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Electron capture in collisions of protons with CO molecules in the keV region: The steric effect
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Electron capture resulting from collisions of H1 ions with CO molecules has been investigated based on the
molecular representation within the fully quantum-mechanical formalism below 10 keV/u. Three different
molecular configurations have been considered for collision dynamics, i.e.,~i! the proton approaches the center
of mass of the CO molecule in the perpendicular configuration,~ii ! the proton approaches the C atom in the
collinear configuration, and~iii ! the proton approaches the O atom in the collinear configuration. Electron-
capture dynamics and corresponding capture cross sections depend very sensitively on the molecular configu-
ration, thus revealing a strong steric effect. The capture cross section from the CO electronic ground state is
about 1.3310215 cm2 at 10 keV/u, which is in good agreement with experimental findings. Differential cross
sections~DCS’s! for three molecular orientations have been examined both for elastic and electron-capture
processes, and the DCS averaged over all the configurations was found to agree well with a measurement from
0.02° to 1° at 1.5 keV/u.

PACS number~s!: 34.50.2s, 34.20.Mq, 34.70.1e
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I. INTRODUCTION

Electron capture from a molecular target due to ion i
pact has been known to be extremely sensitive to the
lecular orientation, i.e., the steric effect, particularly for low
energy reactive scattering, as implied by several theore
studies@1,2#. Recently, there have been reported some
perimental attempts to fix the molecular orientation dur
collisions by using the octapole magnet method and to c
out the experiment for various scattering processes@3,4#. For
high-energy scattering above the keV-energy domain,
steric effect becomes somewhat less pronounced becaus
projectile passes through the interaction region very quic
compared to that at lower energies, but it still plays an i
portant role for understanding collision dynamics. Until r
cently, the orientation-averaged cross section is usually o
considered.

However, in our series of investigations, we have sho
that the orientation effect still persists even in low ke
collision energies for CH4 @5# and C2H2 @6# targets. Depend-
ing upon the molecular orientation, electron-capture cr
sections were found to differ by more than an order of m
nitude at 1 keV/u. However, at small scattering angles le
than a few degrees, the magnitude of the differential cr
sections for different molecular orientations are compara
Further, a strong interference oscillatory pattern in the diff
ential cross section was found, which was also experim
tally supported. These findings are significant both in ter
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of fundamental atomic physics and in relation to their app
cation in other fields.

In continuing this series of papers on molecular targe
we have carried out theoretical investigations for elect
capture resulting from proton collisions with CO molecul
for collision energies less than 10 keV, and have intende
examine more specifically the steric effect on capture
namics. The process is important in various applicatio
Specifically, the process is important for modeling the int
action of the solar wind with comets@7#. Protons are the
dominant species in the solar wind@8# while the coma is
composed of about 15% CO@9#. Charge transfer with the
cometary neutrals may explain the loss of solar wind prot
observed at comet Halley@7#. The reverse reaction may als
play a role in diffuse interstellar cloud chemistry. Also, th
carbon monoxide~CO! molecule is important for various
applications in fusion research, plasma chemistry, and m
cal physics for cancer research. Furthermore, the CO m
ecule is chosen in this study because it is expected to s
an enhanced steric effect due to its heteronuclear struc
and hence can provide much detailed information on co
sion dynamics. The processes we are concerned with ar

H11CO~X 1S1!→H1CO1~X 2S1!23357 cm21

electron capture ~1a!

→H1CO1* ~2 2S1!224 090 cm21

electron-capture excitation ~1b!

→H11CO* ~A 2P!248 687 cm21

target excitation. ~1c!

Because of the small energy defect, process~1a! is expected
to dominate in the energy region considered, while proces
~1b! and ~1c! are weaker channels with the energy defe
larger than 3 eV. Note that the energy defects in Eqs.~1a!–
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~1c! are determined based on the assumption that the
distance is fixed at the equilibrium distance.

As for the orientation, we have considered three mole
lar configurations:~i! the H1 approaches the center of ma
of CO ~CO perpendicular to the incoming H1,! ~ii ! H1 ap-
proaches the C atom, in which CO lies along the collis
trajectory ~collinear case!, and ~iii ! the H1 approaches to-
ward the O atom~also collinear case!. The investigation of
these three molecular orientations should give significant
sight into the details of the steric effect for electron captu
and is expected to provide a general guideline for furt
experimental research.

