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An investigation of charge transfer in collisions of ground-state C17* with H has been conducted based on a
fully quantum-mechanical molecular-orbital close-coupling (QMOCC) approach. The charge-transfer process
CI*(18)+H — CI°*(2p®nt 2S,%P°,?D,*F°,>G)+H* with n=5 and 6 is taken into account for collision ener-
gies between 10™* eV/u and 1 keV/u. The relevant adiabatic potentials and nonadiabatic coupling matrix
elements for the CIH’* system are evaluated with the configuration-interaction method. The investigation
shows that electron capture into the 5d, 5f, 5g, and 6p states dominates for collision energies less than
~1 eV/u, while above 100 eV/u the 5s, 5p, 5d, and 6p are the primary capture channels. Comparison with
experimental data for collisions of C1’+('s) with D reveals a discrepancy over the full range of measured
energies (5-430 eV/u), while no significant isotope effect is found for QMOCC calculations with deuterium.
Furthermore, comparison with a previous calculation of the one-electron N7*+H system, as well as measure-
ments of the multielectron Al”*+H and Fe”*+H systems, suggests that the electronic structure of the core has
a non-negligible effect on the charge-transfer process. A one-electron model for relative € distributions is found
to agree with the QMOCC results for n=5 between 100 and 1000 eV/u, but fails at lower collision energies.

Finally, state-selective and total rate coefficients are given for temperatures between 10 and 200 000 K.
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I. INTRODUCTION

Charge transfer, or electron capture, in ion-atom and ion-
molecule collisions has attracted researchers’ attentions for
decades because of its application importance in laboratory
and astrophysical plasmas [1,2]. Depending on physical con-
ditions, such as temperature and density, charge-transfer re-
actions may play a crucial role in establishing the ionization
balance of the plasmas and may significantly contribute to
ion emission spectra by populating excited states of ions.
Recent theoretical analyses of x-ray and extreme ultraviolet
emission spectra from some comets have confirmed that
charge transfer is a major excitation mechanism and is re-
sponsible for the major portion of the observed emission [3].
Since many astronomical bodies, such as comets, planetary
nebulae, supernova remnants, and the Sun, are too far away
to be probed directly, line emission from astronomical ob-
jects is frequently used as a diagnostic of their composition
and physical properties (see, e.g., [4-6]).

In addition to its importance in the practical applications
mentioned above, understanding the dynamics of ion-atom
and ion-molecule collisions is also one of the major driving
forces for investigations of charge transfer. Such studies pro-
vide useful information on molecular structure and interac-
tions in ion-atom and ion-molecule systems. This can be ac-
complished through comparison of measured and calculated
charge-transfer cross sections. The comparisons are also use-
ful to check the validity of classical, semiclassical, and quan-
tal theories describing the collision problems [7] and their
valid ranges.

To date, significant progress has been made in laboratory
studies of charge transfer (see, e.g., [3]). A great deal of
experimental work has been conducted, including measure-
ments of total and state-selective cross sections for exchange
of one or more electrons, and detailed, n- and €-resolved line
emission spectra for a variety of ion-atom and ion-molecule
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systems. Many theoretical approaches, such as quantal and
semiclassical molecular-orbital close-coupling [8,9], atomic-
orbital close-coupling [10], classical-trajectory Monte Carlo
[11], and continuum distorted-wave methods [12], have been
developed to describe charge-transfer processes. Applica-
tions of these theoretical approaches to individual collisional
systems have been reviewed in Ref. [3].

Although electron capture by many ions from atoms or
molecules has been reported, both experimental and theoret-
ical data for capture by heavy multicharged ions with multi-
electron cores are relatively scarce. Experimentally, this is
partly due to the difficulty in making sufficiently intense
beams at low collision energies [13]. Recently, absolute total
integral cross sections for electron capture in collisions of
CI’* with atomic deuterium were measured at the Oak Ridge
National Laboratory ion-atom merged-beams apparatus, but
no ab initio study was performed for the system [13]. Only a
fully quantal molecular-orbital close-coupling hidden-
crossing calculation was performed for the same charged
N7*+D system for comparison. The comparison was satis-
factory over the energy range 4.6—140 eV/u. Even so, the
experiment showed contradiction to the prediction from a
simple multichannel Landau-Zener model for C1’*/D and to
measurements for other multicharged (7+) ions with multi-
electron cores: Fe’* [14] and Al”* [15].

