
Comparative study of quantal and semiclassical treatments of charge transfer
between O+ and He

L. B. Zhao,1 D. C. Joseph,1 B. C. Saha,1 H. P. Liebermann,2 P. Funke,2 and R. J. Buenker2

1Department of Physics, Florida A and M University, Tallahassee, Florida 32307, USA
2Fachbereich C-Mathematik und Naturwissenschaften, Bergische Universität Wuppertal, D-42097 Wuppertal, Germany

�Received 22 December 2008; published 11 March 2009�

A comparative study for the electron capture process O+ �4S0 , 2D0 , 2P0�+He→O�3P�+He+ is reported. The
cross sections are calculated using fully quantal and semiclassical molecular-orbital close-coupling �MOCC�
approaches in the adiabatic representation. Detailed comparison of transition probabilities and cross sections is
made from both MOCC approaches and displays close agreement above �125 eV /u. The remarkable dis-
crepancies between the earlier semiclassical and quantal MOCC approaches may be attributed to the insuffi-
cient step-size resolution in their semiclassical calculation �M. Kimura et al., Phys. Rev. A 50, 4854 �1994��.
Our results have also been compared with experiment and found to be in good agreement.
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Considerable attention has been paid to investigations of
charge transfer for collisions of O+ and He in recent years
�1–6� because of its importance in populating excited states
of oxygen and producing its atomic emission spectra in vari-
ous astronomical environments, such as comets �7�, the ter-
restrial atmosphere �8�, and supernova remnants �9�. From
the fundamental physics point of view, it is also very impor-
tant to obtain detailed information on molecular structures
and interactions for this system. The validity of classical,
semiclassical, and quantal theories describing the collision
systems may be checked by comparing measured and evalu-
ated cross sections.

Recently, two experimental studies on charge transfer be-
tween O+ and He arrived at completely contradictive conclu-
sions. The measurement of Kusakabe et al. �1� showed that
the total capture cross sections from He by metastable
O+�2D0 , 2P0� ions at keV energies are similar to or even
greater than that for the ground-state O+�4S0�, while Wolfrum
et al. �4� found that the metastable cross sections are too
small to be measurable and suggested that this unexpected
behavior was caused by efficient suppression of electron cap-
ture by one of the metastable ions due to a competing colli-
sionally induced inelastic transition into the companion
metastable state. In view of such completely contradictory
conclusions, Lindsay and Stebbings �5� remeasured charge-
transfer cross sections for the same process. Their ground-
state capture cross sections agree well with those of Wolfrum
et al. �4� and Kusakabe et al. �1� above 2 keV and the meta-
stable cross sections are also consistent with the mixed-state
data of Kusakabe et al. �1�. However, the large differences
between the ground-state and metastable cross sections pre-
dicted by semiclassical calculations were not observed by
Lindsay and Stebbings �5�.

More recently, Zhao et al. �6� reported a fully quantal
investigation of charge transfer between O+ and He using the
molecular-orbital close-coupling �MOCC� method in the di-
abatic representation. They obtained good agreement with
most of the measurements mentioned above. However, the
calculations of Zhao et al. �6� reproduced neither the ground-
state nor the metastable-state cross section, as predicted by
the semiclassical MOCC approach of Kimura et al. �3�. The

quantal MOCC and semiclassical MOCC approaches are ex-
pected to agree if collision energies are not very low. For
example, quantal and semiclassical charge-transfer cross sec-
tions and transition probabilities have shown good agreement
for several collision systems, such as Be4++H �10�, C2+

+He �11�, and S2++He �12� systems in the keV energy re-
gion.

The existing discrepancies among various experimental
and theoretical results, especially between the semiclassical
and quantal calculations for the system stimulated us to carry
out a comparative study for charge transfer of O+ and He
using the fully quantal and semiclassical MOCC approaches.
In the present Brief Report, we consider the same charge-
transfer process,

O+�4S0, 2D0, 2P0� + He → O�3P� + He+ − �E , �1�

as that of Kimura et al. �3� and Zhao et al. �6�.
The fully quantal approach employed in this investigation

has been formulated earlier in Ref. �13�. Here we present
only a brief overview of the MOCC approach. The
molecular-orbital close-coupling matrix equations in the
adiabatic representation are written in the form

−
1̇

2�
��R

2 − M�R� − P�R� · �R�F� �R� + E�R�F�R� = EF�R� ,

�2�

where � is the nuclear-reduced mass of the ion-atom pair, E
is the relative collision energy in the center-of-mass frame, R
is the coordinate of the relative nuclear motion, F�R� is the
scattering amplitude describing relative motion of the nuclei,
E�R� is a diagonal matrix with elements consisting of adia-
batic eigenvalues for each channel state with �R�=R, and M
and P are the coupling matrices whose expressions are given
in Ref. �13�.

