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Charge transfer of O3¿ ions with atomic hydrogen
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Charge transfer processes due to collisions of ground state O31(2s22p 2P) ions with atomic hydrogen are
investigated using the quantum-mechanical molecular-orbital close-coupling~MOCC! method. The MOCC
calculations utilizeab initio adiabatic potentials and nonadiabatic radial and rotational coupling matrix ele-
ments obtained with the spin-coupled valence-bond approach. Total and state-selective cross sections and rate
coefficients are presented. Comparison with existing experimental and theoretical data shows our results to be
in better agreement with the measurements than the previous calculations, although problems with some of the
state-selective measurements are noted. Our calculations demonstrate that rotational coupling is not important
for the total cross section, but for state-selective cross sections, its relevance increases with energy. For the
ratios of triplet to singlet cross sections, significant departures from a statistical value are found, generally in
harmony with experiment.
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I. INTRODUCTION

The charge transfer process

O31~2s22p 2Po!1H~1s!→O21~2s22p3l 1,3LJ!1H1

~1!

is of great significance in astrophysical environments a
can modify the intensities of lines arising from the Bow
fluorescence mechanism. This fluorescence mechanism
first suggested to explain the anomalous strengths of ce
emission lines of O21 and N21 observed in the spectra o
planetary nebulae@1,2#. These anomalous line strengths ha
also been observed in many other astrophysical envirom
including galactic x-ray sources@3#, transient x-ray source
@4,5#, and the optical counterparts of x-ray bursters@6#.

The Bowen fluorescence mechanism involves the
pumping of O21(2s22p3d 3P2

o)←O21(2s22p2 3P2) by a
He1 resonance line. The process occurs due to a fortuit
coincidence in wavelength between a He1 emission line and
an O21 absorption line. This is followed by emission to oth
triplet states of O21, with photons from one of the line
emitted in the triplet cascade being absorped by N21. The
O31(2s22p)1H charge transfer collisions that popula
states such as O21(2s22p3p 3DJ) and O21(2s22p3s 3PJ

o)
modify the intensities of the O21 emission lines that are als
thought to be affected by the Bowen mechanism. Data
the charge transfer process are therefore crucial to the un
standing and interpretation of these emission lines as we
the related N21 emission lines in astrophysical enviromen
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In order to assess the effect of the charge transfer proc
reliable rate coefficients are needed for capture into spe
fine-structure levels of triplet O21(2s22p3s) and
O21(2s22p3p). The charge transfer process also popula
singlet states such as O21(2s22p3p 1P) that are not in-
volved in the Bowen fluorescence mechanism, so it is n
cessary to treat1S1, 3S1, 1P, and 3P states at the fine-
structure level and using all relevant couplings.

As this charge transfer process is of considerable inter
a number of previous studies have been undertaken. An
proach to this problem was made by Dalgarno and
workers @7–11# using the CISD~configuration-interaction,
singles, doubles! method to compute the potential energ
curves. It was not possible at that time to treat all of t
molecular states of interest. The radial couplings were co
puted using a variant of the Hellman-Feynman theorem@7#
that may provide inaccurate values. Fully quantal@9,10# scat-
tering calculations were used to obtain state-selective c
sections. They concluded that only the O21(2s22p3s) and
O21(2s22p3p) configurations are populated for collision
energies ranging from thermal up to 5000 eV/u, while ca
ture to the O21(2s22p3d) was found not to be important
Later Gargaudet al. @12# used the model potential method
Although this method reproduces the asymptotic energies
actly, it is uncertain as to whether the smaller internucl
separation region is treated to a similar level of accura
Again, a fully quantal treatment was used for the scatter
calculations. Those authors concluded that capture into
O21(2s22p3p 1S) and O21(2s22p3p 1D) states may be
neglected as the crossings are diabatic for all practical p
poses. But compared with the earlier work, their results d
fered by as much as an order of magnitude.

Numerous experimental studies have also been
formed. Church and Holzscheiter@13# measured the tota
electron capture rate coefficient at 2.53104 K in a Penning
trap. Their result is in good agreement with the calcula
value of Heilet al. @9#, but the measurement had a relative
large error bar. Total SEC~single electron capture! cross sec-

-
.
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tions were measured from 42 to 4915 eV/u by Phaneufet al.
@14# via charge-state analysis using a pulsed laser ion so
with a time-of-flight electron collision apparatus. Recent
Haveneret al. @15,16# improved the measurements with a
ion-atom merged-beams technique with a 99.98% p
ground-state H or D beam produced by passing a 6- to 9-
beam of H2 and D2 ions through the optical cavity of a
laser. They obtained the total absolute SEC cross section
the energy range between 0.1 and 1000 eV/u. Their va
showed a systematic discrepancy from calculated values
the entire energy range, especially for low energy, with
theoretical cross sections being 2–3 times larger than
measurements. Relative state-selective SEC cross sec
were measured by Wilsonet al. @17# using translational en
ergy spectroscopy~TES! and showed that capture into th
O21(2s22p3s) channel dominates between 263 and 7
eV/u, which is consistent with the calculations of Garga
et al. However, more recent measurements of the st
selective SEC cross sections between 45 and 752 eV/u
Beijers et al. @19# via photon emission spectroscopy~PES!
did not reproduce the earlier results: SEC into both
O21(2s22p3s) and O21(2s22p3p) configurations was
found to be important for energies down to around 100 e
and capture into the O21(2s22p3p) channel dominated fo
lower energies. In order to resolve the discrepancies am
the different theories and experiments, further theoretical
experimental investigations are required.

