
PHYSICAL REVIEW A VOLUME 48, NUMBER 5 NOVEMBER 1993

Molecular treatment of electron capture in collisions of Q + ions with H atoms at energies
from 6 ev/amu to 10 keV/amu: Transfer-excitation processes
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Electron capture in collisions of 0'+ ions with H atoms is investigated theoretically by using a semi-
classical molecular-orbital method in the energy range from 6 eV/amu to 10 keV/amu. Electron transla-
tion effects are properly included (to the first order of relative velocity). The primary contributors to
electron capture are 0 +(2s4l) states. However, two-electron transfer-excitation processes are also im-
portant in the entire energy range studied. The contribution from these processes amounts to 50% of
the total at 1 keV/amu; it remains at 27%%uo even at studied energy as low as 6 eV/amu. The 0 +(2p3p S)
and 0 +(2p3d P) states for the triplet and the 0 +(2p3p 'S) state for the singlet contribute dominantly
to the transfer-excitation process at low collision energies. Results of an analysis based on polarization
parameters for electron capture are reported.

PACS number(s): 34.10.+x, 34.20.—b, 34.70.+e

I. INTRODUCTION

We have conducted a detailed study of electron-
capture processes in collisions of multiply charged ions
with H atoms for N + [1],N + [2], C + [3], and B + [4]
projectiles over a wide range of collision energies by using
a molecular-orbital-expansion method. In the previous
studies, we provided sets of accurate cross sections essen-
tial for modeling and identified important dynamics of
electron capture, an effect of polarization potential at low
energy, and the origins of various structures seen in cap-
ture cross sections. In addition, we examined the role of
two-electron processes (transfer excitation) that compete
with normal capture in the dynamics of N + impact.

In this paper, we report the study of electron capture
in collisions of 0 + ions with H atoms at collision ener-
gies from 6 eV/amu to 10 keV/amu. In the system,
several two-electron transfer-excitation channels are ob-
served near the initial (0 ++H) channel, along with a
band of single-capture channels. Hence, the transfer-
excitation channels are expected to play a crucial role in
electron capture. Furthermore, studies of the (I, m) dis-
tributions for the electron capture processes provide in-
sight for understanding dynamic electron correlation
effects.

Total cross sections of the electron capture processes
for the (0 ++H) system were first measured by Phaneuf
et al. [5] with a time-of-fiight method. This measure-
ment and recent experiments by Havener et al. [6,7] us-
ing a merged-beam method combine to cover a wide
range of energy from 0.1 eV/amu to 1 keV/amu and
serve as a stringent test of theory. There have also been

theoretical studies using a quantum-mechanical close-
coupling method reported by Garguad [8] and more re-
cently Andersson et al. [9] below 1 keV/amu. These au-
thors employed a one-electron model and hence included
only single-electron processes. Although their results ap-
pear to be in reasonable accord with the measurements,
our calculation shows that the transfer-excitation process
plays an essential role in the determination of capture dy-
namics and the neg' 't of these channels could cause
gross errors in evaluation of the cross section except at
the low-collision-energy limit. In connection with the
present study, Macek and Ovchinnikov [10] recently
evaluated the effect of the H atom in high Rydberg states
on capture in 0 + + H collisions.

II. SUMMARY OF THEORETICAL TREATMENT

Details of the theory used have been provided else-
where [11,12] and only a summary of theoretical frame-
work is furnished here. However, full information on all
of the parameters used in the calculation is given.

A. Molecular states

The molecular electronic states are obtained by using a
valence-bond configuration-interaction method modified
to include a Gaussian-type pseudopotential. The pseudo-
potential to represent the 0 + core has the form
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TABLE I. 0 + pseudopotential parameters.

