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Charge transfer due to collisions of ground-state O3+�2s22p 2P� ions with He is investigated using the
quantum-mechanical molecular-orbital close-coupling �QMOCC� method. The ab initio adiabatic potentials
and radial couplings utilized in the QMOCC calculations are obtained from the multireference single- and
double-excitation configuration interaction approach. State-selective and total charge-transfer cross sections are
calculated for collision energies from 0.01 eV/u to 1 keV/u. Comparison with existing data reveals that the
present QMOCC calculations are in good harmony with the measured total single-electron charge-transfer
cross sections. Excellent agreement with the available experimental data is also found for state-selective cross
sections at the measured energy region.
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I. INTRODUCTION

Charge transfer in collisions of highly charged ions with
neutral atoms and molecules has attracted much attention.
This interest stems not only from fundamental aspects but
also from the importance of electron-capture processes in
astrophysics and plasma physics. Charge transfer provides a
recombination mechanism for multiply charged ions in
x-ray-ionized astronomical environments which may have
sparse electron abundances �1�. In the divertor region of a
tokamak fusion device, charge exchange of impurity ions
with neutral atoms and molecules plays an important role in
the ionization balance and the production of radiative energy
loss leading to cooling �2,3�. In the core of the plasma,
charge exchange spectra produced by neutral beam injection
are also an important method for diagnosing the populations
of impurities. Recently, it has been found that ion-atom or
-molecule charge-transfer processes are of particular signifi-
cance to euv and x-ray emission from comets, planetary at-
mospheres, and the heliosphere. Soft x-ray emission has
been observed from many comets including comet Hale-
Bopp �4� and comet Hyakutake �5,6�. It is believed that the
x-ray emission is due to charge transfer of heavy solar wind
ions �such as Oq+, Cq+, Neq+, and Siq+, q=3–8� with come-
tary neutral species such as H, O, H2, H2O, OH, and CO
�7,8�. Indeed, analysis of x-ray spectra of eight comets ob-
served by the Chandra X-ray Observatory �9� confirmed that
such charge-transfer processes are responsible for the ob-
served x-ray emission. In a similar way, x-ray emissions
from the Jovian aurora are thought to be driven by charge
transfer in collisions of multiply charged oxygen and sulfur
ions with atmospheric neutrals such as H, He, and H2
�10,11�. In order to model and understand the behavior of
these environments, it is necessary to obtain total and espe-
cially state-selective capture cross sections.

Due to the importance in astrophysics and plasma phys-
ics, collisions of low-energy O3+ with He have been studied
extensively both by experiment and theory. Recently, several

groups have reported their work on this process �12–14�.
Bangsgaard et al. �12� used the translational energy-gain
spectroscopy technique to measure the total and state-
selective single-electron capture �SEC� cross sections for
a few projectile energies between 250 and 1500 eV. Ishii
et al. �13� measured total single- and double-charge ex-
change cross section for a broader range of collision energies
from 3 to 5400 eV, and they also estimated the single- and
double-charge exchange cross sections using the classical
over-barrier �COB� and multichannel Landau-Zener �MCLZ�
methods. However, large discrepancies exist between their
measurements and calculations. More recently, Kamber et al.
�14� also used the translational energy-gain spectroscopy
technique to measure the total single-electron capture cross
sections for projectile energies from 300 to 1500 eV and
their results agree well with the measurements of Bangsgaard
et al. and Ishii et al. Besides the COB and MCLZ calcula-
tions of Ishii et al. �13�, Butler and Dalgarno �15� have per-
formed two-channel Landau-Zener calculation at thermal en-
ergies.

In the present work, the charge-transfer process due to
collisions of ground-state O3+�2s22p 2Po� ions with helium is
investigated by using the quantum-mechanical MOCC
method. The adiabatic potential curves and radial coupling
matrix elements are calculated with an ab initio multirefer-
ence configuration interaction �MRD-CI� package �16–18�. To-
tal and state-selective cross sections are obtained and com-
pared with the available theoretical and experimental data.
Section II describes the electronic structure calculation of
�OHe�3+, while Sec. III introduces the scattering calculation
approach briefly. Section IV presents the adiabatic and diaba-
tic potentials and radial coupling matrix elements as well as
the results of the scattering calculations, while Sec. V briefly
gives a summary of the work. Atomic units are used through-
out unless otherwise noted.

