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Using an electronic-state close-coupling method, we treated the electron capture and excitation processes of
O+ ions both in ground state O+s4Sd and metastable states O+*s2Dd and O+*s2Pd in collisions with the H2

molecule. In the ground-state projectile energy region considered(from 50 eV/amu to 10 keV/amu), the
experimental data vary by orders of magnitude: our results smoothly connect to the data by Flesch and Ng[J.
Chem. Phys.94, 2372 (1991)] and Xu et al. [J. Phys. B 23, 1235 (1990)] at low energy and agree with
Phaneufet al. [Phys. Rev. A17, 534(1978)] in the high-energy region. The present values differ from Sieglaff
et al. [Phys. Rev. A59, 3538(1999)] and Nuttet al. [J. Phys. B12, L157 (1979)], especially in the energy
region below 1 keV/amu. We provide the first calculated state-resolved cross sections of electron capture and
target-projectile electronic excitations for the O+s4S, 2D , 2Pd-H2 collision system.
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I. INTRODUCTION

A survey of the literature on the measured O+s4Sd-H2 total
charge transfer cross sections, as published since the 1970s
until 2002, raises an interesting question on the origin of the
orders of magnitude discrepancy which still persists in the
experimental data[1–13]. The collision of O+s4Sd ground-
state ions with H2 has been measured many times. This is not
only because the resulting charge-transfer process is known
to be important in astronomy[14–16], fusion science[17],
and chemistry[18], but especially since resolving the above
discrepancy remains a challenge in both experiment and
theory.

Several experimental techniques were employed to mea-
sure the O+s4Sd-H2 total charge-transfer cross section as clas-
sified by the O+s4Sd production mechanism. First, dissocia-
tive ionization of CO molecules by electron impact with
collision energy below the metastable production threshold
was used by Moran and Wilcox[4], Kusakabeet al. [6–8],
and Hoffmanet al. [9]. Sieglaff et al. [5] filtered out the
metastable O+*s2Dd and O+*s2Pd ions from a mixture con-
taining the O+s4Sd ions by using charge-transfer collisions
with N2. Flesh and Ng[2] and Irvine and Latimer[3] pro-
duced ground-state O+s4Sd ions by the dissociative photoion-
ization of O2. Finally, Xu et al. [1] and Nuttet al. [11] used
beam attenuation curves to distinguish the O+s4Sd data.

In the charge-transfer cross-section measurements of
metastable O+*s2D , 2Pd ions, Xu et al. [1] relied on the at-
tenuation curve method and Sieglaffet al. [5] used a mixed-

state ion beam with a defined O+s4Sd abundance ratio, while
Li et al. [10] employed the dissociative charge transfer in
collisions of Ne+ and He+ with O2. By using rf octopole ion
trap techniques, Liet al. obtained state-specific O+*s2Dd and
O+*s2Pd ion beams.

In the case of the O+s4Sd ion, there are two charge-transfer
cross-section data sets, which differ by an order of magni-
tude. The first set is characterized by low cross-section val-
ues, such as in the experiments of Flesh and Ng[2]. Mea-
surements by Xuet al. [1], Irvine and Latimer (below
25 eV/amu) [3], and Moran and Wilcox[4] fall in this data
set. The second set of measurements is characterized by sub-
stantially larger cross sections for collision energy above
10 eV/amu, as represented in the data by Nuttet al. [11].
Higher cross-section magnitudes, in the range from 10−16 to
10−15 cm2, were found in recent measurements by Sieglaffet
al. [5], Kusakabeet al. [6–8], and older data by Hoffmanet
al. [9]. An important feature in these data is a pronounced
dip in the total charge-transfer cross section at the projectile
energy,100 eV/amu.

In the case of the O+*s2Pd and O+*s2Dd ions, the experi-
mental results vary to much less extent. The total charge-
transfer cross sections flatten at about 10−15 cm2 approxi-
mately from 10−1 to 104 eV/amu, with discrepancies of a
factor of 2. Li et al. measured low-energy charge-transfer
cross sections separately for the O+*s2Pd and O+*s2Dd ions
below 6 eV/amu, while the other data at higher energies
correspond to an O+*s2D , 2Pd mixture.