In this paper, charge transfer processes due to collision
ground-state O31(2s22p 2P) ions with atomic hydrogen are
investigated using the quantum-mechanical molecular-orb
close-coupling~MOCC! method at theLS level of resolu-
tion. The MOCC calculations utilizeab initio adiabatic po-
tentials and nonadiabatic radial and rotational coupling m
trix elements obtained with the spin-coupled valence-bo
~SVCB! approach. Total and state-selective cross sections
calculated and compared with the available theoretical
experimental data. Total and state-selective rate coeffici
are also presented. Section II describes the molecular po
tial and coupling data utilized in the MOCC calculation
while Sec. III discusses the scattering calculation approa
Section IV presents the results of the scattering calculat
including comparisons of total and state-selective cross
tions and rate coefficients with other theories and exp
ments, while Sec. V briefly gives a summary of the wo
Atomic units are used throughout unless otherwise noted

II. ELECTRONIC STRUCTURE CALCULATIONS

The adiabatic potential energy curves, nonadiabatic ra
couplings, and rotational couplings for the four symmetr
of interest (1S1, 1P, 3S1, and 3P) were obtained using
the SCVB method~see, for example, Cooperet al. @20#!.
This is a fully flexibleab initio technique and, as such, w
expect the molecular region to be described with much
same accuracy as in the asymptotic separated-atom limi

We adopted a Dunning correlation-consistent basis se
quintuple-z quality for O-H consisting of
(14s8p4d3 f )/(8s4p3d) Cartesian Gaussian type orbita
generally contracted to@6s5p4d3 f #/@5s4p3d#. This set
01271
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was augmented by two diffuse, even-tempered basis fu
tions on oxygen, ones-type function and onep-type func-
tion. The oxygen core electrons (1s2) were assumed to hav
little or no effect on the charge transfer process and so t
were accommodated in appropriate orthogonal natural or
als taken from a state-averaged multiconfiguration s
consistent field calculation on triplet atomic O21. The re-
maining four valence electrons were described by fu
optimized, singly occupied, nonorthogonal orbitals fro
within a spin-coupled calculation that was designed to g
the 3S2 ground-state configuration@O21(2s22p2)1H1, as-
ymptotically#. This symmetry was chosen so as to ensure t
the virtuals would not be biased to any particular molecu
symmetry under investigation. At convergence, a set
‘‘stack’’ of virtual orbitals was generated for each valen
electron. A total of 20 virtual orbitals was selected for t
SCVB expansions; the first and second stacks@focc
'O21(2s), O21(2s8)# together contributed fours virtuals,
two pairs ofp virtuals, and one pair ofd virtuals, while the
third and fourth stacks@focc'O21(2pp1), O21(2pp2)#
together contributed fours virtuals, two pairs ofp virtuals,
and one pair ofd virtuals. To improve the description of th
entrance channels, a set of nine orthogonal natural orb
(3s,3ps ,3pp6 ,3ds ,3dp6 ,3dd6) was imported from a
MO-based CISD calculation on atomic O31.

Separate SCVB~nonorthogonal CI! expansions were then
performed for each of the four molecular symmetries, us
this single set of virtuals. The SCVB configuration space
each case was constructed by performing all single
double vertical excitations, along with singly ionic excit
tions, that yielded configurations of the correct symmetry
vertical excitation is the replacement of an occupied orb
by a virtual from its own stack and a singly ionic excitatio
is the double occupancy of a single virtual by means o
single vertical excitation along with one cross excitation. T
reference space consisted of the spin-coupled configura
and the dominant configuration of each excited state. T
dominant configuration for each excited state was found
correspond directly with the appropriate asympto
separated-atom configuration. Additional selected excitati
to the imported natural orbitals were also performed. For
1S1 states, this procedure generated 562 spatial config
tions ~670 symmetry-adapted VB structures!, for the 1P
states, 536 spatial configurations~741 symmetry adapted VB
structures!, for the 3S1 states, 399 spatial configuration
~496 symmetry-adapted VB structures!, and for the 3P
states, 410 spatial configurations~886 symmetry-adapted VB
structures!. Additional details of the SCVB calculations ar
given by Turner@21#.

A comparison of our calculated asymptotic energy se
rations with experimental values and with the calculated v
ues of Butleret al. @7# is shown in Table I. The maximum
deviation of the current results from the experimental ene
separations is in the 13S1 state, with an error of just 0.16
eV; most of the other energy separations are reproduce
better than 0.1 eV. In general, our asymptotic separations
consistently better than those of the previous study of Bu
et al., especially in reproducing the degeneracies betw
appropriateS1 and P states. All of the required degenera
0-2
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TABLE I. Asymptotic separated-atom energies for the states of OH31.

Molecular
states

Asymptotic
atomic states

Energy~eV!

Theorya Theoryb Expt.c

1 3S1 O21(2s22p3s 3Po)1H1 28.01 28.12 28.17
1 3P O21(2s22p3s 3Po)1H1 28.01 27.99 28.17
1 1S1 O21(2s22p3s 1Po)1H1 27.55 27.40 27.48
1 1P O21(2s22p3s 1Po)1H1 27.54 27.30 27.48
2 3P O21(2p4 3P)1H1 26.14 26.14
2 1P O21(2s22p3p 1P)1H1 25.32 24.93 25.26
2 3S1 O21(2s22p3p 3D)1H1 24.83 24.92 24.88
3 3P O21(2s22p3p 3D)1H1 24.87 24.64 24.88
3 3S1 O21(2s22p3p 3S)1H1 24.30 24.52 24.44
2 1S1 O21(2p4 1D)1H1 24.38 24.35
3 1P O21(2p4 1D)1H1 24.40 24.35
4 3P O21(2s22p3p 3P)1H1 24.10 24.10
3 1S1 O21(2s22p3p 1D)1H1 23.35 23.33
4 1P O21(2s22p3p 1D)1H1 23.30 23.33
4 1S1 O21(2s22p3p 1S)1H1 22.36 22.43
5 1S1 O21(2s22p 2Po)1H(1s 2S) 0 0 0
4 3S1 O21(2s22p 2Po)1H(1s 2S) 0 0 0
5 1P O21(2s22p 2Po)1H(1s 2S) 0 0 0
5 3P O21(2s22p 2Po)1H(1s 2S) 0 0 0

aThis work.
bButler et al. @7#.
cNIST Atomic Spectra Database@40#.