II. ELECTRONIC STRUCTURE CALCULATION

In the present study, an ab initio configuration interaction
calculation �CI� is carried out for seven 2�+ electronic states
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in A1 symmetry and ten electronic 2� states in B1 symmetry
of �OHe�3+ system by using the MRD-CI package �16–18�. A
�6s ,2p ,1d� contracted to �3s ,2p ,1d� basis set �19� is em-
ployed for helium, and a �21s ,6p ,3d ,2f� contracted to
�5s ,4p ,3d ,2f� basis set �20� is employed for oxygen. A dif-
fuse �2s2p2d� basis set centered on the O atom is employed
to describe its Rydberg states, while a diffuse �1s1p1d� set is
used for the He atom. All the above Rydberg basis sets are
optimized based on measured atomic energy levels. A thresh-
old of 2�10−8 hartrees is used to select the configuration
wave functions for �OHe�3+ for internuclear distances from
1.5 to 40 a0. The total number of selected configuration
functions is dependent on the symmetries of the electronic
states considered and generally are less than 35 000. The
energy lowering contribution from the unselected configura-
tion functions is considered by employing an extrapolation
procedure �16,17�. As shown in Table I, the errors in the
calculated energies are less than 0.15 eV in the asymptotic
region, which is adequate for most of the scattering calcula-
tions �22�. The resulting highly correlated electronic wave
functions are then employed to calculate the radial couplings
among the separate 2�+ states or 2� states by using finite
differentiation �23�.

III. SCATTERING METHOD

The quantum-mechanical molecular-orbital close-
coupling �QMOCC� method, which we only briefly discuss
here, has been described thoroughly in the literature �e.g.,
Kimura and Lane �24�, Zygelman et al. �25�, and Wang et al.
�26��. It involves solving a coupled set of second-order dif-

ferential equations using the log-derivative method of
Johnson �27�. In the adiabatic representation, transitions be-
tween channels are driven by radial and rotational matrix
elements of the vector potential A� �R� �, where R� is the inter-
nuclear distance vector. Since the adiabatic description con-
tains first-order derivatives, it is numerically convenient to
make a unitary transformation �25,28,29�, which is depen-
dent on the radial portion of A� �R� �, to a diabatic representa-
tion

U� �R� = W� �R��V� �R� − P� �R��W� −1�R� , �1�

where U� �R� is the diabatic potential matrix, V� �R� is the di-
agonal adiabatic potential, W� �R� is a unitary transformation
matrix, and P� �R� is the rotational matrix of the vector poten-
tial A� �R� � �26,30,31�. In this work, the rotational couplings
are neglected, since radial coupling is expected to be the
dominant mechanism for charge transfer in the calculated
energy region �26,32,33�. With the diabatic potentials and
couplings, the coupled set of second-order differential equa-
tions is solved to obtain the K matrix from the scattering
amplitude after a partial-wave decomposition �see, e.g.,
Zygelman et al. �25��. The electron capture cross section is
then given by

��→� =
	g�

k�
2 �

J

�2J + 1���SJ����2, �2�

where the S matrix is defined as

S� J = �I� + iK� J�−1�I� − iK� J� . �3�

TABLE I. Comparison of asymptotic energies of the �OHe�3+ system between the present MRDCI
calculation and the corresponding experimental data �21�; 
E is the absolute error between the calculated and
experimental data.