From a theorist’s point of view, this system is challenging
since there has been no rigorous calculation of the O+-H2
collision process available. An accurateab initio treatment is
necessary to treat the collision intermediatesH2Od+ water
molecular ion, which governs the details of electron capture
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and excitation processes. Further, the theory of ion-molecule
collision processes is important for its applications in ion
source production, plasma physics, the chemistry of interstel-
lar clouds, and astronomy[20]. For instance, water vapor is
abundant in comets, and its absorption of ultraviolet radia-
tion yields excited quasimolecular H2O

+ ions in cometary
tails (other frequent constituents are also carbon monoxide
and cyanogen ions). These emit light, dissociate, and interact
with other ions from the solar wind[20].

In fusion, undesirable H2O
+ ions are often created during

primary plasma heating by neutral atoms[21]. Their forma-
tion occurs as follows. First, the ion source produces not
only the protons, but also H2

+ and H3
+ ions, which are all

accelerated. Then, due to possible leaks in water-cooled ac-
celeration grids or in systems with oxygen impurities in gas-
eous neutralizers, H2O

+ ions are formed. Their final dissocia-
tion in the neutralizer yields hydrogen atoms at fractions of
the extraction energy, which decreases the efficiency of
plasma heating. In order to describe these complex phenom-
ena in detail, cross sections of all relevant processes need to
be determined.

In this paper, we have theoretically studied the dynamics
of electron capture and target-projectile excitation and deex-
citation processes in collisions of O+*s2Pd and O+*s2Dd with
H2. The effects of metastable impurities on the experimental
O+s4Sd charge-transfer cross section are also addressed. We
explore the distribution of final electron-capture states based
on the collision parameters. In Sec. II, the theoretical method
is reviewed: first theab initio calculations of molecular states
by the multireference single- and double-excitation space
configuration interaction(MRD-CI) method, then the colli-
sion dynamics by the electronic-state close-coupling(ESCC)
method. In the ESCC method, the electronic states of the
collision intermediate, the H2O

+ molecular ion, are used as
an expansion basis for the electronic wave functions aug-
mented with the atomic-type electron translation factor

(ETF) in order to impose the correct scattering boundary
conditions.

The H2O
+ potential energy curves and coupling elements

in doublet and quartet states are computed with high accu-
racy for more than 1500 collision geometries, then a 10 000–
point two-dimensional(2D) grid is used to obtain the cross
sections. This represents in total an extensive computation of
more than 2 months in CPU time. Section III contains our
results; we discuss the capture state-resolved charge transfer
by O+s4Sd, O+*s2Pd, and O+*s2Dd ions, electronic excitations,
and the discrepancies seen in the O+s4Sd experiments. The
final remarks in Sec. IV conclude the paper. Atomic units are
used throughout.

II. THEORETICAL FRAMEWORK

In this section,(1) ab initio quantum chemical treatment
of the three-center molecular ion and(2) electronic-state
close-coupling methods are reviewed.

A. Electronic states of the H2O+ molecule

The potential surfaces for the H2-O
+ system(cf. Fig. 1

and Ref.[22]) were obtained for a variety of electronic states
in 2A1,

2A2,
2B1,

2B2,
4A2, and4B1 molecular symmetries by

ab initio configuration interaction(CI) calculations in multi-
reference single- and double-excitation spaces, by using the
MRD-CI series of programs[23–26]. For the hydrogen at-
oms, a Gaussians6s3p2d1fd basis contracted tof4s3p2d1fg
is used, while as12s6p3d2fd basis contracted tof5s4p3d2fg
was employed for the oxygen atom. Dunning’s basis sets for
H and O atoms are of the cc-pVQZ type[27]. The OH+

2

molecular Rydberg states are described by using additional
diffuse s2s2p2dd sets of functions centered on the oxygen
atom [28]. The number of configurations in the multirefer-
ence single- and double-excitation space varies with the

FIG. 1. sH2Od+ adiabatic potential curves:(a) g=p /2 (2A1,
2A2,

2B1,
2B2), (b) g=0 (2S+, 2S−, 2P, 2D). The assignment of asymptotic

states to O+ and O is indicated in Table II. Vertical scale labels are the same for(a) and (b).
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symmetry of the electronic states, not exceeding 500 000 for
the selection threshold 2.0310−7 a.u. used in the present cal-
culation. The effect of all unselected configurations is
checked by using the perturbative energy extrapolation pro-
cedure[26]. The resulting highly correlated wave functions
are used to obtain nonadiabatic coupling matrix elements
[29]. The origin of electronic coordinates is placed at the
molecular center of mass for all geometries. We have used
atomic-type electron translation factor corrections[30],
which are equivalent to the dipole coupling in the asymptotic
region. This type of ETF cannot be optimal since it ignores
the molecular effect of the H2 molecule. Nevertheless, it re-
covers the correct asymptotic behavior by removing the spu-
rious constant terms, and hence it should provide a reason-
able base for dynamical argument.