In the present paper, we perform an explicit ab initio in-
vestigation of electron capture by C1’* from H by utilizing a
fully quantal molecular-orbital close-coupling (QMOCC) ap-
proach. The concerned charge-transfer reactions are

CI™*(2p° 'S) + H — CI°*(2p°nt %8,%P°,>D,*F°) + H* + AE,
(1)

with n=3, 4, 5, 6, and 7. In Sec. II, calculations of the mo-
lecular potentials and nonadiabatic radial and rotational cou-
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pling matrix elements for the CIH’* system are described,
while Sec. III briefly surveys the QMOCC scattering theory.
In Sec. IV, state-to-state, state-selective n- and €-resolved,
and total cross sections and rate coefficients are presented
and compared to available measurements and calculations.
Section V summarizes the main results. Atomic units are
used unless otherwise specified.

II. MOLECULAR STRUCTURE CALCULATIONS

The adiabatic potential energy curves and nonadiabatic
radial and rotational coupling matrix elements essential to
the current collision calculations are obtained with the
configuration-interaction method using the quantum chemis-
try package ALCHEMY. Details about the ALCHEMY package
can be found in Refs. [16,17]. Here we only outline its ap-
plication to the current problem. The frozen-core approxima-
tion is adopted in the calculation. The ten electrons in the 3o
and 17 orbitals are frozen, while one electron in the 360,
2511, and 166 orbitals is treated as active. Slater-type orbitals
(STOs) are employed for the atomic basis set. For the chlo-
rine atom, all orbitals up to the n=5 manifold are included,
while a restricted set of orbitals is considered for n=6-8. All
orbitals up to n=2 are considered for the hydrogen atom
[18].

The adiabatic potentials for all molecular electronic states
corresponding to the asymptotic limits CI%*(2pSn€)+H?*,
with n=3, 4, 5, 6, and 7 and ¢=s, p, d, f, and g, and
CI”*(2p®) +H, and nonadiabatic radial and rotational cou-
pling matrix elements between these states were calculated
from internuclear distance R=0.5-29 a.u. The calculated
asymptotic energies are presented for the 20 *3* and 10 °II
molecular states relative to the C17*(2p° 'S)+H channel and
compared with experimental asymptotic atomic energies [19]
in Table I. The maximum relative error of the current results
from the experimental data is less than 1.94%; less than
0.92% for the dominant capture channels. Because the ex-
trance channel C17+(2p° 'S)+H forms only one 3 state, the
%A states corresponding to C1*(2p®n€)+H contribute to the
charge-transfer reactions (1) only by a two-step rotational
coupling interaction, first coupled with *IT and then with 3.
Thus their contribution is expected to be small and they are
therefore neglected.

In Fig. 1, the adiabatic potential energies (solid curves)
are plotted as a function of internuclear distance R for the 13
molecular states considered in the scattering calculations.
The eight *3* and five *II potentials curves are given in (a)
and (b), respectively. Thus only transitions from the 15 *3*
state to 8 *3*, 9 23*, 6 °[1, 10°%*, 7701, 11 23*, 8 711,
12 23*%, 9 211, 13 23, 14 23*, and 10 211 are taken into ac-
count. Thirty-eight nonadiabatic radial couplings and 40 ro-
tational couplings are involved in the current calculations.
Test calculations using a larger set of molecular states, as
given in Table I, found the capture cross sections to the re-
maining states to be negligible for the considered energy
range. Those states correlating to the n=3 and 4 manifolds
have very-short-range interactions and will only contribute
for energies greater than ~10 keV/u, while the states corre-
lating to 6d, 6f, and 6g and the n=7 manifold have very-
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TABLE 1. Comparison of asymptotic separated-atom energies
(in eV) between the ALCHEMY calculations and experiment for
CIH*. The 38 molecular states are of symmetries ~5* and “I1.

Asymptotic atomic state  Mol. state  This work Expt. [19]
CI5%(2p®3s 25)+H* 123+ -99.7719  —100.6026
CI5%(2p®3p 2P°)+H* 2723 -84.6436  —85.1952
121 —84.6422