Molecular states MRDCI results �eV� Experimental values �eV� �21�

E

�eV�

1 2�+�O2+�2s22p2 1D�+He+�1s 2S�� 2.5434 2.5136 0.0298

2 2�+�O2+�2s22p2 1S�+He+�1s 2S�� 5.4087 5.3544 0.0543

3 2�+�O2+�2s2p3 3Po�+He+�1s 2S�� 17.6373 17.6532 0.0159

4 2�+�O+�2s22p3 2Po�+He2+� 24.4645 24.3140 0.1505

5 2�+�O2+�2s2p3 1Po�+He+�1s 2S�� 26.1609 26.0939 0.0670

6 2�+�O3+�2s22p 2Po�+He�1s2 1S�� 30.3597 30.3800 0.0203

7 2�+�O2+�2s22p3s 3Po�+He+�1s 2S�� 33.1247 33.1666 0.0419

1 2��O2+�2s22p2 3P�+He+�1s 2S�� 0.0 0.02577 0.0258

2 2��O2+�2s22p2 1D�+He+�1s 2S�� 2.54635 2.51356 0.0328

3 2��O2+�2s2p3 3Do�+He+�1s 2S�� 14.83085 14.8832 0.0524

4 2��O2+�2s2p3 3Po�+He+�1s 2S�� 17.63092 17.6532 0.0223

5 2��O+�2s22p3 2Do�+He2+� 22.75189 22.6218 0.1301

6 2��O2+�2s2p3 1Do�+He+�1s 2S�� 23.22529 23.19174 0.0336

7 2��O+�2s22p3 2Po�+He2+� 24.46294 24.314 0.1489

8 2��O2+�2s2p3 1Po�+He+�1s 2S�� 26.16208 26.09394 0.0681

9 2��O3+�2s22p 2Po�+He�1s2 1S�� 30.34771 30.38001 0.0323

10 2��O2+�2s22p3s 3Po�+He+�1s 2S�� 33.12118 33.1666 0.0454
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I� is the identity matrix, k� denotes the wave number for
center-of-mass motion of the initial ion-atom channel, and
g� is an approach probability factor of the initial channel �.
Electron translation factors �ETF’s� �24� are not included in
the current calculations, since the influence of ETF’s is only
expected to be important when the incident energy E
�1 keV /u �26,34,35�. The method described above is car-
ried out for each partial wave J until a converged cross sec-
tion is attained.

IV. RESULTS AND DISCUSSIONS

Since the symmetries of the entrance channels of
O3+�2s22p 2Po�+He�1s2 1S� are exclusively 2�+ and 2�, we
only treat exit channels of these symmetries. Seven 2�+ and
ten 2� electronic states are computed with the MRDCI ap-
proach, in which the 6 2�+ and 9 2� correspond to the inci-
dent channel. As shown in Table I, the energy intervals be-
tween 2 2�+ and 3 2�+ states and between 2 2� and 3 2�
states are as large as �12.5 eV in the asymptotic region,
while 7 2�+ and 10 2� states are endothermic channels, so
that these states including 1 2�+, 2 2�+, and 7 2�+ and 1 2�,
2 2�, and 10 2� should not be important for charge-transfer
processes in the concerned energy region. Therefore, four
2�+ channels �3, 4, 5, and 6� and seven 2� channels �3–9�
are included in our QMOCC calculations.

A. Potentials and radial couplings

Figure 1 displays the adiabatic and diabatic potentials of
�OHe�3+ �2�+�, as a function of internuclear distance, consid-
ered in the scattering calculations. Strong avoided crossings
appear at about 13, 9.3, 4.4, and 2.4 a0, which are respon-
sible for driving the transitions between 2�+ channels. The
diabatic potentials cross at those avoided crossing points as
expected. The adiabatic and diabatic potentials of �OHe�3+

�2�� are plotted in Fig. 2. Strong avoided crossings appear
around 13, 9.3, 7.7, 7.2, 4.4, 2.7, and 2.4 a0 in the adiabatic
potentials and the resulting diabatic potentials cross at these
positions.

In Fig. 3, the nonadiabatic radial coupling matrix ele-
ments between the adjacent states are presented for the 2�+

and 2� states, respectively. The positions for each peak are
consistent with the positions of the avoided crossings as
shown in Figs. 1 and 2. It can be found that the inner radial
couplings around 4.4 and 2.4 a0 for 2�+ states and around
4.4, 2.7, and 2.4 a0 for 2� states are much broader and
smaller compared with the sharp outer radial couplings, and
these avoided crossings are expected to play dominant roles
in the charge-transfer processes. To the best of our knowl-
edge, no adiabatic potentials or radial coupling data are
available in the literature for �OHe�3+ system. The positions
and the adiabatic energy splittings for these avoided cross-
ings are given in Table II. For the bigger avoided crossing
distance Rx�7 a0, the energy separations are too small to be
so accurate as the cases for Rx�7 a0 due to the computa-
tional accuracies in the MRDCI method. But they can be
treated as the diabatic processes and their contributions to the
charge-transfer cross sections are not important.

