2* (3p?)°P -17.295 -17.378
Si“(maplD -18.125 -18.339
ST (3pH)'D -18.119 -18.339
Si2*(3s3p)'P -22.751 -23.215
Si2* (3s3p)°P —26.799 -26.923
ST (3sH)'s -33.191 —-33.491
Si*(35)°S —49.356 —49.831

with the parameter A = 0.0012 au as previously tested and using
the silicon nucleus as the origin of the electronic coordinates. For
reasons of numerical accuracy, we performed a three-point nu-
merical differentiation using calculations at R + Aand R — Afora
very large number of interatomic distances in the avoided-crossing
region.

The rotational coupling matrix elements (Wx /L, 1) between
¥—IT molecular states were determined directly from the quadru-
pole moment tensor, which allows the consideration of translation
effects in the collision dynamics. In the approximation of the
common translation factor [26], the radial and rotational coupling
matrix elements between states Wk and W may indeed be trans-
formed, respectively, into

<“PK d/dR — (SK — sL)zz/2R ‘I"L>,
<‘PK iLy + (EK — SL)ZX l{"L> s

where ¢ and ¢ are the electronic energies of states Wk and Wy and
z? and zx are the components of the quadrupole moment tensor.
This expression, valid for any choice of electronic coordinates,
was used with the silicon nucleus as the origin of the electronic
coordinates.

2.3 Collision dynamics

The collision dynamics was treated in the electron volt energy range
by a semiclassical approach using the EIKONXS program [27]
based on an efficient propagation method in the case of the
Si?* + H and Si** + He reactions. Both radial and rotational
coupling matrix elements were taken into account, as well as
translation effects, although they are expected to be low at these
energies, by introducing common translation factors as proposed
by Errea et al. [26]. For the Si** + He collision system, a quantum
mechanical approach was preferred. Allowance for translation ef-
fects was made by introducing appropriate reaction coordinates
[28, 29], which led to a modification of the radial and rotational
matrix elements similar in form to those resulting from application
of the common translation factor method [26]. Subsequently,
adiabatic transformation of the molecular data is first carried out
before solving the coupled differential equations for the determi-
nation of the S matrix. The rate coefficients, k(7), were calculated
by averaging the cross sections over a Maxwellian velocity distri-
bution at temperature 7.

3 The Si**(3s%) + H system

As far as only the ground-state is concerned, this is a
relatively simple system for which only three states have
to be taken into account: the entry channel correlated
to 227[Si’T(35%)'S + H(ls)’S] and the *=* and °II
states correlated to the one-electron capture channel
[SiT(35?3p)°P + H']. The potential-energy curves are
displayed in Fig. 1. In accordance with previous work
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Fig. 1. Adiabatic potential-energy curves for the £ and *IT states
of SIH>": 2% (—); M (- - - - - ). 1I: ¥, TI states dissociating to
[SiT(3s%3p)*P + H™]; 2: = state dissociating to [SiZ*(3s%)!S +
H(19)]

Table 2. Position, energy gap and height of the radial coupling
matrix element at the crossing point for the X" states of SiH>*

Molecular states Ry (au) AU, (eV) g;(au) Reference
Si2*(!S)-Si* (°P) 9.93 0.131 - 3
9.75 0.080 1.56 4
10.4 0.052 2.35 10

10.5 0.046 2.47 This work

[2-4, 10] (Table 2), the potentials show a sharp avoided-
crossing at R = 10.5 au between the entry channel and
the X7 one-electron capture level corresponding to a
sharp peak, 2.47 au high, of the radial coupling matrix
element. A deep potential well for the X*T" ground-
state of the SiH?" diatomic may be observed with a
barrier of 1.04 eV, in quite good agreement with the
calculations of Koch et al. [30]. Generally speaking, our
calculated spectroscopic quantities compare positively
with the most recent values obtained for SiH? " [30-34]
(Table 3).

The collision dynamics was performed in the 0.002—
0.1 au velocity range and was compared to the ab initio
results of Clarke et al. [10] with radial coupling only, as
well as with the quantal close-coupling approach of
Gargaud et al. [4] using model potentials and the Lan-
dau—Zener analysis of Bates and Moiseiwitsch [1]. The
corresponding rate coefficients are presented in Fig. 2.
Globally speaking, the results obtained for the capture
from the ground-state Si>" ion are in relative agreement.
As already noted by Clarke et al. [10], the results of their
quantal close-coupling approach differs slightly from the
results of Gargaud et al. [4]. and Bates and Moiseiwitsch
[1]. They are, in contrast, in good agreement with ours
for high temperatures, with the use of a semiclassical
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Table 3. Spectroscopic con-

stants (cm ™) for the ground Calculation R. (au) We We)le B. e D, (eV) Barrier (eV)
X%z state of SiH?™" -
This work 3.29 1037.0 9.2 5.711 0.558 —1.45 1.04
HY [31] 3.20 1142.7 9.6 6.08 0.436 -1.47 1.12
MP4 [30] 3.10 1121 —-1.54 0.89
CASSCEF [29] 3.30 958.0 10.3 5.685 —-1.41 1.06
MRD-CI [29] 3.30 965.2 8.7 5.685 —1.43 1.07
MOLPRO [33] 3.29 965 1.19