CI°*(2p%3d *D)+H* 323+ —64.0412  —64.6201
2201 —64.0408

CI5%(2pP4s 25)+H* 473 —42.7737  -43.0736

CI5*(2p®4p *P°)+H* 523+ 372018  -37.4133
341 —37.1967

CI°*(2p%4d *D)+H* 623t -29.7875  =30.0350
4°11 -29.7859

CI*(2pS4f *F°) +H* 723 —28.1147  —-28.1843
5201 -28.1142

CI5%(2p°®5s 2S)+H* 823+ -20.1624  —20.3009

CI5*(2pS5p 2P°) +H* 923+ -17.5044  —17.6088
6 211 —17.4910

CI%*(2p%5d D) +H* 1028*  —13.9801  —14.1099
721 -13.9750

CI*(2pS5f 2F°) +H* 1128*  —13.1355  —13.1436
8 1 -13.1328

CI**(2p®5g%G) +H* 12 23* -13.0266  -13.0768
9 21 ~13.0274

CI5*(2p°6s 25)+H* 1323+ -8.8827 -8.8915

CI5*(2p®6p 2P°)+H* 1423+ —7.4038 —7.4582
10 211 -7.3766

I+ (2p°® 'S)+H 1525+ 0.0000 0.0000

CI5%(2p®6d D) +H* 16 23+ -5.4825 -5.5278
11211 —5.4688

CIo*(2p06f 2F?) + H* 17 23+ -5.0138 -4.9679
12211 -5.0091

CI%(2p%6g *G) +H* 18 25+ -4.8323 -4.9278
13 21 -4.8338

CI5*(2p57s 28) +H* 19 23+ —2.4611

CI1*(2p57p 2P°)+H* 20 23* -1.5711
14 11 -1.5265

CI%(2p®7d D) +H* 21 23% —0.4246
15 21 -0.3979

CI5*(2p®7f 2F°) + HY 2223 —0.0896
16 211 —0.0849

long-range avoided-crossings with the entrance channel and
can be considered completely diabatic. In Figs. 2 and 3, nine
representative nonadiabatic radial couplings and eight repre-
sentative rotational couplings are plotted as a function of R.
The potentials have been transformed from the adiabatic rep-
resentation to the diabatic representation. The diagonal di-
abatic potential energies (dashed curves) are illustrated in
Fig. 1, and representative off-diagonal matrix elements are
given in Fig. 4. We will discuss how the diabatic potentials
are obtained in the next section.
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FIG. 1. (Color online) Adiabatic (solid line) and diagonal diaba-
tic (dashed line) potential energies of the CIH”* system as a func-
tion of internuclear distance R.

Beyond R=29.0 a.u., the potentials for the entrance chan-
nels are described by the charge-induced-dipole interactions

ay

VL(R) == R4

+E.,, (2)
where «ay is the dipole polarizability of neutral H and E.. is
the separated-atom energy. All quantities in Eq. (2) are in
atomic units (a.u.). For all exit channels, the long-range po-
tentials (R>29.0 a.u.) are Coulombic. E.. is determined us-
ing the a, parameter and the ab initio potentials.

III. SCATTERING THEORY

A QMOCC approach to describe electron capture in ion-
atom collisions has been formulated by Kimura and Lane [8]
and Zygelman er al. [9]. Here only a brief summary of its
main theoretical aspects and formulas is given.

The QMOCC approach involves solving a coupled set of
second-order differential equations. Its solutions are the ex-
pansion coefficients, or scattering amplitudes, of the total
system wave function expanded over a truncated set of adia-
batic molecular eigenfunctions. In the adiabatic representa-
tion, transitions from a molecular state to another molecular
state are driven by the vector potential A(R), where R is the
coordinate of the relative nuclear motion. However, it is nu-
merically more convenient to perform the scattering calcula-
tions in a diabatic representation which can be obtained with
a unitary transformation. By making the unitary transforma-
tion, the set of the coupled equations in the diabatic repre-
sentation is given by
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FIG. 2. (Color online) Representative (a) 23* and (b) *II nona-
diabatic radial couplings for the CIH’* system as a function of
internuclear distance R. Note that the peak values of some cou-
plings in (a) have been multiplied by a constant.

- inG(R) +U(R)G(R) =EG(R), (3)

where u is the nuclear reduced mass of the ion-atom pair, E
is the relative collision energy in the center-of-mass frame,
G(R) is the scattering amplitude describing relative motion
of the nuclei, and U(R) with R=|R| is the diabatic potential
matrix, whose off-diagonal elements are responsible for driv-
ing charge transfer reactions in the diabatic representation,
defined by

U(R) = W(R)[V(R) - P(R)]W'(R), (4)

where V(R) is a diagonal matrix with elements consisting of
adiabatic eigenvalues for each channel state, W(R) is a uni-
tary matrix that obeys the equation

dW(R)

+iW(R)A™(R)=0, (5)

and P(R) is a coupling matrix whose elements are given by
[20,21]