The potential surfaces are computed as a function of the

distanceRW between the O nucleus and the center of mass of
the H2 target molecule, while holding the latter’s bond length
urWu fixed at its equilibrium value. The internuclear separation
is r =1.4 a.u., at which the electronic ground-state energy
reaches its minimum value and the vibrational wave function
has a peak. Similar potential surfaces were obtained forr
=1.6 a.u. in order to estimate the effects of target vibrations
and out-of-the-equilibrium geometries. This is discussed
more in detail in Sec. III F. The surfaces are projected on the

planesg= / sRW ,rWd=const, forg=0, p /4, p /2. The results
for the doublet statessr =1.4 a.u.,g=0,p /2d are shown in
Fig. 1.

Let us note that the phase factors of electronic eigenfunc-
tions fi are arbitrary in each point of space, which often
results in random signs of the coupling termsCij . When com-
puting the full coupling matrix, we consistently track and fix
the incorrect coupling signs ±Cij either by replacingfi →
−fi or f j →−f j. This procedure is unique as long asuCij u
does not vanish. Zero values ofuCij u appear near sharp
avoided crossings, where we decide the correct coupling sign
by fitting to Fano profiles. If there still remains an ambiguity,
±Cij is determined by the sign of electronic overlaps
kfisRd ufisR+Ddl and kf jsRd uf jsR+Ddl. Finally, the sign of
small coupling values in the asymptotic region typically does
not oscillate and the magnitude monotonically decreases.
Further details concerning the present theoretical method, in-
cluding calculation of nonadiabatic coupling matrix elements
[24,26], can be found in earlier work[29].

The nonadiabatic couplings between the O+s4Sd ground
state and the other states in Table I are published in Ref.[22].
In Fig. 1, the metastable and charge transfer potential curves
are plotted for(a) the 2A1,

2A2,
2B1, and2B2 symmetries with

g=p /2 and for(b) the 2S−, 2S+, 2P, and2D molecular sym-
metry manifolds withg=0. These states are summarized in
Table II and their representative couplings are shown in Fig.

2. Figure 3 shows analogous diabatic potential curves and
diabatic couplings(doubletA2 symmetry withg=p /2). It is
clearly demonstrated in Figs. 2 and 3 that the diabatic cou-
plings are very smooth as compared to the sharp derivative
terms in adiabatic basis.

For g=0, the mixing molecular states are(1) three S+

states Os1Sd, Os1Dd, and O+*s2Pd, (2) two S− states Os3Pd
and O+*s2Dd, (3) four P states Os3Pd, Os1Dd, O+*s2Dd, and
O+*s2Pd, and (4) two D states Os1Dd and O+*s2Dd. Finally,
we computed theg=p /4 potential energy surfaces for the
lowest Cs symmetry and discuss the effects of the collision
angles in Sec. III G.

In the following, the adiabatic electronic basis is trans-
formed and the close-coupling method is applied.

B. Collision dynamics by the close-coupling method

The scattering dynamics for ion-diatomic collisions was
formulated quantum mechanically in the review article by
Sidis, based on the electronic state expansion of the total
wave function and applied extensively since then[31]. Using
sudden approximation for target vibrations and rotations and
the eikonal approach, the stationary Schrödinger equation
can be reduced to sets of first-order differential equations for
electronic-state amplitudes at fixed geometries as explained
below. Only collisions in the energy region above
50 eV/amu are considered here.

Following Ref.[31], we assume that the collision time is
much shorter than the characteristic rotation time of the tar-
get molecule, which is already satisfied for energy above
0.1 eV/amu, and thus the rotational state of thetarget mol-
ecule may not change during the collision. The method de-
scribed by Sidis[31] further requires the centrifugal-sudden
condition—i.e., the relative radial motion of the ion and mol-
ecule to be much faster than their angular relative motion.
Although this allows for additional simplifications in the
coupled equations, it cannot be satisfied in the present energy
region. Moreover, since such condition implies acomplete
neglect of rotational couplings, the formalism in Ref.[31]
does not recover the ion-atom case[14] in the limit r =0

TABLE I. sOH2d+ molecular states coupled to the ground state
O+s4Sd.