Parameter

0

A2

ko

Value (a.u. )

74.061 510747 5
—3.393 394430 87
—0.566 147 742 355

12.977 981 847 3
15.165 862 608 6
8.917450 937 80

0.197 370 2
0.002 64
0.000 162

Vj(r)= A(exp( g(r—)—
2(r +d )

a
2(r +d )

where
~ Y& ) are the spherical harmonics, and Al and gI

are l-dependent parameters chosen to fit asymptotic ei-
genvalues to spectroscopic data [13). az and o.'~
representing dipole and quadrupole polarizabilities, re-
spectively, were chosen from the review by Dalgarno
[14]. The cutoff radius d was determined by Hartree-
Fock calculation. These parameters are summarized in
Table I. Molecular wave functions were obtained in
terms of a linear combination of Slater determinants, and
Slater-type orbitals (STO's) are used as basis sets. Fifty-
four STO's for 0 + and 0 + ions and ten STO's for H
atoms are used. These Slater exponents used are given in
Table II. The precision of the present molecular-state

calculation with respect to the spectroscopic data [13] is
better than 0.27%%uo for all states. As a measure of the ac-
curacy, the calculated values ( X states only) for the
asymptotic energy are compared with the spectroscopic
values in Table III. The calculated asymptotic energies
for II and 6 states are in better agreement with the exper-
imental values than those for the X states.

B. Collision dynamics

Expanding the scattering wave function in terms of a
product of a molecular state and an atomic-type electron
translation factor (ETF) and substituting it into the time-
dependent Schrodinger equation, one yields a set of ordi-
nary, linear, first-order coupled equations with the ETF
effect in the first order of relative velocity [12]. Under
the assumption of straight-line or Coulomb trajectories
for heavy-particle motion, the coupled equations can be
solved numerically for scattering amplitudes. The square
of the scattering amplitude gives a transition probability
for the transition i ~j at a given energy E and impact pa-
rameter b. Integration of impact-parameter-weighted
probability over impact parameter yields the total cross
section. Twenty-two channels are included in the close-
coupling calculation: (i) the single-electron-capture
0 +(2snl) channel: nI =4s(X), 4p(X+ II),
4d(X+II+b, ), 4f(X+II+b, ); (ii) the transfer-excitation
0 +(nln't') channel; nln'l'=2p3p D(&+11+4), 2p3p
S(X), 2p3p P(II), 2p3d F(X+II+b, ), 2p3d D(II+6, )

2p3d P(X+II); and (iii) the initial (0 ++H) channel
from both the triplet and singlet manifolds.

TABLE II. Orbital exponents of the Slater-type orbital basis function.

O4+ and O'+

Exponent

Orbital

2$

2p

3$

3p
3d
4$

4p
4d
4f
5$

5p
5d
5f

Triplet

13.276 00
7.479 82
5.977 36
2.964 55
4.807 08
2.972 32
2.372 69
1.503 41
1.648 92
1.682 42
1.155 38
1.046 24
1.464 39
1.239 14
1.073 45
1.040 16
1.002 71
1.177 36

Singlet

6.13209
3.651 02
2.875 24
4.434 97
2.972 32
1.866 79

1.71956

1.034 92

13.276 00
(5.940 51)'
(3.341 05)
(2.124 87)
(4.440 69)
(2.958 47)
(2.01054)
1.661 45

(1.687 95)
1.627 55

(1.027 06)
1.058 43
1.047 20
1.210 87
0.972 10
0.964 44
0.908 33
0.946 79

Orbital

1$

2$

2p

Exponent

2.000 00
1.000 00
0.500 00
0.500 00
1.000 00
0.500 00

AT R =7.4—12.5 a.u. we reoptimized some orbital exponents for higher precision and used the value
in parentheses.
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TABLE III. Calculated and spectroscopic energy levels of the 0 +(1s nln'l') ion (a.u.).

Experiment
nln 'l'

2p3p (D}
2p3p (S)
2p3p (P)
2p3d (F)
2p3d (D)
2p 3d (P)
2s4s (S)
2s4p (P)
2s4d (D)
2s4f (F)

2p 3p (P)
2p3d (D)
2p 3p (D)
2p3p (S)
2p3d (F)
2p3d (P)
2s4s (S)
2s4p (P}
2s4d (D)
2s4f (F)

0 +(2s)+H(1s)

Triplet
—6.17401
—6.145 39
—6.120 08
—6.103 93
—6.052 99
—6.034 84
—5.969 79
—5.908 45
—5.879 75
—5.855 57