Figure 4 plots the diabatic radial couplings of �OHe�3+

�2�+� as a function of internuclear distance. Except for short
internuclear distances �R�2 a0�, the couplings vary
smoothly with R. Approaching the united-atom limit, some
short-range avoided crossings are present and contribute to
the erratic behavior. The diabatic radial couplings for the
�2�� states are plotted in Fig. 5.

B. Total and state-selective cross sections

Using the QMOCC method, total and state-selective elec-
tron capture cross sections in collisions of O3+ with He are
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FIG. 1. Adiabatic �solid lines� and diabatic potentials �dashed
lines� of �OHe�3+ 2�+ states as a function of internuclear dis-
tance. The curves denote O2+�2s2p3 3Po�+He+�1s 2S��3 2�+�,
O+�2s22p3 2Po�+He2+�4 2�+�, O2+�2s2p3 1Po�+He+ �1s 2S�
�5 2�+�, and O3+�2s22p 2Po�+He�1s2 1S� �6 2�+� states from bot-
tom to top for both adiabatic and diabatic states.
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FIG. 2. Adiabatic �solid lines� and diabatic potentials �dashed
lines� of �OHe�3+ 2� states as a function of internuclear distance.
The curves denote O2+�2s2p3 3Do�+He+ �1s 2S� �3 2��,
O2+�2s2p3 3Po�+He+�1s 2S� �4 2��, O+�2s22p32Do�+He2+�52��,
O2+�2s2p3 1Do�+He+ �1s 2S� �6 2��, O+�2s22p3 2Po�+He2+�7 2��,
O2+�2s2p3 1Po�+He+ �1s 2S� �8 2��, and O3+�2s22p 2Po�
+He�1s2 1S� �9 2�� states from bottom to top for both adiabatic and
diabatic states.
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calculated from 0.01 eV/u to 1 keV/u. The total cross sec-
tions are compared with available experimental and theoret-
ical results as shown in Fig. 6. SEC dominates the charge-
transfer process in the considered energy region, but the SEC
cross section decreases gradually as the collision energy in-

creases. There are two slight humps at collision energies of 1
and 10 eV/u, which also appear in the measurements of Ishii
et al. �13�. From about 10 to 100 eV/u, the current QMOCC
calculations agree with all the measured data within experi-
mental errors, but obvious discrepancies exist between the

TABLE II. Avoided crossing distances and energy separations for the adiabatic states of �OHe�3+ �adia-
batic labels�.

Molecular states
Rx

�units of a0�

U
�eV� Molecular states

Rx

�units of a0�

U
�eV�

3 2�+−4 2�+ 2.40 0.0640 3 2�−4� 2.70 0.0024

3 2�+−4 2�+ 4.40 0.0149 4 2�−5� 2.40 0.1045

4 2�+−5 2�+ 9.26 6.46�10−7 4 2�−5� 4.39 0.00689

5 2�+−6 2�+ 13.00 3.80�10−6 5 2�−6� 7.16 7.22�10−7

6 2�−7� 7.671 1.156�10−4

7 2�−8� 9.26 1.61�10−6

8 2�−9� 13.01 1.226�10−6

FIG. 3. Nonadiabatic radial
couplings of �OHe�3+ as a func-
tion of internuclear distance. Up-
per figures: couplings between
2�+ states; lower figures: cou-
plings between 2� states. Note
that different height and width
scales are used for the various
plots.
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MCLZ calculations of Ishii et al. �13� and the measurements
for collision energies greater than 20 eV/u, despite the good
agreement at lower energies. The COB approximation �13�
overestimates the magnitude and clearly has the wrong en-
ergy dependence. For lower energies �E�5 eV /u�, the
present SEC cross sections are about 50%–100% larger than
the experimental results of Ishii et al. �13�. This difference
may be caused by angular scattering effects �12,36�, which
lead to the underestimation of the absolute cross sections for
low collision energies in the measurements. At collision en-
ergies greater than 300 eV/u, the present calculation under-
estimates the measurement of Ishii et al. �13�. This may re-