State 3Ps4B1d 3Ps4A2d 4Ss4B1d 5Ss4A2d 3Ss4A2d

R→` O/H2
+ O/H2

+ O+/H2
*s3Pd O/H2

+ O/H2
+

TABLE II. Assignment ofsOH2d+ molecular states correspond-
ing to O+*s2Dd and O+*s2Pd and their charge-transfer states(or-
dered by increasing asymptotic energy from left to right; cf. Fig. 1).

g=p /2a

2A1 O+s2Dd Os1Dd Os1Dd O+s2Pd Os1Sd
2A2 Os3Pd O+s2Dd O+s2Dd Os1Dd
2B1 Os3Pd O+s2Dd Os1Dd O+s2Pd
2B2 Os3Pd O+s2Dd Os1Dd O+s2Pd
g=0
2S+ Os1Dd O+s2Pd Os1Sd
2S− Os3Pd O+s2Dd
2D O+s2Dd Os1Dd
2P Os3Pd O+s2Dd Os1Dd O+s2Pd
aO+ is assigned to the H2 ground state; O is assigned to various
H2

+* nonequilibrium states.
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because all angular coupling components are missed. This
drawback is overcome by extending the approach below.

Coriolis couplings for the ion-molecular system include
rotation of the target molecule, rotation along theR axis, and
their mixing terms. As the collision energy is very high rela-
tive to 0.1 eV, both the rotation of the target molecule and
the mixed terms of Coriolis couplings can be neglected. In
this way, we also recover the ion-atom formalism in the very
limit r =0, when the angular and radial components of the
coupling completely separate and become independent of the
parameterg in all representations.

In particular, here we adopt the fixedg approximation,
same as in the article by Sidis[31], which is based on(1) the
diabatic representation, in which] /]g vanishes, and(2) the
angular momentum decoupling scheme(discussed in detail
in Ref. [32] and references therein). Unlike from Ref.[31],
the relative angular motion of the impact ion and the target
molecule is not ignored. The parameterg represents a con-

tinuous averaging index corresponding to theasymptoticcol-
lision orientation. In the present case, the major orientation
g=p /2 is g diabatic because the target is homonuclear, the
caseg=0 has a zero weight, and theg dependence of poten-
tials and couplings in all representations is generally weaker
for g compared toR as shown in Sec. III.

Channels included in the present calculation are OH+
2 (g

=p /2 :4A2,
4B1,

2A1,
2A2,

2B1,
2B2; g=p /4: A8 ,A9; g=0:

S+,S−,P ,D). All nonvanishing radial and angular couplings
are included, with the exception of terms proportional to ro-
tation along thex-component. As noted above and shown in
previous studies[22,31,32], the role of target rotations is
negligible. Restricting ourselves to energies about
E.50 eV/amu, the target vibrational motion is slow
enough, andH2 internuclear separation can be fixed at its
equilibrium value. Rovibrational spacing is negligible in this
energy range, and transitions are driven especially by the
nonadiabatic couplings among the electronic states. In order
to assess the vibrational time scales, the classical period of
H2 nuclear motion is evaluated toT0,320 a.u. forv=0,
while the projectile passes through the region of strong cou-
pling (length ,0.3 a.u.) within Tc=7 a.u. at the lowest col-
lision energyE.50 eV/amu, or faster for higher energy.
Also the H2 vibrational spacing at the lowest-energy levels is
about DEv.0.02 a.u., corresponding to a quantum time
scaleTQ.1/DEv=50 a.u.—i.e., sufficiently higher than the
collision times.

The coupled equations for nuclear wave functionsFnsRd
are solved in the diabatic basis,Fn

sddsRd=on8 Unn8sRdF
n8
sad,

whereUsRd is a unitary matrix of the adiabatic-to-diabatic
transform. In the diabatic representation, the electronic ma-
trix elements of] /]R vanish; the adiabatic potential matrix
VsadsRd transforms asVsddsRd=UsRdVsadsRdU−1sRd. Using the
eikonal approach, we define a collision coordinatez= ± sR2

−b2d1/2 with b=sl +1/2d /k to solve the further-reduced sys-
tem of first-order differential equations[22]:

FIG. 2. sH2Od+ s2B2d representative couplings
(for g=p /2). Label numbers increase with in-
creasing asymptotic energy of the electronic state,
correspondingly to Fig. 1 and Table II.