FIG. 1. The adiabatic~long dashed line! and diagonal diabatic~solid line! potential energies for the OH31 system as a function o
internuclear distanceR.
012710-3
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TABLE II. Avoided crossing distancesRx and energy separationsDU(Rx) for the adiabatic states o
OH31 ~adiabatic labels!.

Molecular
state

Final O21

state

Rx(a0) DU ~eV!

Theorya Theoryb Theorya Theoryb

1 1S1 –2 1S1 2p3s 1Po 7.54 7.6 0.647 0.968
2 1S1 –3 1S1 2p4 1D 12.49 0.001
3 1S1 –4 1S1 2p3p 1D 16.23 16.3 0.003 0.001
4 1S1 –5 1S1 2p3p 1S 23.09 22.3 0.001 0.000
1 1P –2 1P 2p3s 1Po 7.73 7.6 0.870 0.968
2 1P –3 1P 2p3p 1P 10.23 10.3 0.066 0.088
3 1P –4 1P 2p4 1D 12.40 0.003
4 1P –5 1P 2p3p 1D 16.49 16.3 0.001 0.001
1 3S1 –2 3S1 2p3s 3Po 7.18 7.1 1.078 1.117
2 3S1 –3 3S1 2p3p 3D 11.34 11.1 0.038 0.062
3 3S1 –4 3S1 2p3p 3S 12.76 12.2 0.012 0.020
1 3P –2 3P 2p3s 3Po 7.27 7.1 1.077 1.177
2 3P –3 3P 2p4 3P 8.97 0.007
3 3P –4 3P 2p3p 3D 11.22 11.1 0.034 0.054
4 3P –5 3P 2p3p 3P 13.27 13.2 0.012 0.011

aThis work.
bGargaudet al. @12#.
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than 0.05 eV and the maximum deviation in the absol
energies between the four entrance channels is just 0.02

The resulting adiabatic potential energy curves over
rangeR5(2 –25)a0 are shown for the1S1, 1P, 3S1, and
3P states in Fig. 1. The avoided crossing distancesRx and
the corresponding energy separationsDU(Rx) are listed in
Table II. For the1S1, 1P, and 3P symmetries, the avoided

FIG. 2. Computed nonadiabatic radial couplings for the OH31

system as a function of internuclear distanceR. ~a! 1S1 and 1P;
~b! 3S1 and 3P.
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crossings between the O21(2p4)1H1 potentials and the
O31(2s22p)1H(1s) potentials ~i.e., the
2 1S1 –3 1S1, 3 1P –4 1P, and 23P –3 3P avoided
crossings! are extremely sharp with small energy separatio
As a result, the nonadiabatic transition probabilities will
practically unity at all the collision energies of interest, a
these avoided crossings can be accurately treated as if
are diabatic crossings~thus excluding the 2p4 channels from
the MOCC calculations!. Two other avoided crossings wer
treated diabatically due to their sharpness:
4 1S1 –5 1S1 avoided crossing at 23.01a0 ~leading to the
exclusion of the 2p3p 1S channel from the MOCC cros
sections! and the 41P –5 1P avoided crossing at;16.49a0
~leading to the exclusion of the 2p3p 1D channel!. None of
the channels excluded from the MOCC calculations
thought to contribute significantly to the charge transfer cr
sections at the usual low collision energies of astrophys
interest.

Comparison of the current SCVBRx and DU(Rx) is
made with those obtained by Gargaudet al. @12# in Table II.
Differences betweenRx are less than 0.25a0 except for the
4 1S1 –5 1S1 and 3 3S1 –4 3S1 avoided crossings. More
important, however, are the energy splittings atRx . For all of
the dominant capture channels, the splittings calculated w
the model potential method by Gargaudet al. are somewhat
larger than the current results. The differences are impor
as the electron capture cross sections are known to de
sensitively onDU as will be shown below.

The computed radial couplings between the adiab
states~matrix elements of]/]R) are illustrated in Fig. 2. The
couplings were calculated using the central difference
proximation with the electronic coordinate origin at the ce
ter of mass. The peaks corresponding to the avoided cr
0-4
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CHARGE TRANSFER OF O31 IONS WITH ATOMIC HYDROGEN PHYSICAL REVIEW A67, 012710 ~2003!
ings are smooth, well defined, and centered on, or near
positions of the avoided crossings. The couplings betw
nonadjacent states are much smaller than those betwee
jacent states and were found to have a negligible effec
the form of thep-diabatic potential energy matrices. As
consequence, they could be reset to zero for all internuc
separations. Using the nonadiabatic radial couplings,
transformed each set of molecular data to thep-diabatic rep-
resentation by a unitary transformation to eliminate fir
order derivatives@9,22#. The diagonal elements of the resu
ing p-diabatic potential energy matrices are displayed in F
1. All of the elements of thep-diabatic potential energy ma
trices vary smoothly over the entire range of internucl
separations.

Rotational couplings between the adiabatic states~matrix
elements of the form̂C i u iL yuC j&) have been computed us
ing the Löwdin formula @23# for matrix elements betwee
nonorthogonal determinants constructed from nonorthogo
spin orbitals. These couplings drive transitions betwe
states of the same spin, but of different spatial symme
The couplings between the1S1 and 1P states are shown in
Fig. 3~a!, while the couplings between3S1 and 3P states
are shown in Fig. 3~b!. We neglect rotational coupling to
1,3S2 and 1,3D states.