rate coefficient(10™cm’s™)
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Fig. 2. Rate coefficients (10~ cm® s™") for charge-transfer recom-
bination of Si?* ions from H. This work (————); Clarke et al.
[10] (-+-+-+-); Gargaud et al. [4]; (-o-0-); Bates and Mois-
eiwitsch [1] (— x — x); capture from Si?* (3s3p) [10] (-*-*)

approach in our calculation leading to some discrepan-
cies for lower temperatures. This agreement may be
directly correlated to the position and energy separation
at the crossing point (Table 2), which are in excellent
agreement in both ab initio approaches. It is worth
noting the rate coefficients corresponding to the electron
capture process from the Si** (3s3p)°P° metastable state

St (3s3p)°P’ + H(1s)’S — Si*(3s3p?)°D+H*  (7)
—  SiT(3s%3p)’P'+H' (8)

which has been determined by Clarke et al. [10] to be
about 2 orders of magnitude lower than the capture by
the ground-state ion.

4 The Si** + He system

For this system, the charge-transfer process from both
ground-state Si* " (3s) and metastable Si**(3p) ions were
investigated. The potential-energy curves are displayed
in Fig. 3. These results may be compared to the
SCVB = spin coupled valence bond (SCVB) calcula-
tions of Clarke and coworkers [14, 15] and to the
empirical potentials of Butler and Dalgarno [3]
(Table 4). They show close agreement, especially for
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Fig. 3a, b. Adiabatic potential-energy curves for the X" and 2II
states of SiHe’™. 3: I state dissociating to [Si®T(3s)'S +
He ™ (15)?S]; 4: = state dissociating to [Si?* (3s3p)°P + He ™ (15)S];
5. % state dissociating to [Si’"(35)’S + He(1s%)'S]; 6: = state
dissociating to [Si**(3s3p)'P + He™ (15)°S]; 7: T state dissociating
to [Si3+(%p)2P + He(1s?)'S]; 8 1II state dissociating to
[SiZ*(3s3p)°P + He " (15)°S]; 9: II state dissociating to
[Si?"(3s3p)'P + He™(15)°S]; 10: TI state dissociating to [Si®™-
(3p)*P + He(llsz)]S]; I1I: ¥ and II states dissociating
to [Si2*(3p?)!D + He"(1s)*S]; 12: = and II states dissociating
to [Si®" (353d)'D + He™ (15)°S]

the energy gaps at the crossing points, but some
uncertainties remain about the position of the avoided
crossings and, even though the radial couplings are
similar in shape in both ab initio calculations, the
maximum peak values are lower in our work than in
the SCVB approach.

The coupling equations were solved simultaneously
for all the levels involved in the charge-transfer process
from both the ground-state and the excited entry chan-
nels. The calculated rate coefficients are displayed in
Fig. 4 and are compared to the ion-trap experiment of
Fang and Kwong [16]. For the capture process from the
ground-state Si® 7 (3s) ion, global agreement is observed
between the Landau—Zener calculations of Butler and
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Table 4. Position, energy gap

and height of the radial cou- Molecular states Ry (au) AUy (eV) gij (au) Reference
pling matrix element at the 10 3 -
crossing point for the 2= Si” " (°S)-Si” " (°P) 32 0.707 1.6 This work
states of SiHe>™* 34 0.795 4.0 15
SiZ* (P)-Si** ('P) 49 1.570 0.73 This work
5.0 1.525 1.0 15
Si** (*S)-Si* * ('S) 6.1 0.282 - 3
6.0 0.250 1.76 This work
6.3 0.270 2.7 15
Si**CP)-Si** ('P) 7.0 0.054 4.54 This work
7.3 0.051 7.7 15

Dalgarno [3] and the ab initio treatments [13, 15]. In
particular, even though the results of Stancil et al. [15]
are in magnitude higher than ours, both quantum me-
chanical approaches show almost the same shape with a
decrease in the rate coefficients with temperature and an
inflection towards lower temperatures. Nevertheless, al-
though some uncertainty, in particular in the determi-
nation of the temperature in the trap, should be taken
into account, all theoretical methods provide rate coef-
ficients lower than the experimental point of Fang and
Kwong [16]. In contrast, our calculated rate coefficients
for capture from the metastable Si** (3p) are of the same
magnitude as those from the ion-trap experiment [16].
From the hypothesis of the presence of excited Si**(3p)
ions in the experiment, we would then have a fair
agreement between experimental and theoretical results.
In the ion-trap experiment, Si*" ions are produced by
laser ablation and can then be in a variety of excited
electronic states immediately after their production, but,
according to Fang and Kwong [16], all the stored Si**
ions are expected to be in their ground-state, as mea-
surements are performed 0.4 s after the ions have been

rate coefficient(10™cm’s™)
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Fig. 4. Rate coefficients (10~ cm® s™!) for charge-transfer recom-
bination of Si** ions from He. This work ( ); Stancil et al. [15]
(-+-+-+-); Butler and Dalgarno [3] (— X — X); capture from
Si**(3p), this work (-*+*); capture from Si’*(3p), [15] (--o-0-);
experimental point, Fang and Kwong [16] (+)

produced and trapped. This assumption could be tested
efficiently by measurements at different temperatures, as
the rate coefficients for the capture from the ground-
state Si’"(3s) ion are shown to exhibit quite different
behaviour than those calculated in the process involving
the excited Si**(3p) ion, which remain almost constant
with temperature.