1
Pu=7 E[(J FAJU A+ D] PAGSA LA F 1),

(6)

where J is the total angular momentum, A is the component
of electronic angular momenta along the internuclear axis,
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FIG. 3. (Color online) Representative nonadiabatic rotational
couplings between the ’[1 and %3* states of the CIH”* system as a
function of internuclear distance R.

and A"(R) and A™(R) are, respectively, the radial and ro-
tational components of the vector potential [A(R)],z
=i<¢//a|VR+Ekf(rk;R)Vrk|wﬁ) with ¢, and ¢/ being the adia-
batic electronic eigenfunctions. The second term in the vec-
tor potential is due to the introduction of an electron transla-
tion factor (see, for example, Refs. [17,22].) where r; is the
coordinate for electron k and f(r;;R) is a so-called switching
function defined as in Watanabe et al. [17]. The introduction
of the translation factor ensures that all asymptotic radial and
rotational couplings go to zero even for dipole-connected
asymptotic atomic states as seen in Figs. 2 and 3.
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FIG. 4. (Color online) Representative off-diagonal diabatic po-
tentials of the CIH”* system as a function of internuclear distance R.
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By introducing a partial-wave decomposition for G(R),
Eq. (3) can be further simplified. The resulting set of radial
coupled equations may be solved with the log-derivative
method of Johnson [23]. From the numerical results of the
log-derivative and the asymptotic expressions of the radial
functions, the K matrix may be extracted and thus the scat-
tering matrix S is obtained:

S;=[I+iK,]"'[I-iK,]. (7)

Finally the charge-transfer cross section from channel « to
channel B is expressed in terms of the scattering matrix ele-
ments

2’ (8)

TE o
Oq—p= k_zg (2J+ 1)|(Sj)a/5'

where k, denotes the wave number for center-of-mass mo-
tion of the initial ion-atom channel and g, is an approach
probability factor of the initial channel «a.

IV. RESULTS AND DISCUSSION

A 13-channel close-coupling calculation was performed
using the molecular electronic structure and coupling data
presented in Sec. II. Eight states of the 13 channels are of
symmetry 23* and five states of symmetry 1. Only electron
capture into 6€ with €=s and p and all 5¢ orbitals of
Cl1%*(2p®nf) are included. The contributions from the indi-
vidual partial waves are summed as in Eq. (8) until a con-
vergence of the cross sections is achieved. Since the speed of
convergence depends on the relative collision energy, the
computations are satisfactorily fast for low energy, but be-
come prohibitively lengthy above a few 100 eV/u because of
the increase in the number of partial waves.

State-to-state cross sections are illustrated in Fig. 5, (a)
and (b) corresponding, respectively, to capture into the *3*
states via radial coupling and into the *II states through ro-
tational coupling from the entrance channel 15 *3*. Figure 5
shows that capture into the 10 23*, 11 23*, 12 23+, 13 237,
and 14 *3* states is dominant below 0.1 eV/u. This is easily
interpreted from Fig. 1(a) where the avoided-crossings of the
adiabatic potentials of these states and the entrance channel
occurs in the large-R (>10 a.u.) range. The avoided cross-
ings correspond to sharp peaks of the radial couplings in Fig.
2(a), such as at R=18.3 and 22.0 a.u. This illustrates that
there exist strong couplings among these channels, which
result in the dominant charge-transfer transitions. It should
be emphasized that we used Lorentzian profiles to replace
the three largest radial couplings at R=12.8, 18.3, and 22.0
a.u. to prevent unphysical oscillations in the interpolation of
the couplings in the sharp avoided-crossing regions. Above
about 0.1 eV/u, charge transfer due to rotational coupling
such as 15 23*—6 I, 7 211, and 10 %11 begins to become
important and is comparable to that due to radial coupling at
10.0 eV/u. This is because the possibility for the system to
penetrate the inner region with small and intermediate R be-
comes larger with increasing collision energy, while stronger
couplings between the molecular states occur for R
<10.0q, as seen in Fig. 3.
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FIG. 5. (Color online) State-to-state QMOCC electron-capture
cross sections for the CIH’* system as a function of relative colli-
sion energy E. (a) and (b) corresponding to transitions from the
entrance channels to all seven 3% states and five 2I1 states,
respectively.