Singlet
—6.196 5
—6.096 5
—6.085 0
—6.037 3
—6.0130
—5.984 3
—5.927 8
—5.899 5
—5.861 2
—5.845 0

—5.575 56

system

system

Calculation

—6.170704
—6.140 912
—6.117063
—6.097 680
—6.049 682
—6.028 559
—5.955 498
—5.896 744
—5.858 755
—5.839 240

—6.195 610
—6.085 740
—6.075 680
—6.030 800
—6.000 599
—5.972 552
—5.911 800
—5.887 305
—5.847 131
—5.832 086

hE (eV)

0.0899
0.1218
0.0830
0.1700
0.0900
0.1709
0.3889
0.3185
0.5713
0.4443

0.0242
0.2927
0.2535
0.1768
0.3374
0.3196
0.4354
0.3318
0.3828
0.3513

0.3482

III. RESULTS

A. Adiabatic potentials and couplings

Adiabatic potential curves for triplet and singlet mani-
folds are displayed in Figs 1(a) and 1(b), respectively. For
simplicity, only X and H states are shown. Specific loca-
tions of avoided crossings and their energy splittings for
the triplet and singlet manifolds are given in Table IV as
needed for discussions.

1. Triplet manifold

For the triplet manifold, the initial channel has a series
of avoided crossings with single-electron-capture chan-
nels at larger R ~10 a.u. and with transfer excitation
channels at smaller R &9 a.u. The avoided crossings at
R2 and R5 are expected to play a dominant role in flux
promotion, while the avoided crossing at R4 is important
in controlling the branching ratio between single capture
and transfer excitation. At R 8 the energy splitting is very
small, and the corresponding radial coupling is very
sharp (the height and the half-width are about 120 a.u.
and 0.01 a.u. , respectively). Thus, this crossing is con-
sidered to be diabatic and is treated accordingly. (Other
avoided crossings that may become important for flux
exit at higher energies are those at 5.50 a.u. and 5.62 a.u.
among the 7X, 8X, and 9X states, with corresponding en-
ergy splittings of 9X10 and 8X10 a.u. , respectively. )

All H states except for 2H and 4H are nearly degenerate
with the corresponding X states. The 5H state that corre-
lates with the O +(2p3d P) transfer excitation state lies

very close to the single-capture channel 5X[O +(2s4s)]
at R ~9 a.u. Hence, the 5X state is expected to play a
crucial role in flux promotion for transfer-excitation pro-
cess via H states.

2. Singlet manifold

For the singlet manifold, the avoided crossings appear
at larger internuclear distance than for the triplet mani-
fold (see Table IV), because the asymptotic energies of the
electron capture state are higher than those in the triplet
manifold. The cross section of transfer excitation in the
singlet manifold is expected to be larger than that in the
triplet manifold at lower collision energies, because the
energy splitting at R~ (which connects single capture and
transfer excitation) in the singlet manifold is smaller than
that in the triplet manifold.

Representative radial couplings for the triplet and
singlet manifolds are shown in Figs. 2(a) and 2(b).

B. Transition probabilities

Collision histories as a function of time are displayed
for the triplet and singlet manifolds in Figs. 3(a) and 3(b),
respectively, at E =62.5 eV/amu and b =6.0 a.u. Three
general observations can be made.

First, the dominant flux transfer takes place among X
states at avoided crossings. The H contribution is secon-
dary for most cases at any energy and impact parameter
studied. However, the H contribution is crucial for some
states, particularly the triplet O +(2s4p) state. The con-
tribution of the 6 states is still smaller and perhaps negli-
gible.
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ly those of the 0 +
(2s 4p ) state increase. Above 1

keV/amu, the cross sections for the 0 +(2s4d) and
0 +(2s4f) states increase in what can be interpreted as
an increasing role for H and, to a lesser extent, 4 states to
electron capture at this energy domain. Below 0.1

keV/amu, the similar increase in the cross sections for
0 +(2s4d) and 0 +(2s4f) is due to increasing adiabatici-
ty at the avoided crossings at larger R (R 7 and R 8 ) and
also at smaller R (around 5.5 a.u. ). A trajectory effect be-
comes sizable below 100 eV/amu and translates to the
difference of 25% between the straight-line and Coulomb
trajectories at E =62.5 eV/amu. As we discussed [1,2],
the Coulomb trajectory underestimates transitions be-
cause of strong repulsion and is not realistic below 100
eV/amu.