III. SCATTERING THEORY

The quantum-mechanical MOCC method, which we o
briefly discuss here, has been described thoroughly in
literature @22,24#. It involves solving a coupled set o
second-order differential equations. Its solutions are the
pansion coefficients, or scattering amplitudes, of the to
system wave function expanded over a truncated set of

FIG. 3. Rotational couplings for the OH31 system as a function
of internuclear distanceR. ~a! Singlets;~b! triplets.
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lecular eigenfunctions. In the adiabatic representation, tr
sitions between channels are driven by elements~radial AR

and rotationalAu) of the vector potentialA(RW ), whereRW is
the internuclear distance vector. Since the adiabatic desc
tion contains first-order derivatives, it is numerically conv
nient to make a unitary transformation@9,22#, which is af-
fected by the radial portion ofA(RW ), to a diabatic
representation

U~R!5W~R!@V~R!2P~R!#W21~R! ~2!

where U(R) is the diabatic potential matrix,V(R) is the
diagonal adiabatic potential,W(R) is a unitary transforma-
tion matrix, and the components of the rotational coupli
matrix are

Pmn56
1

mR2
@~J7lm!~J6lm11!#1/2Amn

u d~lm ,ln61!

~3!

~e.g., @25#!, wherem is the reduced mass,J is the total an-
gular momentum, andl is the component of electronic an
gular momentum along the internuclear axis.

The electron capture cross section from initial channeli to
final channelj is given by

s i→ j5
p

ki
2 (

J
~2J11!uSJu i , j

2 ~4!

where theS matrix is

SJ5@ I 1 iK J#
21@ I 2 iK J#, ~5!

and ki is the initial momentum. TheK matrix is obtained
from the scattering amplitude after a partial-wave decom
sition ~e.g., @22#! and I is the identity matrix. The coupled
scattering equations are integrated using the log-deriva
method of Johnson@26#. In this work, electron translation
factors~ETFs; e.g.,@24#!, which are often used to modify th
molecular eigenfunctions to remove asymptotic couplin
between atomic states that are connected by dipole tra
tions, are not included. The influence of ETFs is expected
be important forE.1 –5 keV/u~e.g.,@27,28#!, which is be-
yond the maximum calculated energy of this work.

IV. RESULTS AND DISCUSSION

The total and state-selective cross sections1 are calculated
with and without rotational couplings. Without rotation
coupling, the calculations are performed according to
symmetry 1S1 ~three-channel MOCC!, 3S1 ~four-channel
MOCC!, 1P ~three-channel MOCC!, and 3P ~four-channel
MOCC!. With rotational coupling, there are interactions b

1Complete numerical cross section and rate coefficient data ca
obtained from the authors or from the ORNL-UGA Charge Trans
Database for Astrophysics webpage URL: cfadc.phy.ornl.gov/as
ps/data.
0-5
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WANG et al. PHYSICAL REVIEW A 67, 012710 ~2003!
tween states with the same spin angular momentum so
two sets of calculations are performed, one for the sing
states 1S1 and 1P ~six-channel MOCC! and one for the
triplet states3S1 and 3P ~eight-channel MOCC!. The total
and state-selective cross sections are obtained accordin
the statistical weights of the different symmetries.

A. Total cross sections

Figure 4 shows the total MOCC cross section for the c
lisional energy range between 0.1 and 1000 eV/u compa
to the available calculations and measurements. At low
lision energies (,1 eV/u!, the cross sections display th
typical Langevin E21/2 behavior. At about 4 eV/u, the
present MOCC total cross section reaches a local minim
and then increases slowly to a local maximum at about
eV/u. When the collisional energyE.200 eV/u, the cross
section decreases slowly with increasing energy. WhenE
,10 eV/u, the differences between the current total MO
cross sections with and without rotational coupling are sm
(,4%!, demonstrating that rotational coupling is not impo
tant at low energy. With increasing energy, rotational co
pling becomes more important with the differences of
cross sections increasing, but only slightly. At about 1
eV/u, the differences reach a maximum, where the cross
tion including rotational coupling is 6% higher than th
without rotational coupling. In general, for total cross se
tions, rotational coupling is not important in the energy
gion studied. Cross sections were also calculated with
multichannel Landau-Zener~MCLZ! method using empirica
parameters@30,31#. At low energy (E,10 eV/u!, the MCLZ
cross section is in good agreement with the MOCC resu
With increasing energy (E.10 eV/u!, the accuracy of

FIG. 4. Total SEC cross sections for O311H. Theory: present
calculation with rotational coupling~thick — with filled squares!,
Gargaudet al. @12# ~thick - -!, Bienstocket al. @10# ~thick •••),
Heil et al. @9# (!), MCLZ ~thin - -!. Experiment: Phaneufet al.
@14# ~open diamonds!, Haveneret al. @15# ~open triangles down!,
Haveneret al. @16# ~open triangles up!, ‘‘corrected’’ Beijerset al.
@19# ~open circles!.
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MCLZ method decreases, and by 400 eV/u, the MCLZ cr
section is only about half of the MOCC result.

All of the previous calculations@9,10,12# are 2–5 times
larger than the present MOCC results. Although all of t
earlier results were obtained with the quantal MOC
method, the differences in the total cross sections proba
can be attributed to the different molecular structure calcu
tions.

For the collisional energy range 0.8<E<1000 eV/u, the
present total MOCC cross section is in good agreement w
Havener et al.’s measurement@15,16#. For 0.1<E,0.8
eV/u, only two measured points exist, which are about 30
larger than our calculations. But, if the uncertainity in t
beam energy due to an estimated energy spread of 0.1
at a collision energy of 0.1 eV/u@16# is considered, the cur
rent calculations fall just below the left corner of the unce
tainty box of the 0.17 eV/u measurement. Haveneret al. @16#
proposed that a finite fraction of the O31 ion beam might be
in the (2s2p2 4P) metastable state, possibly contributing,
least in part, to the discrepancy with previous calculatio
However, using the MCLZ method with empirical param
eters@30#, we estimate the metastable charge transfer cr
section to be slightly smaller than the ground-state cross
tion in this energy range. Therefore, metastable contam
tion of the ion beam does not appear to be significant eno
to account for the discrepancy between the merged-b
measurements and the previous calculations or the minor
ferences with the current results for 0.1<E,0.8 eV/u. Fur-
ther, the local minimum near 5 eV/u in the experimental to
cross section is only present in the current quantal MO
results for the ground state, but not for the metastable s
This gives some additional evidence to suggest that the c
tribution from the metastable state is negligible, although
level of uncertainty is far greater in the MCLZ calculation
opposed to the MOCC results.