To gain insight into the dominant physical processes,
Thompson er al. [13] performed a multichannel Landau-
Zener analysis of the diabatic potentials for CID’* and sug-
gested that capture into the 4d and 4f states dominated
charge transfer in the 20-1000 eV/u energy range and that
the 5s state begins to contribute to the cross sections below
20 eV/u. Although such a conclusion, which depends on the
form of the adopted empirical couplings [13], was found to
agree qualitatively with a fully quantal molecular-orbital
close-coupling hidden-crossing (FQ-MOCC-HC) theoretical
analysis for the ND’* system, it is different from our com-
putational results for the CIH’* system. The current QMOCC
and potential calculations show that the contributions from
electron capture into the 3¢, 4¢, 6d, 6f, 6g, and 7€ orbitals
are negligible. In order to compare the contribution from
capture into the 5¢€, 6s, and 6p orbitals involved in the cur-
rent calculation, the state-selective cross sections are plotted
in Fig. 6. It is seen that the 5d, 5f, 5g, and 6p dominate the
charge-transfer processes over the entire energy range con-
sidered and the 5s and 5p begin to become important only
above a few eV/u. The 6s is seen to be only important at
energies less than 107 eV.

An empirical €-distribution function for charge-transfer
reactions was proposed by Abramov et al. [24] and widely
utilized in plasma modeling [3]. However, few theoretical
examinations of such a distribution have been made. Here
we check the validity of the €-distribution function by com-
paring with our ab initio QMOCC results. The function is
written in the form
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FIG. 6. (Color online) State-selective electron-capture cross sec-
tions as a function of relative collision energy E. (a) and (b) corre-
spond to capture into CI*(2p®5¢€) and C1°*(2p°6¢).

[(n—D)1P?
(n+ 0! (n—1-0)

Wye=Q2€+1) )

This equation is explicitly independent of collision energy,
but thought to be suitable for the low-energy range below 1
keV/u. Furthermore, it is strictly relevant to single-electron
systems, but has been widely, and usually incorrectly,
adopted for multielectron ions [3]. In Fig. 7, the distribution
function of Abramov et al., W,,, for n=5 is plotted along

0.8 \ \

®—@ Abramov et al
=—u | eViu
+—+10eV/u

A—4A 100 eV/u
v—v 1000 eV/u

nl

Distribution function W

I[-level

FIG. 7. (Color online) Comparison of € distributions for the
charge-transfer reaction Cl’*+H— CI*(2p®n€, n=5)+H* be-
tween the calculation from Eq. (9) and the QMOCC results at 1, 10,
100, and 1000 eV/u.
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FIG. 8. (Color online) Total electron-capture cross sections as a
function of relative collision energy E. A comparison is shown with
the measurements for the CI”*+D [13], Fe’*+H [14], and Al’*
+H [15] systems and with the fully quantal molecular-orbital close-
coupling hidden-crossing calculation (FQ-MOCC-HC) for the N7+
+D system [13]. CI”*+D QMOCC results are also given.

with our ab initio QMOCC results at E=1, 10, 100, and 1000
eV/u. The comparison shows a strong energy dependence for
the € distribution with the function of Abramov et al. being
reasonably accurate for 100-1000 eV/u, but failing for
smaller collision energies. This suggests that care must be
exercised when using empirical distribution functions par-
ticularly when the energy range of applicability is not clearly
defined. Furthermore, it is expected that as the collision en-
ergy exceeds 10 keV/u, the € levels should be populated by a
statistical distribution given by

=20+ 1)n?. (10)

The QMOCC results displayed in Fig. 7, suggest that even
up to as high as 1 keV/u, the ¢ distribution for C1’*/H is far
from statistical.