these energy regions. In the same energy region, the
cross section of the 0 +(2s4s) state is smaller than that
in the triplet manifold. Below 0.2 keV/amu, capture into
the 0 +(2s4s) and 0 +(2p3p S) states becomes equally
important. This clear contrast to the triplet manifold
occurs because the energy splitting at R5 of the singlet
manifold is smaller than that of the triplet manifold. Be-
cause energy splittings at most avoided crossings are
small in the singlet manifold, as Fig. 1(b) shows, the Aux
passes diabatically through all points except R2 and R5.
At Rz and R5, the transition is effectively controlled as
sensitive function of collision energy.

3. Total and partial cross sections
and comparison with other results

2. Singlet manifold

The calculated partial and total cross sections for the
singlet manifold are shown in Fig. 4(b). Above 0.2
keV/amu, many states contribute equally to electron cap-
ture. Compared to the triplet manifold, the contributions
of the 0 +(2s4p), 0 +(2s4d), and 0 (2s4f) states and
in particular the 0 +(2p3p 'P, 'D) states are large in

Figure 5(a) shows the calculated partial and total cross
sections, determined by summing triplet and singlet cross
sections with appropriate statistical weights. Because the
contribution from the singlet manifold amounts to only
25%, the total cross section is similar to that in the trip-
let manifold. At higher collision energies, above 2
keV/amu, many states contribute equally to electron cap-
ture in an out-of-phase manner, so that the total cross

15.0
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section appears ot be nearly independent of the collision
energy. coAt llision energies lower than 0.7 keV/amu,

4+ 1the 0 +(2s4s), 0 +(2s4p), and 0 (2p3p S) states be-
come em '

the main contributors with an increasing trend and
re 5amake the cross sections increase slightly. Figure (a),

also includes the experimental results [5,7]. Our resu ts
are in excellent agreement with the measurements over
the entire energy region studied.

Figure 5(b) shows only the total and 0 +(2s41) partial
cross sections along with results of Andersson, Gargaud,
and McCarroll [9]. Although the total cross section of
Andersson, Gargaud, and McCarroll is in excellent
agreement with our results (and also in good agreement
with measurements), their partial cross sections i er
signi can y rom'fi tl from the present results. The discrepancy
for 0 +(2s4d) is particularly noteworthy. Andersson,
Gargaud, and McCarroll included only the one-electron
process, neg ec ing a1 t' ll of the transfer-excitation channels.

As our study shows, these transfer-excitation channels
make a significant contribution to collision dynamics and
are b no means negligible. Neglect of these states is ex-are y no
pected to cause overestimation of the cross section

'
n for the

one-electron process. Therefore, the good agreement of
our total cross section and that of Andersson, Gargaud,
and McCarroll is considered fortuitous.

D. Transfer-excitation and electron correlation

In this section, we discuss more details of the mecha-
nisms for the transfer-excitation and single-capture pro-
cesses.

1. Total transfer excitation and singie capture

The transfer-excitation and single-electron-capture
cross sections for the triplet and singlet manifolds and the
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Tr ipl et (a) v =0. 05a. u. b =6a. u.

0. 0

3 l7
t

0. 8—
Bz+ 9z 8z+ 9z

0. 6—

0. 4-

0. 2—

-200 -100

0. 2
Singlet (b)

0. 0
—400 —300 0

t ( a,u, )

100 200 300 400

v =0. 05a. u. b =6a. u.