By introducing a partial-wave decomposition for F�R� as
done in Ref. �13�, Eq. �2� can be further reduced, and the
resulting set of radial coupled equations can be solved with
the normalized Fox-Goodwin algorithm of Braga and Bel-
chior �14�. From the numerical results of close-coupling
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equations for each partial wave and their asymptotic expres-
sions, the K matrix may be extracted, and thus the scattering
matrix S and charge-transfer cross sections are obtained by
using the standard relations �15� corresponding to each par-
tial wave. It is important to note that our prescription is dif-
ferent from that of Ref. �14�, which starts from the
Schrödinger equation in the diabatic representation. We,
however, directly adopt an adiabatic basis and thus avoid
transformation in order to regain the adiabatic representation.

The semiclassical MOCC approach utilized in the current
collision calculations has been detailed in the review of
Kimura and Lane �16� and also outlined in Ref. �12�, and
therefore is omitted here.

Ten molecular states involved in these calculations are
2 2�−, 3 2�, 2 4�−, and 1 4�, formed in the approach of
O�3P� with He+, 1 2�+ and 2 2� by O+�2P0� with He, 1 2�,
1 2�, and 1 2�− by O+ �2D0� with He, and 1 4�− by O+�4S0�
with He. The potentials of the ten molecular states and all 19
radial and rotational couplings among the ten states are
evaluated from internuclear distance R=1.5a0−8.0a0 with
the multireference single- and double-excitation
configuration-interaction �MRD-CI� method �17�. These
have been reported earlier in Refs. �3,6,18�. Detailed infor-
mation on these potentials, such as the comparison of the
asymptotic separated-atom energies with the experimental
and other theoretical energies, and the dominant and weak
couplings can be found therein.

The seven-doublet-state and three-quartet-state close-
coupling calculations have been performed for OHe+ using
both the quantal and semiclassical MOCC approaches in the
adiabatic representation, as described above. In order to
make a detailed comparison between the quantal and semi-
classical findings, the transition probabilities P�b� times im-
pact parameters b as a function of b are plotted, respectively,
at E=125 eV /u and 1 keV/u in Figs. 1 and 2. Both quantal
and semiclassical bP�b� display similar Stueckelberg-type
oscillating structures for capture by the metastable 2D0 and
2P0 ions, while a nonoscillating shape is found for capture by
O+ in the ground state, 4S0 at E=1 keV /u. From the two
figures, one sees good agreement between the quantal and
semiclassical transition probabilities and agreement is excel-
lent at E=1 keV. This close agreement illustrates effective-
ness of the classical description of nuclear motion. As such a
detailed comparison can provide a check on the reliability
and accuracy of the theoretical methods employed, the tran-
sition probabilities are compared at a few more energies
�E=31.25,62.5,500,625 eV /u�. We found that agreement
worsens with decreasing collision energies. Such a tendency
is not surprising. This is because as energies get lower, the
quantal behavior of nuclei becomes notable and the classical
description of nuclear motion is no longer valid. Depending
on systems and their states, starting energies where semiclas-
sical theory fails are different. Furthermore, it is observed
that the lower the energies are, the more violent the oscilla-
tion of bP�b�. This feature has also been observed earlier for
S2++He collisions �12�. An explanation has been given
therein �see Ref. �12� for details�.

In Figs. 3�a� and 3�b�, we present electron capture cross
sections by O+ ions in the ground and metastable states, re-
spectively, along with other theoretical and experimental re-

sults. The projectile energy concerned ranges from 0.5 to 10
keV. The current quantal and semiclassical MOCC cross sec-
tions in the adiabatic representation agree very well in the
higher-energy region, but there are larger discrepancies at the
lower energies. In particular, the discrepancy attains a factor
of about 2 for 4S at ELab=0.5 keV. This illustrates the limi-
tation of semiclassical theory, as discussed above. Our quan-
tal MOCC cross sections have been compared with the quan-
tal MOCC results in the diabatic representation �6�. The
discrepancy between both quantal results ��40%� is
attributed to different estimates of potential and couplings in
the interior region of small internuclear distances, where
ab initio calculations of molecular structures are rather diffi-
cult for any theoretical technique. The estimates made in the
present work and Ref. �6�, which are based on the different
representations, are not identical and therefore give rise to
the discrepancies depicted in the figures.

Over the entire energy region, the semiclassical MOCC
cross sections of Kimura et al. �3� are larger than the present
semiclassical MOCC results for both the metastable 2D0 and
2P0 states. The discrepancy varies widely from a factor of a
few to more than 1 order of magnitude. In contrast, for the
ground state 4S0, the semiclassical results of Kimura et al.
�3� are significantly smaller than ours except for energies
close to ELab=9 keV. The discrepancies may stem from an
insufficient step-size resolution in their calculations. As the
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FIG. 1. �Color online� Comparison of quantal �—–� and semi-
classical �----� MOCC transition probabilities P�b� times impact
parameters b for capture by O+ in the 4S0, 2D0, and 2P0 states as a
function of b at E=125 eV /u. In the quantal case, we take
b=J /k.
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adiabatic representation is utilized in the semiclassical
MOCC calculations, a difficulty arises in solving the set of
coupled equations when integrating through a sharp avoided
crossing where a radial coupling is strongly peaked. Near
such avoided crossings, a small integration step size is re-
quired. Larger step sizes result in significant variation in the
cross sections leading to unconverged results. The integra-
tion step size may have not been small enough in the semi-
classical MOCC calculations of Kimura et al. �3�. We care-
fully checked the variation in transition probabilities as well
as cross sections with the step sizes to attain convergence at
each energy point in the current quantal and semiclassical
MOCC calculations. In all cases, the step size required be-
comes smaller with increasing energies.