The total QMOCC charge transfer cross section due to
collisions of CI’* with H are compared with the measured
cross sections for the CI’*+D system and theoretical cross
sections for the N’*+D system in Fig. 8 [13]. An obvious
discrepancy is seen between the current QMOCC calcula-
tions and the measurement. In the low-energy range, the dis-
crepancy may be attributed to the kinematic isotope effect,
which was found to be very significant for charge transfer
between N** and H(D) [25]. However, it has been shown that
in a higher-energy range, such as for collision energies
greater than ~50 eV/u, the H and D cross sections become
quantitatively indistinguishable. The current QMOCC cross
sections are larger than the measured cross sections approxi-
mately by a factor of 2 above ~50 eV/u. To ensure that the
difference with experiment is not due to an isotope effect, we
performed additional calculations using the C17*+D reduced
mass in Eq. (3) for energies between 0.5 and 100 eV/u. As
shown in Fig. 8, the results are practically identical to the
CI’*+H calculation. Similarly, the FQ-MOCC-HC calcula-
tions in Ref. [13] revealed no significant isotope effect for
N7*+H or D in the considered energy range.
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Although the molecular-orbital close-coupling hidden-
crossing calculation for N’*+D seems to support the experi-
mental data for C1’*+D, such support may be weak because
it assumes that effects of the closed [Ne] core are negligible
without theoretical justification. In contrast to such an as-
sumption, a comparison between the FQ-MOCC-HC calcu-
lation and the current QMOCC results suggests that the elec-
tronic structure of the closed [Ne] shell has a significant
effect on the electron capture cross sections. Such a result is
expected upon consideration of the potential energies given
in Fig. 1, where interaction with the [Ne] core removes the
degeneracy in the CI®* n=5 and 6 manifolds, unlike in the
hydrogenlike N case. The avoided crossing for the N®* n
=35 state occurs near 11.5 a.u. [13], while for the CI®* n=5
manifold, the 5s-5g avoided crossings for each individual ¢
channel occur at ~8, 9.2, 11.5, 12.4, and 12.8 a.u., respec-
tively. For n=6, the N avoided crossing occurs at 33 a.u.,
while the 6s-6g avoided crossings for ClI®* are located at
18.3, 22.0, 29.5, 32.8, and 33.1 a.u., respectively. The FQ-
MOCC-HC calculations revealed that the low-energy cross
section was dominated by the single capture channel, n=5,
for N7++D, while our QMOCC calculation in Fig. 6 shows
that up to seven capture channels contribute to the CI’”*+H
cross section between 1 and 1000 eV/u. Clearly, the differ-
ences between the two theoretical results is consistent with
the differences in molecular structure and the larger number
of capture channels in the former, as expected. We note that
there is a lack of other data for N’*+H below ~60 eV/u or
for other 7+ systems. Prior information on C1’*+H is limited
to the measurement in Ref. [13].

From Fig. 8, a hint of this core interaction is evident in the
experimental results for Fe”*(4s)+H — Fe®*(4snl)+H* [14]
and Al"*(2p?) +H — Al®*(2p*nl)+ H* [15], which have larger
total cross sections than the measured CI’*/D or calculated
N7*/D cases. Furthermore, it was pointed out in Thompson
et al. [13] that merged-beam measurements for B+, C*,
N*, and Si** resulted in cross sections that varied by as
much as a factor of 10 at 1 eV/u. This core effect was pre-
dicted by Gargaud and McCarroll [26] who performed
QMOCC calculations for C**, O*, and Si** with H. They
commented that “charge transfer cross sections are critically
dependent on the nature of the ionic core at energies less
than a few 100 eV/u,” consistent with the results found in the
current work.

It is beyond the scope of this work to perform a detailed
analysis of the experimental conditions in Ref. [13]. How-
ever, a similar discrepancy between low-energy merged-
beam measurements and QMOCC calculations was found for
O°*+H. This was explained by Andersson et al. [27], who
showed from the study of differential cross sections that the
experimental angular acceptance was insufficient for a col-
lection of all scattered ions. Such an explanation may be
possible for the C1”*/D measurements.

Rate coefficients are evaluated by averaging the QMOCC
cross sections in Figs. 6(a) and 6(b) over a Maxwillian ve-
locity distribution. The results are tabulated in Table II. The
temperature ranges from 10 to 2.0X10° K. For conve-
nience, the rate coefficients are fitted to the form
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TABLE II. Rate coefficients for electron capture into the C1*(2p®n€ 25,%P°,2D,?F°,>G)+H" channels due to CI™*(2pS 'S)+H colli-
sions. T is in K and the rate coefficients are in cm?/s. “Total” represents the rate coefficients summed over all exit channels.