FIG. 3. Collision histories of
the transition probabilities as a
function of time at E=62.5
eV/amu and b=6.0 a.u. for a
straight-line trajectory for the (a)
triplet and (b) singlet manifolds.
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totals for each process are presented in Fig. 6. In the
triplet manifold, the cross sections of single-electron cap-
ture are larger than those of transfer excitation at all col-
lision energies. This tendency becomes more pronounced
as the collision energy decreases. In contrast, in the
singlet manifold the cross sections of transfer excitation
are larger at almost all collision energies than those of
single-electron capture, though at lowest and highest col-
lision energies the single-electron-capture process dom-
inates. This finding is interpreted to reAect the energy
difference and the coupling strength at avoided crossing
R4, where the energy differences in the triplet and singlet
manifolds are 8.0X 10 and 3.5 X 10 a.u. , respective-
ly. The energy difference in the triplet manifold is 1arger,
and the corresponding coupling is weaker. Hence, at the
collision energies considered the transition is less effective
at R4, leaving the Aux in single-electron capture chan-
nels. In the singlet manifold, the situation is reversed:
the energy difference is slightly smaller with stronger
coupling, making the transition more effective. Of
course, at still lower collision energies in the singlet mani-

fold than those shown in Fig. 6, the Aux cannot pass
effectively through the avoided crossing R 4, making
single-electron capture dominant.

2. (I,rn) distribution

All of the (l, m) partial cross sections for the triplet and
singlet manifolds, respectively, are replotted in Figs. 7(a)
through 7(d). The figures indicate that the contributions
from the X and H states are similar in magnitude except
in some channels [the 0 + (2p 3p D), 0 (2p 3d F),
Q +(2p3d 'P), and 0 +(2s4p 'P) states]. The 5 states do
not contribute significantly to the electron-capture pro-
cesses. Generally, the transition to the H states occurs
primarily from X states by rotational coupling at regions
where X and II states degenerate and from the initial
channel through radial coupling at regions of larger b.
Thus, if the transition to II states is to be effective, the II
states must lie close to relevant X states and have strong
coupling around the turning point or real curve crossing
points. In addition, the avoided crossing R4 is important
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excitation cross sections, respectively.
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in that it separates single-capture and transfer-excitation
channels, controlling the branching ratio of the probabili-
ty. Because the transition meehanisrn to each channel
varies significantly from state to state under a strong
correlation of other channels, we examine each case sepa-
rately.

O (2p3p *'D). The transition to the X states
proceeds predominantly at the avoided crossing R, for
both triplet and singlet manifolds. For the II states, it
mainly takes place at small b & 4 a.u. through a rotational
coupling from 3X for the triplet. The H transition in the
singlet proceeds at a rather wide range of b ~ R &, result-
ing in a large transition probability in the intermediate-
energy region. The multichannel effect for the transition
is far stronger for the triplet, as manifested by the com-
plex pattern of energy dependence in the cross section.

0 +(2p 3d 'F). The transition to the X states
proceeds mainly at the avoided crossing R 3. That for the
II states takes place in the region of somewhat smaller b
through rotational couplings from 4X(3X) for the triplet
(singlet). The energy splitting of the avoided crossing R 3

is twice as large for the triplet and may be in part respon-
sible for larger cross section in the triplet at lo~er ener-
gies.

0 +(2p 3d 'P). The transition to the X states
proceeds predominantly at avoided crossing R4, and a
larger energy splitting at R4 in the triplet causes a larger
transition probability at lower energies than in the
singlet. The II transition at R &R4 effectively takes
place from 5X through a rotational coupling. As the Aux

of the 5X in the triplet increases, the transition probabili-
ty of the II state also increases.

0 +(2s4p 'P). Both X and II populate equally for the
triplet, while the X distribution dominates in the singlet
at higher energies. This is because at R6, where the ener-

gy splitting in the triplet is larger than that in the singlet,
the cross sections of the triplet become large at lower col-
lision energies. The transitions to X states take place at
avoided crossing R6, while the transitions to 6II have two
routes to populate; direct transition from 7X and two-
step transition from 7X through 6X. Both routes are sen-
sitive to collision energies, showing a complex pattern for
the transition mechanism.