FIG. 3. Representative diabatic potentials(for g=p /2) and their
couplings (the inset). Label numbers increase with increasing
asymptotic energy of the electronic state.
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Fi
d

dz
−

VnnsRd
v

G fn
bsz;gd = o

n8

8vnn8fn
bsz;gd. s1d

Herev;k/m, R=Rsz,bd, andvnn8sRd denotes both the state-
to-state coupling components. Equation(1) should be solved
for zP k−` ,`l with fn8

b s−`d=dnn8. The cross section forn
→n8 processes is obtained with formal integration overb,

snn8sE;gd = 2pE
0

`

budnn8 − Snn8
b sE;gdu2db,

and averaging overg with the weight sing. This summarizes
the semiclassical treatment(SC-ESCC). Let us note at this
point that an analogous formulation of the semiclassical ap-
proach has been developed by Erreaet al. [33]. We solve Eq.
(1) numerically in the intervalk−z0,z0l with z0=sR0

2−b2d1/2

andR0=15. All couplings vanish forR.R0. An equidistant
spatial step of 3310−3 a.u. is applied toz at the coupling
peak regions and also tobP s0,15d. Converged amplitudes
fn
bsz0;gd for the initial condition fn

bs−z0;gd=dnn8 yield Snn8
b .

State-resolved cross sections are obtained by using Eq.(2). A
quantal algorithm can be found in Ref.[34].

The SC-ESCC method is illustrated in Fig. 4(a). Solutions
of Eq. (1) for the nuclear wave function in the initial channel
psz,bd= uFn

bsz;g=p /2du2 are plotted as a function ofz andb
for a fixed collision energy. The parabolic border of the sur-
face corresponds to the end points ±z0, z0=sR0

2−b2d1/2; each
line b=const is a single solution of Eq.(1), initially equal to
1 at −z0. The probability is distributed to other channels asz
changes through a sequence of avoided crossings, before
reaching a converged value atz0 on the right. This effect is
not linear andpsz;bd is not a monotonous function ofz.
Multiplying the converged probabilitypsz0,bd with b and
integrating overb yields the cross section for the fixed en-
ergy. As b changes, the phase accumulated between the

avoided crossings changes and produces the oscillations of
psz0,bd with b, which is clearly seen in Fig. 4(b).

III. SCATTERING DYNAMICS AND CROSS SECTIONS

In this section, state-resolved cross sections for O+s4Sd
electron capture obtained with the SC-ESCC method are cal-
culated for the energy ranges50–104deV/amu(Fig. 5). Next,
the state-resolved cross sections obtained here for processes
involving O+*s2Dd and O+*s2Pd ions and for an efficient elec-
tronic excitation of the H2 molecule by O+s4Sd ion are given
in Fig. 6. The effect of target ground-state vibrational motion
is assessed in Fig. 7 atr =1.6 a.u., where the probability
density reaches half of its maximum value. Figure 8 com-
pares the angle-fixed cross sections forg=p /4 andg=p /2.
Total charge-transfer cross-section results are compared to
the available experimental data in Fig. 9 for the O+s4Sd ion

FIG. 4. SC-ESCC method: initial channel probability in2B1 90° case. Collision energy is 2 keV; projectile initial state corresponds to
O+*s2Dd. The local probability is shown vs the parametersbøR0 and coordinateszP k−sR0

2−b2d1/2,sR0
2−b2d1/2l. (a) 3D surface.(b) Contour

plot: white color corresponds to the initial O+*s2Dd channel; grey to black color indicates increasing charge transfer probability. The
converged values are located on the parabolic curve in the right half of this figure. Stueckelberg oscillations can be seen along this border,
asb changes.

FIG. 5. State-resolved cross sections of the O+s4Sd ground state
ion sg=p /2d for charge transfer to Os3Pd (1), Os5Sd (2), and Os3Sd
(3).
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and in Fig. 10 for the metastable O+*s2Dd and O+*s2Pd ions,
respectively. The orientation effects are briefly discussed.

A. Electron capture by O+
„

4S…

The calculated electron capture cross sections for ground-
state O+ from ground-state H2 are shown in Fig. 5. The
dominant process is the capture to the Os3Pd final state in
4A2 and 4B1 symmetries, the cross section of which flattens
in the energy ranges50–300d eV/amu, before growing to
the maximum at around 2 keV/amu. Nonadiabatic couplings
for the Os3Pd final state are found to be the strongest: local-
ized around smallR,0.7 a.u. for the quartet4A2 and rela-

tively broad for the case of4B1. The other significant charge-
transfer channels Os3Sd and Os5Sd are weakly coupled, and
the corresponding cross sections are one to two orders of
magnitude lower in the whole energy range considered. All
cross sections in Fig. 5 are calculated for the perpendicular
orientationg=p /2. The difference of the Os3Pd amplitude
ssg=0d (weight of which is 0, not shown in Fig. 5) from
ssg=p /2d is about 15% within the energy range
1–10 keV/amu, butssg=0d decreases much more rapidly
below 1 keV/amu, already by two orders of magnitude at
50 eV/amu. Therefore we consider the 90° cross sections
(for oriented collisions) as a reasonable approximation and
an upper bound for the randomly oriented H2 target. Apply-