T 5528 5p 2p° 5d °D 5f2F° 5¢ G 6s 28 6p 2P° Total
10 2.18(-14) ® 2.20(-12) 2.08(-09) 7.65(~10) 7.73(~10) 4.32(-10) 2.79(-09) 6.85(—09)
20 3.80(~14) 2.04(-12) 2.02(-09) 9.03(~10) 7.02(~10) 4.28(~10) 2.94(-09) 6.99(—09)
30 5.24(-14) 1.92(~12) 1.93(-09) 9.78(~10) 6.52(~10) 4.23(-10) 2.99(-09) 6.98(-09)
40 6.38(~14) 1.85(-12) 1.86(—09) 1.04(-09) 6.18(~10) 4.21(-10) 3.04(-09) 6.98(-09)
50 7.30(=14) 1.80(-12) 1.79(-09) 1.10(-09) 5.95(-10) 4.21(~10) 3.09(-09) 7.00(=09)
60 8.07(~14) 1.77(-12) 1.74(-09) 1.15(-09) 5.78(~10) 4.21(~10) 3.13(-09) 7.02(-09)
70 8.75(~14) 1.75(-12) 1.70(=09) 1.20(-09) 5.66(—10) 4.22(-10) 3.17(-09) 7.06(-09)
80 9.38(~14) 1.73(-12) 1.66(—09) 1.25(-09) 5.57(~10) 4.23(-10) 3.21(-09) 7.09(-09)
90 9.95(~14) 1.73(-12) 1.62(-09) 1.29(-09) 5.51(~10) 4.25(-10) 3.24(-09) 7.12(-09)
100 1.05(-13) 1.72(-12) 1.59(-09) 1.33(-09) 5.47(~10) 4.26(-10) 3.26(-09) 7.15(-09)
200 1.42(-13) 1.85(-12) 1.37(-09) 1.58(—09) 5.45(~10) 4.42(-10) 3.46(-09) 7.39(-09)
300 1.62(-13) 2.19(-12) 1.28(-09) 1.68(—09) 5.50(~10) 4.55(-10) 3.60(-09) 7.57(-09)
400 1.75(-13) 2.67(-12) 1.25(-09) 1.74(-09) 5.51(~10) 4.66(—10) 3.74(-09) 7.74(-09)
500 1.83(~13) 3.21(-12) 1.25(-09) 1.77(-09) 5.49(-10) 4.76(~10) 3.86(—09) 7.91(-09)
600 1.87(-13) 3.78(-12) 1.28(~09) 1.78(~09) 5.46(-10) 4.86(-10) 3.99(—09) 8.09(—09)
700 1.88(~13) 4.36(-12) 1.32(=09) 1.79(-09) 5.42(-10) 4.96(-10) 4.12(-09) 8.27(—09)
800 1.88(~13) 4.95(-12) 1.36(=09) 1.80(=09) 5.38(-10) 5.05(-10) 4.25(-09) 8.46(—09)
900 1.87(~13) 5.56(-12) 1.41(-09) 1.80(=09) 5.34(-10) 5.14(-10) 4.38(=09) 8.64(—09)
1000 1.86(~13) 6.19(~12) 1.46(—09) 1.79(-09) 5.30(~10) 5.23(~10) 4.51(-09) 8.83(-09)
2000 1.77(-13) 1.57(~-11) 2.08(-09) 1.72(-09) 5.03(~10) 5.95(~10) 5.70(-09) 1.06(—08)
3000 2.03(~13) 3.29(-11) 2.73(-09) 1.64(-09) 4.92(~10) 6.50(-10) 6.67(—=09) 1.22(-08)
4000 2.70(=13) 5.80(-11) 3.37(-09) 1.57(-09) 4.88(~10) 6.97(~10) 7.49(-09) 1.37(-08)
5000 3.89(13) 9.17(~11) 3.98(-09) 1.52(-09) 4.88(~10) 7.38(~10) 8.19(-09) 1.50(—08)
6000 5.71(=13) 1.34(~10) 4.56(-09) 1.48(-09) 4.90(~10) 7.76(~10) 8.82(~09) 1.62(~08)
7000 8.29(13) 1.84(-10) 5.10(-09) 1.44(-09) 4.93(~10) 8.11(~10) 9.37(-09) 1.74(=08)
8000 1.18(-12) 2.42(~10) 5.61(=09) 1.41(-09) 4.96(~10) 8.43(~10) 9.88(-09) 1.85(=08)
9000 1.63(-12) 3.06(~10) 6.10(—09) 1.39(-09) 4.99(~10) 8.74(~10) 1.03(-08) 1.95(-08)
10000 2.21(-=12) 3.77(~10) 6.56(—09) 1.37(-09) 5.03(~10) 9.02(~10) 1.08(—08) 2.05(-08)
20000 1.71(-11) 1.30(-09) 1.03(-08) 1.25(-09) 5.43(~10) 1.13(-09) 1.40(-08) 2.85(-08)
30000 5.32(-11) 2.42(-09) 1.30(-08) 1.20(-09) 5.81(~10) 1.29(-09) 1.62(-08) 3.47(-08)
40000 1.12(-10) 3.59(-09) 1.51(-08) 1.20(-09) 6.16(~10) 1.41(-09) 1.79(-08) 4.00(-08)
50000 1.91(-10) 4.74(-09) 1.68(—08) 1.21(-09) 6.53(~10) 1.51(-09) 1.95(-08) 4.46(-08)
60000 2.89(~10) 5.87(-09) 1.82(-08) 1.24(-09) 6.93(~10) 1.60(—09) 2.09(-08) 4.88(-08)
70000 4.01(-10) 6.95(-09) 1.94(-08) 1.28(-09) 7.37(~10) 1.68(—09) 2.22(-08) 5.26(-08)
80000 5.26(~10) 7.99(-09) 2.04(-08) 1.31(-09) 7.85(~10) 1.75(-09) 2.34(-08) 5.62(-08)
90000 6.61(-10) 8.98(—09) 2.13(-08) 1.35(=09) 8.37(-10) 1.83(=09) 2.46(-08) 5.96(—08)
100000 8.06(-10) 9.94(-09) 2.21(-08) 1.38(=09) 8.92(-10) 1.90(=09) 2.57(-08) 6.27(-08)
200000 2.71(-09) 1.75(-08) 2.75(-08) 1.63(=09) 1.48(~09) 2.60(-09) 3.52(-08) 8.86(—08)