Another possibility for the low-energy discrepancy mig
be related to the fact that the measurements of Haveneret al.
@15,16# below 834 eV/u where made with a D beam. To test
this, we made MOCC calculations for O311D for energies
between 0.1 and 10 eV/u. As expected@16,29#, the D cross
section was found to besmallerthan the cross sections for H
but only by about 3%. The kinematic isotope does not app
to be significant for this particular collision system, at lea
in regard to the total cross section.

For E.40 eV/u, a number of other experimental resu
are available including the measurement of Phaneufet al.
@14# which appears to overestimate the total cross section
the Beijerset al. @19# experiment, PES of the product ion
was used to determine absolute state-selective cross sec
In principle, if one could measure all of the emission fro
the dominant capture channels, then the total cross sec
could be obtained from the sum of the state-selective cr
sections. However, only a portion of the transitions could
measured due to the limited wavelength window of th
detector. Therefore, the state-selective cross sections ar
ferred from the measured emission cross sections in conj
tion with spontaneous transition probability branching rati
However, as will be discussed more fully in the next secti
we found that the adopted branching ratios are not relia
0-6
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when compared with a critical compilation@32# resulting in
errors of about 30% –50%, which translate into enhan
ments of 30% –100% for the cross sections. The ‘‘correct
experimental data from the Beijerset al. @19# work are pre-
sented in Fig. 4. After these corrections are made, the pre
MOCC cross section is in good agreement with Beij
et al.’s data. It is unknown whether a similar problem exis
in the measurements of Hoekstraet al. @18#. Over the whole
energy range considered, the present MOCC calculat
show the best agreement to date with the measurement

B. State-selective cross sections

State-selective cross sections for capture to configurat
O21(2p3s) and O21(2p3p) are shown in Fig. 5. In the
low-energy regime, capture to O21(2p3p) dominates. With
increasing energy, capture to O21(2p3s) becomes impor-
tant; whenE.20 eV/u, it begins to dominate over capture
O21(2p3p). This is because capture to O21(2p3s) occurs
at intermediate avoided crossing distances@;(7 –8)a0#,
while capture to O21(2p3p) proceeds through long avoide
crossing distances@;10–13a0#. Similar behaviors can be
found in Gargaudet al.’s calculations@12# and the measure
ments of Wilsonet al. @17#.

Figure 5 also shows MOCC results with and without r
tational coupling. At low energy (,40 eV/u!, the cross sec-
tions with and without rotational coupling are similar; how
ever, the differences increase with increasing energy. W
E5700 eV/u, the cross section for capture to O21(2p3s)
decreases 25%, while the cross section for capture
O21(2p3p) increases by a factor of 3 when rotational co

FIG. 5. State-selective cross sections.~a! Capture to state
O21(2p3s); ~b! capture to state O21(2p3p). Theory: present cal-
culation with rotational coupling~thick — filled squares!, present
calculation without rotational coupling~thick ••• with filled
squares!, Gargaudet al. @12# ~thick - -!, Heil et al. @9# (!), Roueff
and Dalgarno@11# (3). Experiment: ‘‘corrected’’ Beijerset al. @19#
~open circles!; Wilson et al. @17# ~open triangles up!; Hoekstra
et al. @18# ~open triangles down!.
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pling is considered. Rotational coupling tends to decrease
larger cross section and increase the smaller one.

Compared with other theoretical calculations for captu
to O21(2p3s), the present results are in agreement gener
to within 50%. However, for capture to the O21(2p3p), all
of the previous calculations@9,11,12# appear to have overes
timated the cross section, especially for energies,10 eV/u.
This cross section is dominated by capture to 2p3p 3D and
Table II shows that the potential splittingsDU(Rx) of Gar-
gaudet al. are 60% larger than those calculated in this wo
which likely accounts for the discrepancy. The difference
the 2p3p configuration cross section is responsible for t
overestimation of the total cross sections in Fig. 4 as co
pared to the measurements of Haveneret al. @15,16#.

Three state-selective measurements are available for
collision system, which include the previously mention
PES results of Hoekstraet al. @18# and Beijerset al. @19# as
well as the TES experiment of Wilsonet al. @17#. While ab-
solute state-selective cross sections at theLS level can be
inferred with the PES method ~in this case
2p3s 1P0,3P0; 2p3p 3S,3P,3D), only relative cross sec
tions at the configuration level~i.e., 2p3s and 2p3p) can be
obtained via TES. However, there appear to be some d
culties with the reported PES results. As discussed above
branching ratios adopted in Ref.@19# are inaccurate com
pared to those obtained from Wieseet al. @32#, as shown in
Table III. Using the new branching ratios, we corrected
data of Ref.@19# which resulted in increases of the cro
sections by 30–100 %. Two other issues appear to com
cate the measurements of Beijerset al. @19#: ~i! a 12% meta-
stable contamination of the oxygen ion beam and~ii ! a par-
tially dissociated (;70%! neutral H-H2 target beam.
Because some fraction of H2 is present in the target beam,
PES measurement must first be made for a pure H2 beam
with the resulting spectrum subtracted from the compo
H-H2 spectrum. Beijerset al. @19# report significant cross
section magnitudes for capture to all of theLS states except
2p3p 3S following O31 collisions with H2. However, for
collisions with ground-state O31 the 2p3p 3P,3D capture

TABLE III. Wavelengths (l) and branching ratios~BR! of cas-
cade emission lines for O21(2p3p 3P,3D).