sult from the omission of the lowest four channels, 1 2�+,
2 2�+, 3 2�, and 4 2�, which may contribute to the total
cross sections at high collision energies, while the endo-
thermic channels �O2+�2s22p3s 3Po�+He+ �1s 2S� �7 2�+�
and O2+�2s22p3s 3Po�+He+ �1s 2S��10 2��� likely become
important at much higher energies.

For the double-electron capture �DEC� process, there ex-
ists some discrepancies between the current results and the
measurements of Ishii et al. �13�. The new QMOCC calcu-
lations overestimate the cross section by as much as a factor
of 3 for E�100 eV /u, which may be partly caused by the
computational precision in the potential and radial coupling
calculations. It can be observed from Table I that there are
errors of about 0.15 eV in the asymptotic energies for the
double-electron capture channels. To check the effects of the
computational precision, we reduced the asymptotic energies
of the DEC channels by about 0.1 eV in agreement with the
experimental values and found that the change in the single-
electron capture cross sections can be neglected, but for the
DEC process, a large change appears for incident energies
E�10 eV /u. This reveals that the present computational
precision of MRDCI may affect the calculations for the weak
DEC process at very low incident energies. Meanwhile, this
discrepancy may also be due to angular scattering effects
�12,36� in the experiment. Another possibility is that the
DEC process is too weak to be measured accurately. As the
collision energy increases, the DEC cross section increases;
when E�100 eV /u, the DEC cross section approaches
10−16 cm2 and our results fall within the experimental errors.

State-selective single-electron and double-electron cap-
ture cross sections are shown in Fig. 7. It should be noted
that both the SEC and DEC processes involve two-electron
and two-center interactions. For SEC, in addition to the cap-
ture of the electron from He to the oxygen ion, the 2s elec-
tron in the oxygen ion is excited into 2p creating the core-
excited configuration 2s2p3. The two-electron interactions
increase the difficulties of MRDCI calculations. In the low-

FIG. 4. Diabatic radial couplings of �OHe�3+ 2�+ states as a
function of internuclear distance. Solid line, 3 2�+−4 2�+; dashed
line, 3 2�+−5 2�+; dotted line, 3 2�+−6 2�+; dash-dotted line,
4 2�+−5 2�+; dash-dot dotted line, 4 2�+−6 2�+; short-dashed
line, 5 2�+−6 2�+.

FIG. 5. Diabatic radial couplings of �OHe�3+ �2�� as a function
of internuclear distance. The upper figure: solid line, 3 2�−4 2�;
dashed line, 4 2�−5 2�; dotted line, 5 2�−6 2�; dash-dotted line,
6 2�−7 2�; dash-dot dotted line, 7 2�−8 2�; short-dashed line,
8 2�−9 2�; The lower figure: solid line, 3 2�−9 2�; dashed line,
4 2�−9 2�; dotted line, 5 2�−9 2�; dash-dotted line, 6 2�
−9 2�; dash-dot dotted line, 7 2�−9 2�; short-dashed line, 8 2�
−9 2�.

FIG. 6. Total SEC and DEC cross sections for O3++He colli-
sions. Calculations: current QMOCC SEC �solid line� and DEC
�dashed line�, MCLZ SEC �13� �dash-dotted line�, COB �13� SEC
�dotted line�, and DEC �short dotted line�. SEC experiments: Ref.
�12� �unfilled triangles�, Ref. �13� �filled squares�, and Ref. �14�
�unfilled squares�. DEC experiments: Ref. �13� �filled circles�.
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energy region �E�20 eV /u�, captures to the channels
O2+�2s2p3 3Do�+He+ �1s 2S� and O2+�2s2p3 3Po�+He+