3. Polarization

larization (3) for transfer excitation can be explicitly ex-
pressed [15] for triplet and singlet manifolds as

495o.p+ 495o.
&

—990o.
2

1537op+ 2909o.)+2414o 2

18op+ 18o.
&

—36o 2P singlet 41 +76 +58

(4a)

(4b)

and for single-electron-capture as

15o.p —15o )psc
41 +67 (4c)

op 0)
P„.sing et

op 0)
(4d)

I

0.8

I I I I I
I

I I

Polarization

where o.p, o.
&

and o.
z are o. cross sections with magnetic

quantum number m at given principal and angular quan-
tum numbers (n, I) In th. e derivation of Eqs. (4a) through
(4d), two electrons were explicitly considered. The polar-
ization thus obtained for both levels is shown in Fig. 8 to
illustrate the degree of electron correlation (static and dy-
namic) for the triplet and singlet manifolds as a function
of energy.

First, we will discuss polarization of the 0 (2s4p)
state. The large disparity in the polarization between the
triplet and sing1et manifolds is particularly noteworthy.
P„„„,has a peak with the value of 0.85 at 1 keV/amu
that is 85% of the theoretical maximum (theoretically,—1~P ~+1), implying that the m =0 population is
dominant. As energy increases, P„„&„drops rather
sharply, to 0.6, and then backs up to 0.75 at 9 keV/amu.
In contrast, P„; &„has either values close to zero or
slightly positive values that amount, at most, to 35% of
the theoretical maximum value (+0.37) and 4% of the
theoretical minimum value (

—0.22). Incidentally, this
trend in the triplet manifold indicates that transitions in
X-X through a radial coupling or in X-H through a rota-
tional coupling contribute equally to the population, re-
sulting in the small P value.

Next, we will look at the polarization of the

I, (8)+I (8)
(3)

A photon emitted from an excited atom or ion is nor-
mally polarized. Its degree of light polarization is defined
as

~ W

N
~ W
4c

O
Ck

0.6

0.4

0.2

(2s4p P)

(Zp3d F)

where I~~(8) and I~(8) are the light intensities with an
emitted angle 0 parallel and perpendicular to the ion
beam direction, respectively. Since the light intensity can
be expressed as a function of cross section for a process,
the polarization P(8) is also a combination of cross-
section functions for the process of interest. Here we
specifically study single-electron-capture of the
O (2s4p) level and transfer excitation of the
O (2p3d F) level as examples. For these levels, the po-

(2s4p P)

(293d F)

-0.2
0

~ I I I I I ~ I I I I I

4 6

E (keV/amu)

10

FI~. 8. polarization for the 0 (2s4p) and 0 +(2p3d +)
states for the triplet and singlet manifolds.
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0 +(2p3d F) state. The difference in the polarization be-
tween the triplet and singlet appears to be smaller than in
the previous case, perhaps because when the colliding
particles are close enough to induce the transition to this
state, the many-channel effect has already mixed the Aux

well, making many avenues of transition possible and re-
ducing dependence on the spin state. The values of
P„;„, are always positive with, at most, 94% of the
theoretical maximum value (+0.32), and they decrease
slightly at higher energies. The value of P„„&„areposi-
tive below 5 keV/amu and become nearly null above this
energy with only 2% of the theoretical maximum. This
trend of having a smaller difference in P values between
the triplet and singlet manifolds is common to nearly all
transfer-excitation states because of the importance of a
close collision that thoroughly mixes the fj.ux. Generally,
the difference between the triplet and singlet manifolds
arises in part from the difference in dynamic-interaction
schemes between electronic spin states and heavy-particle
motion.

IV. SUMMARY AND CONCLUSIONS

Electron-capture cross sections have been obtained by
applying the semiclassical (22 channels for the triplet and
singlet manifolds) molecular-state expansion method with
atomic ETF's in the energy range from 6 eV/amu to 10
keV/amu. The calculated results are in excellent agree-
ment with experiments over the entire energy region
studied. The X and II states contribute to the capture

process, but the contribution of the 5 state is negligible.
The contribution from the two-electron process (transfer
excitation) is quite large, with 50% in the total cross sec-
tion at 1 keV/amu. Unless these channels are properly
included in the theory, an accurate determination of the
cross section will not be possible. Furthermore, the
present study reveals a significant difference in collision
dynamics and hence in electron correlation between the
triplet and singlet manifolds. Experiments that
differentiate spin states would be extremely desirable.
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