FIG. 6. State-resolved cross sections for processes involving O+s2D , 2P, 4Sd ions: (a) Charge-transfer cross sections for O+*s2Dd at g
=p /2. Curve 9 corresponds to the total O+*s2Dd charge transfer.(b) Charge-transfer cross sections for O+*s2Pd at g=p /2. Curve 7
corresponds to the total O+*s2Pd charge transfer.(c) Charge-transfer cross sectionssgd for O+*s2Dd at g=0. Curve 5 is the total for
Os1D , 3Pd. (d) Charge-transfer cross sectionssgd for O+*s2Pd at g=0. Curve 5 is the total for Os1D , 1S, 3Pd. (e) O+s4Sd charge transfer on
electronically excited H2

*s3Pd (curves 1–4) and H2 excitation by O+s4Sd impact(curve 5). (f) O+*s2Dd /O+*s2Pd transitions atg=p /2 (curves
1–4) andg=0 (curve 5).
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ing a three-point trapezoidal rule to angle averaging suffices
to estimate the order of the total electron capture from H2 by
the O+s4Sd ion in the energy region considered.

B. Electron capture by O+*
„

2D…

The metastable O+* states, as compared to the O+s4Sd
ground state, show an interestingg dependence of the calcu-
lated state-resolved cross sections. Figure 6(a) gives the
electron-capture cross sections to Os1Dd, Os1Sd, and Os3Pd
for g=p /2 in various molecular-state symmetries. Cross sec-
tions for g=0 are shown in Fig. 6(c). The total cross section
ssg=0d at low energy decreases faster thanssg=p /2d due
to weaker coupling terms. Also the cross section peaks tend
to be more pronounced forg=0 in the keV/amu collision
energy region. No significant local minimum for the electron
capture to any final state of the oxygen atom appears either
for g=0 andg=p /2. The general cross-section decrease at
very high energies is a physical feature which naturally ap-
pears in the basis expansion over electronic states of the
molecular ion. Rapid cross-section decrease in this region is

also typically obtained with the classical trajectory Monte
Carlo method.

C. Electron capture by O+*
„

2P…

Electron-capture cross sections to Os1Dd, Os1Sd, and
Os3Pd states are shown in Fig. 6(b) for g=p /2, while the
case ofg=0 is plotted in Fig. 6(d). There is a substantial
difference between these two cases: forg=0, a deep cross-
section minimum appears for electron capture to Os1Dd for
2S+ symmetry; also the cross section for electron capture to
Os1Sd rapidly increases with the collision energy, while the
cross section for electron capture to Os1Dd decreases. The
cross-section dip does not appear forg=p /2 for any O state
and any molecular symmetry. The2S+ molecular potential
energy curves corresponding to O+*s2Pd and Os1Dd states are
quasidegenerate(cf. Fig. 1, g=0) with the Demkov type of
coupling [35] near R=5 a.u. Then the electron capture to
Os1Dd occurs efficiently at low energy, while the capture
cross section to Os1Sd is small due to the energy gap. As the
collision energy increases, this gap becomes less significant,

FIG. 7. sH2Od+ doublet states forg=p /2: (a) 2A1 potential en-
ergy curves. Solid lines: equilibrium H2 distance. Dashed lines:
uHH u =1.6 a.u.(b) O+s2Dd→Os1Dd 2A1 partial cross section. Solid
lines: equilibrium H2 distance. Dashed lines:uHH u =1.6 a.u.

FIG. 8. (a) sH2Od+ states inCs symmetry forg=p /4 doublets.
Solid lines:A8 states. Dashed lines:A9 states. Labels are ordered
with the energy of adiabatic potentials.(b) O+s2Dd capture cross-
section amplitudes for different collision angles. Solid lines:g
=p /2. Dashed lines:g=p /4.
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and the probability for electron-capture transitions over a
broad range ofR increases.