�1s 2S� dominate the charge-transfer process, and the cross
sections for capture to the other four channels
O2+�2s2p3 1Do�+He+ �1s 2S�, O2+�2s2p3 1Po�+He+ �1s 2S�,
O+�2s22p3 2Do�+He2+ and O+�2s22p3 2Po�+He2+ are less
than 10% of the two dominant channels. This results from
the strong couplings between 3 2�−4 2�, 4 2�−5 2�, and
3 2�+−4 2�+ at the avoided crossing positions �2.7, �2.4,
and 4.4 a0, respectively. There are larger and narrower radial
couplings at �9.26 and 1.3 a0 for the 2�+ states and at
�7.2, 7.6, 9.26, and 1.3 a0 for the 2� states, as shown in
Fig. 3; most of these interactions can be treated as diabatic so
that the corresponding cross sections are small. With increas-
ing energy, the cross section for capture to O2+�2s2p3 3Po�
+He+ �1s 2S� drops rapidly while capture to
O2+�2s2p3 3Do�+He+ �1s 2S� remains constant. It is interest-
ing that there are two humps at about 1 and 10 eV/u for
O2+�2s2p3 3Po�+He+ �1s 2S�, which are due to the avoided
crossing at �2.7 a0 for O2+�2s2p3 3Do�+He+ �1s 2S� lying
between the two avoided crossings at �2.4 and �4.4 a0 for
O2+�2s2p3 3Po�+He+ �1s 2S�. The cross sections for capture
to O2+�2s2p3 1Do�+He+ �1s 2S�, O2+�2s2p3 3Do�+He+

�1s 2S�, and O2+�2s2p3 3Po�+He+ �1s 2S� increase with in-
creasing collision energy, which may be due to the weak
radial coupling at short internuclear distances, while the
cross section for capture to O2+�2s2p3 1Po�+He+ �1s 2S� al-
most remains constant over the considered energy region.

Looking at the state-selective cross sections in detail,
some oscillatory structures are found in the energy range
from 1 to 100 eV/u for both 2�+ and 2� states, as shown in
Fig. 8. The obvious oscillations in the O2+�2s2p3 3Po�+He+

�1s 2S� channel in the 2�+ and 2� symmetries are due to its
interference with the O2+�2s2p3 3Do�+He+ �1s 2S� channel,

since the charge-transfer cross sections for these two chan-
nels are comparable in magnitude. The interferences between
the O2+�2s22p3 2Do�+He2+ and O2+�2s2p3 1Do�+He+ �1s 2S�
channels and between the O+�2s22p3 2Po�+He2+ and the
O2+�2s2p3 1Po�+He+ �1s 2S� channels also produce some os-
cillations.

Experimentally, Bangsgaard et al. �12� have only reported
some state-selective cross-section data at a few collision en-
ergies �see Table III of Ref. �12��. Due to limitations in re-

FIG. 7. State-selective QMOCC SEC and DEC cross sections
for O3++He. Solid line with filled circles: SEC to
�O2+�2s2p3 3Do�+He+�1s 2S��; solid line with unfilled circles: SEC
to �O2+�2s2p3 3Po�+He+�1s 2S��; solid line with filled squares:
DEC to �O+�2s22p3 2Po�+He2+�; solid line with unfilled squares:
SEC to �O2+�2s2p3 1Po�+He+�1s 2S��; solid line with filled tri-
angles: DEC to �O+�2s22p3 2Do�+He2+�; solid line with unfilled
triangles: SEC to �O2+�2s2p3 1Do�+He+�1s 2S��.

FIG. 8. Oscillations in the state-selective charge-transfer cross
sections for O3++He. �a� State-selective cross section for 2�+ chan-
nels; �b� state-selective cross section for 2� channels. Solid line:
electron captured to �O2+�2s2p3 3Po�+He+�1s 2S��; dashed line:
�O+�2s22p3 2Po�+He2+�; dotted line: �O2+�2s2p3 1Po�
+He+�1s 2S��; dash-dotted line: �O2+�2s2p3 3Po�+He+�1s 2S��;
short-dashed line: �O+�2s22p3 2Do�+He2+�; short-dotted:
�O2+�2s2p3 1Do�+He+�1s 2S��.