Lower state

Upper state

2p3p 3P 2p3p 3D

l ~nm! BR l ~nm! BR

2s2p3 3So 96.8a 0.003a

99.3b 0.0036b

2p3s 3Po 304.1a 0.531a 376.2a 0.509a

304.7b 0.732b 377.2b 0.649b

2s2p3 3Po 63.3a 0.064a 65.9a 0.318a

63.6b 0.156b 65.9b 0.310b

2s2p3 3Do 55.4a 0.401a 57.4a 0.173a

55.4b 0.109b 57.4b 0.041b

aCalculated from Wieseet al. @32#.
bBeijerset al. @19#.
0-7
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WANG et al. PHYSICAL REVIEW A 67, 012710 ~2003!
channels are found to be diabatic with avoided crossing
tances of;19.7a0 and ;17.8a0, respectively@21,34#. Ex-
amination of the OH2

31 potential surfaces reveal no shor
range, endoergic avoided crossings forRx*5, indicating that
possible crossings would have effective thresholds of at l
7 eV/u. This suggests, contrary to the PES measureme
that state-selective cross sections for capture to the 2p3p
configuration should be small. On the other hand, avoi

FIG. 6. The ratios of state-selective cross sections.~a! Capture
to O21(2p3p) and O21(2p3s). Theory: present calculation~—!,
Gargaudet al. @12# ~- -!. Experiment: Wilsonet al. @17# ~open
squares!, Hoekstra et al. @18# ~open triangles up!, ‘‘corrected’’
Beijers et al. @19# ~open circles!. ~b! Triplet-singlet cross section
ratios: total SEC cross section~—!, 3s state~- -!, 3p state~—-!,
measurement for capture to the 3s state@19# ~open circle!.

FIG. 7. MOCC state-selective cross sections for capture to
ferent LS terms of O21(2p3l ). Present theory: lines with filled
symbols; ‘‘corrected’’ experiment@19#: lines with open symbols.
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crossings for the 2p3s states are in optimal locations be
tween Rx;8a0 and 11a0, indicating significant cross sec
tions, in harmony with experiment. Considering that there
a significant metastable population in the ion beam, it
worth considering what contribution it might make to th
PES spectra. Given that the metastable state is a quartet,
triplet O21 ions will be generated so that the singlets a
completely unaffected by the presence of the metasta
state. We have estimated the avoided crossing distance
O31(2s2p2 4P) collisions with H2 into O21 triplet states to
be ;4a0 (2p3s), ;5a0 (2p3p), ;(7 –7.5)a0 (2p3d),
;13a0 (2p4s), and ;20a0 (2p4p). It therefore seems
likely that the PES measurement for the triplet 2p3p states
for the neutral H2 beam is due to the O31 metastable state
via either direct charge transfer or cascade from the 2p3d
and 2p4s states with little contribution from the O31 ground
state. Further, the PES signal due to the 2p3s 3Po is also
affected by cascades resulting from capture due to the m
stable state, although it is probably dominated by direct c
ture from the O31 ground state, it being the primary chann
@21,34#. This implies that subtraction of the triplet spectru
due to H2 from the composite H-H2 spectrum results in an
erroneous triplet H spectrum, and therefore triplet sta
selective cross sections of unknown reliability, particula
for the 2p3p states, but less so for 2p3s 3Po. The situation
is further complicated by captures through metastable co
sions with H which have avoided crossings
&4a0 (2p3p), ;6a0 (2p3d), ;9a0 (2p4s), and
;(11–12)a0 (2p4p) indicating that, while direct capture i
probably not important, cascade contributions are. Theref
while we do compare to the ‘‘corrected’’~via branching ra-
tios! PES measurements in Figs. 5–7, it may not be part
larly useful when the triplet states are involved. Fortunate
while the TES measurements do have problems of m
stable ion beam contamination and undissociated H2, they
are more easily separated out in energy-change spectra

Keeping the concerns about the PES measurements
cussed above in mind, we see in Fig. 5 that the present 2p3p
MOCC cross section as well as that of Gargaudet al. are
much smaller than the measurement of Beijerset al. On the
other hand, the current results are in good agreement
both the measurements of Hoekstraet al. @18# and the TES
results of Wilsonet al. @17#, where in the latter case we hav
normalized the relative experimental cross sections to
total MOCC cross section.

The agreement between experiment and theory is
proved for the 2p3s configuration. The measurements
Wilson et al. and Hoekstraet al. are both consistent with the
current MOCC calculations, while the Beijerset al. result is
in agreement forE>166 eV/u. For smaller energies, the di
crepancy is due to the sudden drop of the 2p3s 3Po cross
section which may be related to the complications of
metastable contamination.

In Fig. 6~a!, the cross section ratio (2p3p/2p3s) is plot-
ted. The Beijerset al. measurement@19# appears to overes
timate the ratio when compared to the experiment result
Wilson et al. and Hoekstraet al. and the current calculation
and those of Gargaudet al., giving further indications of
difficulties in the former experiments.

f-
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CHARGE TRANSFER OF O31 IONS WITH ATOMIC HYDROGEN PHYSICAL REVIEW A67, 012710 ~2003!
In some astrophysical models, in particular that due
x-ray emission following charge transfer@35–37#, the result-
ing population within triplet and singlet states is assumed
be according to spin statistics~i.e., 3:1!, because of the lack
of experimental and theoretical data. Ratios of triplet to s
glet cross sections for O311H are plotted in Fig. 6~b!. The
ratio for the total cross section is in general agreement w
the statistical value to within 30%. However, for capture
the 2p3s and 2p3p configurations, the simple statistica
treatment is shown to fail, a trend that was noted previou
for collisions of N41 with H @38,39#. For the 2p3s configu-
ration, the ratio falls below the statistical value as the ene
decreases, in general agreement with the PES measure
of Beijers et al., although the discrepancy in the lowes
energy point at 101 eV/u is again related to metastable c
tamination. This behavior is a consequence of the dep
dence of low-energy state-selective charge transfer c
sections on the detailed quasimolecular structure of the
lision system. Surprisingly, the departure from the statist
value increases with energy for the 2p3p configuration. The
current calculations suggest that the assumption of a sta
cal triplet-singlet ratio could introduce an error of a factor
a few to an order of magnitude in emission models.