D. H2 target excited states

Molecular states corresponding to the charge-transfer
states Os3S, 5Sd-H2

+ are close in energy to the molecular state
of O+s4Sd-H2s3Pd (cf. Ref. [22]), which facilitates the target
excitation. Also electron capture from the excited H2 mol-
ecule can be studied in this molecular-state manifold. For the
sake of completeness, the calculated cross sections are
shown in Fig. 6(e) (solid lines, state-resolved capture on H2

*,
dotted line, target excitation). The cross section for H2 exci-
tation to the3P state by O+s4Sd impact is mostly about one
order of magnitude lower than the major electron-capture
cross sections but cannot be neglected in the high-energy
region.

E. O+*
„

2D…^O+*
„

2P… transitions

Further processes competing with the electron transfer in
O+-H2 collisions are projectile excitation and deexcitation.

Transitions between molecular states corresponding to
O+*s2Dd and O+*s2Pd occur through the sequence of two
avoided crossings with the molecular state corresponding to
an Os1Dd molecular state, at aboutR=2.4 a.u. andR
=3.2 a.u., with the location depending on the molecular-state
symmetry. This can be clearly seen in Figs. 1 and 2 for2B2
sg=p /2d. Transitions through other channels contribute es-
pecially at higher energies. State-resolved projectile excita-
tion cross sections are shown in Fig. 6(f) for g=p /2 (solid
lines) andg=0 (dotted line). Transitions to the higher-lying
O+*s2Pd state enhance the electron capture by O+*s1Dd, as
the processes discussed separately above are intertwined in
this energy region.

F. Effects of target vibrations

In order to asses the effect of target molecule vibrations in
the semiclassical energy region above 50 eV/amu, we have
computed the potential energy surfaces forr =1.6 a.u. The
results in Fig. 7(a) show that the potential energy curves
depend rather smoothly on the H-H parametric bond length
r. A uniform vertical shift of all states resulting from differ-
entr does not change the SC-ESCC probabilities, even if it is
also R dependent, since this effect can be absorbed in the
amplitude phases. Although the sharp coupling terms are
much more sensitive to changingr, in the high-energy re-
gime the transition amplitudes correspond to generalized
Fourier integrals of the coupling terms over the entire coor-
dinate space, which considerably diminishes ther depen-
dence. In this case, the cross sections do not vary withr
considerably, and averaging over the initial vibrational wave
function yields only a multiplicative factor which is close to
1. This is well demonstrated by the partial cross section in
Fig. 7(b) for the potential curves in Fig. 7(a).

Let us note at this point that vibronic couplings due to the
r motion were not included in the above reasoning, which
may possibly result in substantial cross-section differences
below 50 eV/amu.

G. Dependence on collision angles

The multidimensional electron-capture collision problem
is approximated by a set of coupled multichannel equations
for each fixed angleg. Within this framework we investigate

FIG. 9. O+s4Sd total charge-transfer cross-section experiments:
solid circle: Kusakabeet al. (2001) [8]. Open circle: Kusakabeet al.
(1990) [6]. Solid square: Sieglaffet al. (1999) [5]. +: Irvine and
Latimer (1991) [3]. Open down triangle: Xuet al. (1990) [1]. Open
square: Hoffmanet al. (1982) [9]. Solid diamond: Nuttet al. (1979)
[11]. Solid triangle: Phaneufet al. (1978) [12]. 3: Lockwoodet al.
(1978) [13]. Open triangle: Moran and Wilcox(1978) [4]. Dashed
line: Olson formula[19]. Solid line: present ESCC calculation.

FIG. 10. O+*s2D , 2Pd total charge-transfer
cross sections: Circle: Sieglaffet al. (1999) [5].
Square: Xuet al. (1990) [1]. Diamond: Li et al.
[10] (open: 2D, solid 2P). Down triangle: Pha-
neuf et al. (1978) [12]. Triangle Moran and Wil-
cox (1978) [4]. SC-ESCC calculation: O+*s2Dd
90° (1), O+*s2Dd 0° (2), O+*s2Pd 90° (3),
O+*s2Pd 0° (4). Solid lines:g=p /2. Dotted lines:
g=0.
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the cross-section dependence on the angleg in the eikonal
approximation. In addition tog=0 (zero weight in the inte-
gral cross section) andg=p /2 (maximum weight in the in-
tegral cross section), we have included the caseg=p /4
(H2O

+ in Cs symmetry). The A8 and A9 doublet states are
plotted in Fig. 8(a). It follows from the comparison between
the two casesg=p /2 andg=p /4 in Fig. 8(b) that the cap-
ture cross section does not depend ong in a simple manner.
With increasing energy theg dependence generally weakens.
In the energy region considered here, the cross-section dif-
ferences for variousg do not affect the order of the averaged
cross-section magnitude. However, large differences may
arise in the lower-energy region, which can be of particular
interest in the oriented ion-molecule collisions and provide
more insight into the charge-transfer collision dynamics.