FIG. 9. The state-selective SEC cross-section ratios for capture
to the triplet states O2+�2s2p3 3Po , 3Do� and singlet states
O2+�2s2p3 1Po , 1Do�. Solid line: the present QMOCC results with
the contribution of DEC 2Po included in the 1Po+ 1Do cross section;
dashed line: present QMOCC results with the contributions of DEC
2Po and 2Do included in 1Po+ 1Do cross section; dotted line: present
QMOCC results without the contributions of DEC included in
1Po+ 1Do cross section; filled circles: results of the experiment of
Bangsgaard et al. �12�.
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solving power in the translational energy-gain spectra experi-
ment, the product channels cannot be assigned separately and
thus the experimental results were given as the summation
over channels with similar energy defects. For comparison,
the cross-section ratio of �3Po+ 3Do� / �1Po+ 1Do� is computed
and shown in Fig. 9 with the results of Ref. �12�. In the
current calculation, the DEC cross sections to the 2Po and
2Do channels are included for the 1Po and 1Do states of simi-
lar energy defects and the value of their ratio is shown as a
dashed line in Fig. 9, while the results with the 2Do cross
sections added to the 1Po and 1Do are represented as a solid
line. The present calculations agree with the measurements
of Bangsgaard et al. �12� within the experimental error,
which further confirms the accuracy of the present QMOCC
and MRDCI calculations. For 500 eV incident energy �31.25
eV/u�, the calculated cross-section ratio of 3Po / 3Do is about
0.97, which is consistent with the energy-gain spectrum of
Bangsgaard et al. �see Fig. 3 of Ref. �12�� and thus would
appear to resolve the previous conflict between measurement
and calculation �12�. Over the whole energy region consid-
ered, capture to the 3Po and 3Do channels is dominant, while
the importance of other channels increases increasing inci-
dent energy. The contributions of 3Po and 3Do and that from
other channels become comparable when the collision en-
ergy is larger than 10 eV/u. Also shown in Fig. 9 is the pure
SEC triplet-singlet ratio which is seen to be greater than the
statistical value of 3 at all considered energies, but ap-
proaches the statistical value at the highest energy.

In Fig. 10, we compare the total SEC cross section for
O3++He with SEC cross sections for H and H2 also obtained
with the QMOCC method �31�. Here we have scaled the
cross sections by the square of the target ionization potentials
as suggested by the COB model for collision systems with

TABLE III. Total SEC and state-selective charge-transfer rate coefficients �cm3 /s� as a function of
temperature. Note that the number in square brackets indicates the power of 10.

T
�K� Total 3Do�2s2p3� 3Po�2s2p3� 2Do�2s22p3� 1Do�2s2p3� 2Po�2s22p3� 1Po�2s2p3�

100 6.82�−10� 1.32�−10� 5.35�−10� 1.15�−12� 1.33�−12� 7.57�−12� 6.10�−12�
200 7.15�−10� 1.19�−10� 5.76�−10� 1.34�−12� 1.42�−12� 8.50�−12� 8.65�−12�
400 7.33�−10� 1.07�−10� 5.99�−10� 1.68�−12� 1.50�−12� 1.11�−11� 1.27�−11�
600 7.45�−10� 1.05�−10� 6.07�−10� 1.93�−12� 1.55�−12� 1.34�−11� 1.59�−11�
800 7.61�−10� 1.12�−10� 6.12�−10� 2.14�−12� 1.60�−12� 1.54�−11� 1.86�−11�
1000 7.82�−10� 1.23�−10� 6.17�−10� 2.32�−12� 1.64�−12� 1.71�−11� 2.10�−11�
2000 9.11�−10� 2.07�−10� 6.45�−10� 3.06�−12� 1.85�−12� 2.30�−11� 3.05�−11�
4000 1.14�−9� 3.63�−10� 6.60�−10� 4.32�−12� 2.18�−12� 2.97�−11� 4.44�−11�
6000 1.31�−9� 4.68�−10� 7.46�−10� 5.31�−12� 2.49�−12� 3.44�−11� 5.54�−11�
8000 1.44�−9� 5.41�−10� 7.86�−10� 6.02�−12� 2.78�−12� 3.88�−11� 6.47�−11�
10000 1.54�−9� 5.96�−10� 8.21�−10� 6.55�−12� 3.06�−12� 4.33�−11� 7.29�−11�
20000 1.95�−9� 7.94�−10� 9.65�−10� 9.28�−12� 4.25�−12� 6.88�−11� 1.04�−10�
40000 2.59�−9� 1.11�−9� 1.18�−9� 2.22�−11� 6.39�−12� 1.27�−10� 1.50�−10�
60000 3.12�−9� 1.35�−9� 1.35�−9� 4.33�−11� 8.57�−12� 1.86�−10� 1.88�−10�
80000 3.58�−9� 1.53�−9� 1.51�−9� 6.73�−11� 1.09�−11� 2.40�−10� 2.24�−10�

100000 3.97�−9� 1.66�−9� 1.67�−9� 9.10�−11� 1.34�−11� 2.88�−10� 2.56�−10�
200000 5.39�−9� 1.98�−9� 2.36�−9� 1.78�−10� 2.68�−11� 4.63�−10� 3.89�−10�
400000 6.87�−9� 2.12�−9� 3.19�−9� 2.56�−10� 5.06�−11� 6.71�−10� 5.78�−10�
600000 7.72�−9� 2.12�−9� 3.70�−9� 2.98�−10� 6.79�−11� 8.18�−10� 7.28�−10�
800000 8.39�−9� 2.08�−9� 4.10�−9� 3.31�−10� 8.12�−11� 9.39�−10� 8.62�−10�
1000000 8.99�−9� 2.03�−9� 4.47�−9� 3.59�−10� 9.20�−11� 1.05�−9� 9.86�−10�

FIG. 10. Total SEC cross sections for O3++He collisions. Solid
line: the present QMOCC results; dashed line: the scaled SEC cross
sections from the QMOCC SEC of O3++H �31�; dotted line: the
scaled SEC cross sections from the QMOCC SEC of O3++H2 �31�.
Noted that the I in Y axis represents the ionization potential of H
and H2, respectively.
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the same initial charge. As expected, the cross sections for
the different targets are very different being sensitive to the
molecular structure of the quasimolecules. At the highest en-
ergies the total SEC cross sections begin to become compa-
rable, but still display a factor of 2–3 discrepancy at 1 keV/u.
As noted in many other studies, the COB model should be
used with caution.

C. Total and state-selective rate coefficients

Total SEC and state-selective charge-transfer rate coeffi-
cients were calculated using the cross sections obtained by
the QMOCC method and are plotted in Fig. 11. The only
previous calculation was that of Butler and Dalgarno �15�

who used a two-channel LZ method, but for a limited tem-
perature range. The agreement is fair given the approxima-
tions adopted in Ref. �15� for this complex system. It can be
found from Fig. 11�b� that the single-electron charge-transfer
processes for capture to the O2+�2s2p3 3Po� and
O2+�2s2p3 3Do� dominate over the other channels for the
whole temperature range considered. The double-electron
charge-transfer process becomes significant with increasing
temperature with capture to the O+�2s22p3 2Po� becoming
comparable to that for the O2+�2s2p3 3Po� and
O2+�2s2p3 3Do� at T=106 K. The total SEC and state-
selective rate coefficients are also tabulated in Table III.

V. SUMMARY

Charge-transfer processes due to collisions of ground-
state O3+�2s22p 2P� ions with atomic helium are investigated
using the QMOCC method. The ab initio adiabatic potential
and radial coupling utilized in the QMOCC calculations are
obtained from the MRD-CI approach. Total cross section and
especially the state-selective cross section of the electron
capture processes are provided for collision energies from
0.01 eV/u to 1 keV/u. Comparison with existing data shows
that the present QMOCC calculations agree quite well with
the experimental results for total and state-selective single-
electron capture cross sections. Further theoretical and ex-
perimental studies are needed to explore noted discrepancies
in double capture processes.
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