The experimental cross sections shown in Fig. 3�a� are
from measurements presumed to be for pure O+�4S0� beams
or beams with small metastable contamination �4�. The cur-
rent quantal and semiclassical MOCC results agree well with
the measured data except for those of Kusakabe et al. �1�
below 2 keV. According to Lindsay and Stebbings �5�, the
discrepancy was caused due to the problem for apparatus
operating at the lower energies. Above 5 keV, the current
quantal and semiclassical MOCC results are in better agree-
ment with experimental cross sections than those of Ref. �6�.
In view of the fact that Kusakabe et al.’s �1� O+�4S0� beams
have been contaminated with the metastable ions, it is
readily inferred that capture cross sections for the metastable
states are similar to those for the ground state above around
3 keV. Such a conclusion has been reached by Zhao et al. �6�

and is also supported by the current calculations.
In Fig. 3�c�, the current quantal and semiclassical MOCC

cross sections for capture by the metastable O+ ions are com-
pared with the measurement of Lindsay and Stebbings �5�.
As their experimental techniques cannot differentiate be-
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FIG. 2. �Color online� Similar to Fig. 1 but E=1.0 keV /u.
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FIG. 3. �Color online� Cross sections for charge transfer be-
tween O+ and He. �a� Capture by O+�4S0�. Theory: —– present
quantal MOCC; ---- present semiclassical MOCC; · · · · · Zhao et al.
�6�; - ·- ·, Kimura et al. �3�. Experiment: � Kusakabe et al. �1�; �,
Kusakabe et al. �1�, mostly ground state but small metastable con-
tamination; � Wolfrum et al. �4�; � Lindsay and Stebbings �5�. �b�
Capture by O+�2D0� and O+�2P0�. Same notations as in �a�. �c�
Capture by mixed metastable O+ ions. Theory: same notations as in
�a� with a fraction ratio O+�2P0� :O+�2D0�=1:4. Experiment: �
Lindsay and Stebbings �5�. �d� Capture by mixed ground-state and
metastable O+ ions. Theory: same notations as in �a� with a fraction
ratio O+�4S0� :O+�2D0� :O+�2P0�=2:5:3. Experiment: � Kusakabe
et al. �1�; � Wolfrum et al. �4�.
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tween O+�2P0� and O+�2D0� and the mixing ratio is un-
known, one has to first assume the ratio to make a compari-
son between experiment and theory. Zhao et al. �6�
reproduced the experimental data by taking the ratio of
O+�2P0� to O+�2D0� to be 1:4 except at ELab=5 keV. The
explanation of the discrepancy at ELab=5 keV can be found
therein. Using the same ratio as that in Ref. �6�, we obtain
good agreement with the measurement for both the quantal
and semiclassical MOCC calculations. It should been em-
phasized that our results are in contrast with Wolfrum et al.’s
�4� experimental conclusion that the metastable cross sec-
tions are too small to be measurable.

To compare with measurements for capture by unspecified
mixed ions in the 4S0, 2D0, and 2P0 states, Zhao et al. �12�
investigated variations in cross sections with fractions of
O+�4S0�, O+�2D0�, and O+�2P0� and found that 2:5:3 did gen-
erate the best agreement with the measurements. In Fig. 3�d�,
our quantal and semiclassical MOCC cross sections are pre-
sented with the same fraction ratio and compared with mea-
surement by Kusakabe et al. �6� and also with the quantal
MOCC results in the diabatic representation. The measure-
ment by Wolfrum et al. �4� is also shown in this figure, as
their ion beam is thought to be a mixed beam, although they

claim it to be a pure beam. Good agreement is displayed.
In summary, in order to explain the discrepancies among

various experimental and theoretical results, especially be-
tween quantal and semiclassical MOCC calculations, we
have performed a comparative study of charge transfer for
collisions of O+ and He using the fully quantal and semiclas-
sical MOCC approaches in the adiabatic representation. It is
found that the remarkable discrepancies between the previ-
ous semiclassical and quantal MOCC calculations �6� are
attributed to the insufficient step-size resolution yielding un-
converged results in the semiclassical calculations. Our re-
sults have also been compared with experiments and found
to be in good agreement with most of the experimental data.
The present quantal and semiclassical MOCC calculations
support a previously drawn conclusion in the literature �6�,
namely, the so-called “suppressed electron capture effect” for
metastable ions is not a viable mechanism.
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