H. Comparison with experiments

Most of the experimental data available for O+-H2 colli-
sions include, to our knowledge, differential and total
charge-transfer cross sections, unresolved with respect to the
final electron-capture state and target-projectile collision ori-
entation. Yet at least the 90° collisions may be measured in
principle, and new data are expected to appear in the near
future. Measurements of state-resolved cross sections in vari-
ous orientations should reveal new details of collision dy-
namics, as there is a stronger dependence on the collision
energy and angle.

First, we summarize the total charge-transfer cross-section
results for O+s4Sd in collisions with H2. In Fig. 9, various
experimental data for this process measured over the years
are shown. The low-energy cross-section magnitude and the
existence of a cross section dip at about 100 eV/amu have
been in question. Previously, only the semiempirical Olson
formula [19] (dashed line) was used as an estimate. Our SC-
ESCC calculation is shown as the solid line. In the low-
energy region, we find good agreement with the measure-
ment of Nuttet al. [11], the cross-section dip measured in
some experiments does not appear, and for energies above
1 keV/amu there is a general agreement between the experi-
ment and theory. We have discussed the O+s4Sd case in a
recent paper[22]. Most of the experimental difficulties are
due to the uncertain production rate of O+ metastable impu-
rities in the ion beam, which was studied by Kusakabeet al.
[6,8] and in previous work of Kimuraet al. [36].

The cross sections for electron capture by the metastable
O+* ions are shown in Fig. 10. There is less discrepancy in
the experimental data among various groups. The experimen-
tal data above 10 eV/amu were obtained in measurements
on an unknown mixture of the O+*s2Dd and O+*s2Pd meta-
stable ions. In this energy range, the experimental data
should be regarded as a weighted sum of O+*s2Dd and
O+*s2Pd cross-section contributions, fractions of which are
unknown. Therefore theoretical cross section curves in Fig.
10 are shown separately for O+*s2Dd and O+*s2Pd. Solid
lines indicate the SC-ESCC cross sections calculated for

g=p /2, dashed lines correspond tog=0, and the O+*s2Dd
and O+*s2Pd states are distinguished. Interestingly, there is a
cross section dip for the O+*s2Pd capture magnitude atg=0,
which is due especially to2S+ molecular states. The O+*s2Pd
incoming channel is quasidegenerate with the Os1Dd capture
state[cf. Fig. 1(b)], and the capture cross section to this state
decreases with energy. Since the other charge-transfer state
Os1Sd is endothermic, the capture cross section to Os1Sd for
2S+ increases with energy. The combination of these two
effects results in the dip of curve 4 in Fig. 10.

One order of magnitude difference in the O+*s2Dd and
O+*s2Pd capture cross sections, measured by Liet al. [10] in
the very-low-energy region about 10−2 eV/amu, is beyond
the validity of the present treatment, as the assumptions of
sudden approximation break down and also the details of the
3D potential energy surface become more important.

IV. CONCLUSION

The principal results of this paper are the state-resolved
cross sections for electron capture and target-projectile elec-
tronic excitation in collisions of O+s4S, 2D , 2Pd ions with the
H2 molecule, obtained by the electronic-state close-coupling
method. We have found an interestingg dependence in the
cross section for electron capture by O+*s2Pd—namely, the
existence of a pronounced dip atg=0. The three angles con-
sidered areg=0, g=p /4, andg=p /2. It is shown that the
electron capture by O+s4Sd dominantly occurs in Os3Pd and
that no cross-section dip could be found in the Os3Pd, Os3Sd,
and Os5Sd charge-transfer states. In the keV/amu energy re-
gion, electronic excitations of target and projectile have a
magnitude comparable to the electron capture. Total capture
cross sections for O+*s2Ddand O+*s2Pd are in agreement with
the experimental data available for the unknown mixture of
these two metastable ions. The present cross sections, both
resolved and total, are considered to be useful for various
applications. A systematic theoretical study of H2O

q+ de-
pending on the chargeq and cross-section calculations ex-
tended to the very-low-energy region are desirable for a bet-
ter understanding of interstellar matter processes.
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