5 The Si** + He system

The  charge-transfer = recombination  from  the
I3 * [Si*" + He(1s%)'S] entry channel may lead to two
exit channels correlated to the '=" and 'IT [Si* " (3p)*
P + He'(1s)’S]and '=* [Si* " (35)’S + He ™ (1s)*S] lev-
els. The potential-energy curves are displayed in Fig. 5.
The 'S potentials show two main avoided crossings:
a very sharp one at R = 6.95 au between the entry
channel and the '™ [Si*"(3p)’P + He™ (1s)’S] level
and an inner one at R = 445au with the
3% [Si**(35)’S + He " (15)*S] exit channel. The posi-
tion and energy difference at the crossing points are
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Fig. 5. Adiabatic potential-energy curves for the ' and 'IT states
of SiHe*™: 'z (—); ' (- ). I. T state dissociating to
[Si*(35)®S + He ™ (1s)?S]; 2: Z, I states dissociating to [Si** (3p)*
P + He ™" (1s)’S]; 3: X state dissociating to [Si*" + He(1s?)]




300

Table 5. Position, energy gap and height of the radial couplmg
matrix element at the crossing point for the 'X* states of SiHe* "

Molecular states R, (au) AU, (eV) g;(au) Reference
SETES)-SET(P) 4.0 2.1 - 3

4.5 2.46 - 5

4.6 3.385 0.8 9

4.45 3.417 0.74 This work
SI*TAS)-SETP) 7.0 0.112 - 3

6.975  0.244 - 5

7.0 0.344 2.4 9

6.95 0.365 2.38 This work

presented in Table 5 and are compared to the empirical
potentials of Butler and Dalgarno [3]. Although the
positions of the avoided crossings are in close agreement,
the energy gaps are significantly different for the
empirical and model potential approaches compared to
the SCVB and CIPSI methods, showing the necessity for
an ab initio treatment for such a system.

The collision dynamics was performed in the 0.002—
0.1 au velocity range and rate coefficients are compared
to the Landau—Zener results of Butler and Dalgarno [3]
and the quantal close-coupling approach taking account
only of the radial coupling of Stancil et al. [9] (Fig. 6).
While the rate coefficients obtained by a Landau—Zener
approach are nearly constant with temperature, the
model potential and the ab initio treatments show a
relatively strong increase with increasing temperature.
The results, in particular those of the two ab initio ap-
proaches, are in fair agreement for high temperatures,
with some discrepancies appearing for lower ones, partly
due to the use of a semiclassical approach in our cal-
culation, but the discrepancy between the ab initio and
model potential methods should be correlated to the
differences shown by molecular structure calculations.
All these theoretical approaches are, however, in com-
plete disagreement, by 2 orders of magnitude, with the
ion-trap experimental data of Fang and Kwong [17], a
least for the charge-transfer process from the Si4*(2p° )
ion. Accordlng to the dlscussmns previously developed
for Si>" + H and Si** + He, the experimental point
might poss1bly correspond to the capture from an ex-
cited Si*" ion, which could perhaps explain the differ-
ence of 2 orders of magnltude for the rate coefficients,
as shown for Si** + H, but the only candidate,
Si** (2p°3s), seems quite 1mprobable as, 1t is very high in
energy compared to the ground-state Si* " (2p°) ion. Such
assumptions need to be tested by further calculations
and experiments at different temperatures.

6 Concluding remarks

This work provides accurate ab initio potentlal energy
curves and coupling matrix elements for the Si** + H,
Si*" + He and Si*" + He collisional systems. Both
radial and rotational couplings have been taken into
account in a fair description of the charge-transfer
recombination process including translation effects
which remain weak over the whole collision energy

rate coefficient(10™%cm’s™)

i B

s PR S S S S | n T S S S
3 4 5

10 10 10
T(K)
Fig. 6. Rate coeﬂiments (107 cm® s7") for charge-transfer recom-

bination of Si** ions from He. This work ( ); Stancil et al. [9]
(-X-%- ><) Opradolce et al [ 1 (- O ‘O-); Butler and Dalgarno [3]

range. Good agreement between the theoretical
approaches is observed, but the comparison with the
ion-trap experiments of Fang and Kwong [16, 17] might
necessitate the consideration of excited-state ions. Such
an assumption has to be tested by calculations on
charge-transfer processes from metastable states and by
further experiments providing the variation of the rate
coefficients with temperature.
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