LS-resolved state-selective cross sections for captur
O21(2p3s 1Po,3Po) and O21(2p3p 1P,1D,3S,3P,3D) are
shown in Figs. 7 and 8 with comparison to the measurem
of Beijers et al. @19# given in the former. The cross sectio
for capture to O21(2p3p 1S) was not computed as it wa
treated diabatically because its long-range avoided cros
(23.09a0) is extremely sharp as discussed in Sec. II. T
current MOCC cross sections for capture
O21(2p3s 1Po,3Po) are generally larger than experimen
while the calculations for capture to O21(2p3p 3S,3P,3D)
are significantly smaller, being consistent with the resu
given in Fig. 4. As stated earlier, the discrepancy for
triplet 2p3p states and the 2p3s 3Po term is likely related to
the metastable contamination of the experimental ion be

FIG. 8. MOCC state-selective cross sections with and with
rotational coupling. With rotational coupling: lines with filled sym
bols; without rotational coupling: lines with open symbols.
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and the procedures used to deduce the state-selective
sections. The one encouraging point is the reasonable ag
ment for the 2p3s 1Po state which is the only one believe
not affected by the metastable.

Due to the limited detector wavelength range, Beije
et al. @19# were not able to measure the PES spectra
captures to O21(2p3p 1S,1P,1D). However, in the earlier
experiment of Hoekstraet al. @18#, the authors obtained cros
section upper limits of 0.8310216 cm2 for O21(2p3p 1P)
and 0.5310216 cm2 for O21(2p3p 1S,1D) at a collision en-
ergy of 1.5 keV/u. These upper limits are consistent with
current calculations.

The state-selective cross sections are extended to lo
energies in Fig. 8. For E,2 eV/u captures to
O21(2p3p 3P,1P,3P) dominate while at higher energ
(.20 eV/u! O21(2p3s 1Po,3Po) are the most important
Comparison of the cross sections with and without rotatio

t

FIG. 9. Total SEC rate coefficients. Theory: present MOC
~—!, Gargaudet al. @12# (•••), Dalgarnoet al. @8# ~- -!, Kingdon
and Ferland@33# ~– –!; experiment: Church and Holzscheiter@13#
~open diamonds!.

FIG. 10. State-selective SEC rate coefficients. Present MO
calculations~lines without symbols!, Gargaudet al. @12# ~lines with
open symbols!, Dalgarnoet al. @8# ~lines with filled symbols!.
0-9
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TABLE IV. MOCC SEC rate coefficientsa (cm3 s21) for O311H as a function of temperatureT. Fitting parametersai(cm3 s21), bi ,
andci ~K! for the relationa(T)5( iai(T/10 000)biexp(2T/ci) are given at the end of the table.~Numbers in square brackets denote pow
of 10.!

T ~K! 3s 1Po 3s 3Po 3s 3p 1P 3p 1D 3p 3S 3p 3P 3p 3D 3p Total

100 1.23@212# 1.77@213# 1.41@212# 1.11@210# 1.02@211# 1.83@211# 5.73@211# 7.51@210# 9.49@210# 9.50@210#

200 1.34@212# 2.58@213# 1.60@212# 1.74@210# 9.54@212# 1.78@211# 6.58@211# 8.39@210# 1.11@209# 1.11@209#

400 1.54@212# 3.70@213# 1.91@212# 2.38@210# 9.15@212# 1.69@211# 7.54@211# 9.02@210# 1.24@209# 1.24@209#

600 1.75@212# 4.64@213# 2.22@212# 2.77@210# 9.12@212# 1.60@211# 8.25@211# 9.25@210# 1.31@209# 1.31@209#

800 2.01@212# 5.50@213# 2.56@212# 3.03@210# 9.43@212# 1.53@211# 8.73@211# 9.39@210# 1.35@209# 1.35@209#

1000 2.33@212# 6.34@213# 2.96@212# 3.23@210# 9.89@212# 1.48@211# 9.06@211# 9.50@210# 1.39@209# 1.39@209#

2000 5.05@212# 1.15@212# 6.20@212# 3.76@210# 1.24@211# 1.40@211# 9.80@211# 9.83@210# 1.48@209# 1.49@209#

4000 1.55@211# 3.55@212# 1.90@211# 4.16@210# 1.64@211# 1.50@211# 1.02@210# 1.02@209# 1.57@209# 1.58@209#

6000 3.11@211# 9.06@212# 4.02@211# 4.33@210# 1.97@211# 1.74@211# 1.04@210# 1.03@209# 1.61@209# 1.65@209#

8000 5.08@211# 1.83@211# 6.91@211# 4.41@210# 2.27@211# 2.06@211# 1.06@210# 1.05@209# 1.64@209# 1.70@209#

10 000 7.35@211# 3.15@211# 1.05@210# 4.46@210# 2.54@211# 2.41@211# 1.08@210# 1.05@209# 1.66@209# 1.76@209#

20 000 2.17@210# 1.49@210# 3.66@210# 4.52@210# 3.68@211# 4.42@211# 1.16@210# 1.09@209# 1.74@209# 2.10@209#

40 000 5.64@210# 5.60@210# 1.12@209# 4.48@210# 5.39@211# 8.44@211# 1.30@210# 1.14@209# 1.86@209# 2.98@209#

60 000 9.28@210# 1.09@209# 2.01@209# 4.44@210# 6.72@211# 1.21@210# 1.43@210# 1.19@209# 1.96@209# 3.98@209#

80 000 1.28@209# 1.66@209# 2.94@209# 4.41@210# 7.85@211# 1.53@210# 1.55@210# 1.24@209# 2.07@209# 5.01@209#