2A(-B)=A X 1075.

T \b T
o) =2 ai( 10 ooo) exP<_ c_) (1)

i

where « is the rate coefficient in cm®/s and T is temperature
in K. The fitting parameters a; (cm?®/s), b;, and ¢; (K) are
given in Table III. In the temperature range considered, the
fits do not deviate from the computed rate coefficients by
more than 24.2%, 16.2%, 16.6%, 9.7%, 7.0%, 0.7%, 5.0%,
and 3.0% for electron capture into the 5s 25, 5p 2P(’, 5d 2D,

5f 2F°, 542G, 65 %S, and 6p 2pe states of CI°*(2p®nt), and
the summed exit channels, respectively.

V. SUMMARY

Charge transfer has been investigated for collisions of
CI’* and H based on the quantal molecular-orbital close-
coupling approach. The configuration-interaction method
was used to evaluate the molecular electronic structure and
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TABLE III. Fitting parameters of rate coefficients for capture into CI1%*(2p°nt 29.2p° 2D 2F° 2G)+H"* channels and the summed exit
channels (Total) due to C17*(2p® 'S)+H collisions. T is in K; and a; and ¢; are in units of cm®/s and K, respectively.

Param. 5528 5p 2P0 5d°D 57 2F° 5¢ %G 6s S 6p 2P° Total

a, 2.5997(-12) *  3.9231(-10)  6.5199(=09)  1.0037(-09)  3.4663(-10)  6.3211(—=10)  8.4735(-09)  1.4656(—08)
b, 2.9165(+00)  1.9538(+00)  9.6442(-01)  1.3737(=01)  7.8431(-02)  4.7284(-01)  5.9359(-01)  7.0547(-01)
¢ 1.0987(+05)  7.7302(+04)  8.3387(+04) —9.3204(+06) —2.0014(+05) 2.8849(+05)  1.6200(+05)  2.1728(+05)
as 1.4413(-12)  1.5820(=12)  4.7009(-10)  2.4833(-09)  1.3895(-10)  2.6759(-10)  2.3249(=09)  5.6402(-09)
b, 5.7480(-01)  —2.7907(-02) -2.3686(-01) 2.5637(-01) —1.9133(=01) —6.1187(-02) —2.6475(=02) —3.0024(-02)
ces 1.5419(+03)  —2.3482(+04) —4.6553(+04)  4.4044(+03) —1.3881(+05) —1.1338(+05) —8.8121(+04) —9.7076(+04)

2A(-B)=A X 1075

coupling matrix elements between the adiabatic molecular
states for the CIH”* system. Cross sections are presented for
electron capture into the exit channels CI®*(2p®n€)+H™* for
collisions of CI’*(2p°®'S) with H at collision energies be-
tween 0.1 meV/u and 1 keV/u. Rate coefficients are given for
temperatures between 10 K and 2.0X 10° K. The current
QMOCC investigation shows that electron capture into 5d,
5f, 5g, and 6p states dominates the cross section for collision
energies less than 1 eV/u, while above 100 eV/u the 5s, 5p,
5d, and 6p are the primary capture channels. Comparison
with the experimental data for collisions of CI’*('S) and D
reveal a large discrepancy, even for energies greater than
~50 eV/u where kinematic isotope effects are believed to
be negligible [25]. Furthermore, we also compared the cur-
rent QMOCC results with the fully quantal molecular-orbital
hidden-crossing cross sections for the N’*+D system as well

as with the measurements for the same charged Fe”*+H and
Al”*+H systems. This accumulated evidence suggests that
the electronic structure of the core has a non-negligible effect
on the charge-transfer process. Further experimental investi-
gations of collisions of C1’* with H (D) and of other multi-
electron ions are needed.
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