100 000 1.63@209# 2.25@209# 3.88@209# 4.38@210# 8.83@211# 1.83@210# 1.67@210# 1.29@209# 2.17@209# 6.04@209#

200 000 3.16@209# 5.19@209# 8.36@209# 4.34@210# 1.25@210# 3.11@210# 2.27@210# 1.56@209# 2.66@209# 1.10@208#

400 000 5.52@209# 1.03@208# 1.59@208# 4.48@210# 1.79@210# 5.36@210# 3.74@210# 2.09@209# 3.62@209# 1.95@208#

600 000 7.30@209# 1.45@208# 2.18@208# 4.68@210# 2.19@210# 7.50@210# 5.34@210# 2.56@209# 4.53@209# 2.64@208#

800 000 8.72@209# 1.80@208# 2.67@208# 4.90@210# 2.46@210# 9.50@210# 6.94@210# 2.98@209# 5.35@209# 3.21@208#

1000 000 9.90@209# 2.09@208# 3.08@208# 5.13@210# 2.64@210# 1.14@209# 8.49@210# 3.36@209# 6.11@209# 3.69@208#

a1 6.52@211# 2.38@211# 9.53@211# 4.30@210# 2.59@211# 2.51@211# 1.10@210# 8.82@210# 1.37@29# 8.88@210#

b1 1.48 2.21 1.75 1.42@22# 5.36@21# 8.61@21# 1.13@21# 1.52@21# 1.85@21# 8.51@21#

c1 4.78@5# 2.12@5# 3.40@5# 21.37@7# 7.79@6# 5.44@6# 26.30@5# 21.46@6# 21.46@6# 5.66@6#

a2 1.77@212# 1.87@212# 1.61@212# 21.09@210# 2.56@212# 1.98@211# 22.97@211# 5.25@210# 9.66@210# 2.14@29#

b2 6.18@21# 5.43@21# 3.80@21# 22.21@21# 22.65@21# 2.06@22# 28.46@22# 1.23@21# 2.20@21# 1.84@21#

c2 7.79@2# 21.49@5# 21.09@5# 1.61@3# 1.14@3# 2.14@3# 5.79@1# 7.56@3# 7.24@3# 1.06@4#
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coupling is also shown in Fig. 8. Inclusion of rotational co
pling generally results in an increase in the cross section
the 2p3p triplet states and particularly at the higher collisio
energies. The effect of rotational coupling is less pronoun
for the 2p3s and the singlet 2p3p states. Enhancements du
to rotational coupling appear to increase with increas
avoided crossing distances.

C. Rate coefficients

Rate coefficients were computed by extending the cr
sections calculations to lower energy~0.1 meV/u! and aver-
aging the cross sections over a Maxwellian velocity distrib
tion. Total rate coefficients are plotted in Fig. 9. Comparis
with other calculations@8,12# and one experimental poin
@13# shows the current results to be smaller by a factor
;2. This discrepancy is a direct reflection of the differenc
noted for the total cross sections displayed in Fig. 4. As
total cross section is in close agreement with the merg
beams measurements@15,16#, the current rate coefficients ar
expected to be the most reliable to date. Currently, most
trophysical photoionization models use the recommen
rate coefficient fit of Kingdon and Ferland@33# which is
based on the Gargaudet al. @12# calculation.
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Figure 10 showsLS-resolved state-selective rate coef
cients for capture to O21(2p3s 1Po,3Po) and
O21(2p3p 1P,1D,3S,3P,3D). The current results are foun
to be smaller than the calculations of Gargaudet al. @12# and
Dalgarnoet al. @8# for all of the 2p3p states, but generally
larger for the 2p3s states. It is difficult to estimate the accu
racy of our results in light of the complexities in th
LS-resolved state-selective cross section measurment
Beijers et al. @19#, but given that the current configuration
resolved cross sections are in best agreement with the m
surements of Wilsonet al. @17#, we would expect the presen
LS-resolved rate coefficients to be the most reliable. So
numerical data and fits to these rate coefficients are prese
in Table IV. The fits do not deviate from the computed ra
coefficients by more than 20% for 10,T,106 K, except for
the 2p3p 1P where the fit is only valid forT.50 K. For the
2p3s states the maximum deviation is;30% forT.700 K,
but worse for smallerT although the rate coefficients becom
small.

Fine-structure-resolved rate coefficients will be calcula
in the future. It would be preferable to resolve the discre
ancies between experiment and theory for theLS-resolved
cross sections before hand. In the mean time, fine-struct
0-10



th
e

t
s

r

n
p

th
e

en
ns

our
sure-
a
en-
en
sort

ota-
at

th
the

A
nk

CHARGE TRANSFER OF O31 IONS WITH ATOMIC HYDROGEN PHYSICAL REVIEW A67, 012710 ~2003!
resolved rate coefficients can be estimated by multiplying
current MOCC LS-resolved rate coefficients by th
J-resolved cross section ratios for3DJ and 3PJ calculated by
Roueff and Dalgarno@11#. Roueff and Dalgarno noted tha
the ratios did not differ significantly from statistical value
~i.e., 2J11).

V. SUMMARY

Quantum-mechanical MOCC calculations have been p
sented for electron capture following O31 collisions with H
over the energy range from 0.1 eV/u to 1 keV/u. Total a
state-selective cross sections and rate coefficients are
sented. Comparison with the existing experimental and
oretical data shows our total and configuration-resolv
(2p3s and 2p3p) cross sections to be in better agreem
with the experimental results than previous calculatio
ys
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However, there are significant differences between
LS-resolved state-selective cross sections and the mea
ments of Beijerset al. @19# which we suggest are due to
combination of metastable contamination of the experim
tal ion beam and partial dissociation of the neutral hydrog
beam. New state-selective measurements are needed to
out the discrepancies. Our calculations also show that r
tional coupling is not important for the total cross section,
least forE&1 keV/u, but that its contribution increases wi
energy for state-selective cross sections, particularly at
LS-resolved level.
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