Recently, related experimental work has been perform
by several groups. There are numerous experimental stu
on electron capture, but the following four studies are
most relevant to the current investigations. Browning a
Gilbody @10# have investigated molecular fragmentation
CO by using proton impact in the energy region from 5 to
keV/u. Ruddet al. @11# have measured ionization and ele
tron capture resulting from proton impact in the energy
gion between 5 and 150 keV/u. More recently, Shah and
Gilbody @12# have measured electron-capture cross sect
from the CO molecule in the energy region from 10 to 1
keV/u, and Gaoet al. @13# have performed differential cross
section measurements for various molecular targets at
keV/u by H1- and He1-ion impacts. This last study is ex
pected to serve as a stringent test for the present theore
calculation, and to provide basic understanding of the co
sion dynamics.

II. THEORETICAL MODELS

A. Molecular states

The ab initio calculations are performed for three diffe
ent cases~cases I–III! as shown in Fig. 1. That is to say th
H1 approaches CO in three different configurations. In c
I, H1 vertically approaches the mass center of CO along

FIG. 1. Diagram of the molecular configurations for three cas
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Z axis. CO is located along theY axis. The only symmetry
plane for the system is theYZplane~Cs point group! and the
electronic states are classified according to the two irred
ible representations,A8 andA9, of theCs point group. In this
case the interactions are through radial couplings betweenA8
states, theX component of the rotational couplings betwe
A8 states, and theY andZ components of the rotational cou
plings betweenA8 andA9 states. Other interactions are e
cluded due to symmetry constraints. In both cases II and
the H1 approaches CO collinearly. Transitions are driven
relevant radial and rotational couplings. CO lies along
collision trajectory. The H1 approaches toward the C atom
case II and toward the O atom in case III. In cases II and
the calculations are done in the C2v subgroup~the highest
Abelian subgroup! of theC`v point group. In all three cases
the origin of the scattering coordinates is located at the m
center of the HCO1 system. Considering the present col
sion energy region, the collision time is much shorter th
the relaxation time of the target CO. Based on this argum
the CO distance is always fixed at the equilibrium geome
of the ground state of CO (2.13222a0) during the calcula-
tion. In the presentab initio calculations for the H1/CO sys-
tem, we use Dunning’s cc-pVTZ basis sets for H, C, and
atoms @14#. The potential curves of the singlet states a
obtained by the multireference single- and double-excitat
configuration-interaction~MRD-CI! method@15#, with con-
figuration selection and energy extrapolation using the Ta
I algorithm @16#. In the CI calculations the two lowest mo
lecular orbitals ~MOs! are always kept doubly occupied
whereas the two highest ones are discarded. A small se
tion threshold@15# of 0.3231026 hartree has been used
the present treatment. More details of the present MRD
calculations can be found in Table I. The radial coupli
matrix elements are obtained using calculated MRD-CI wa
functions by a finite-difference method@17# with an incre-
ment of 0.0002a0 , and the rotational coupling matrix ele
ments are determined by a standard procedure@5#.

.

TABLE I. Number of reference configurationsNref and number
of rootsNroot treated in each irreducible representation and the c
responding number of generated (Ntot) and selected (Nsel)
symmetry-adapted functions for a threshold of 0.3231026 hartree
at R52.0a0 . Note thatR is the distance between H1 and the CO
center of mass.

State Nref /Nroot Ntot Nsel

Case I
1 1A8 63/4 4 017 024 177 744
1 1A9 38/2 2 692 591 111 015

Case II
1A1 52/3 1 913 718 73 838
1B1 33/2 1 264 946 75 195

Case III
1A1 46/3 1 648 651 97 443
1B1 40/2 1 590 851 94 605
8-2
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ELECTRON CAPTURE IN COLLISIONS OF PROTONS . . . PHYSICAL REVIEW A 61 032708
B. Scattering dynamics

Scattering dynamics is studied on the basis of the fu
quantum-mechanical formulation of a molecular-orbital e
pansion method in which dynamical transitions are driven
nonadiabatic couplings. The total scattering wave functio
described in an adiabatic representation as an expansio
products of electronic and nuclear wave functions and
electron translation factor. Substitution of the total scatter
wave function into the stationary Schro¨dinger equation
yields coupled, second-order differential equations for
nuclear wave functionXa(R). It is computationally conve-
nient to solve the coupled equations in a diabatic represe
tion @18#. The transformation from the adiabatic to the diab
tic representation can be readily achieved through a uni
transformation matrixC(R). In this representation the
nuclear wave function for the heavy particles is related
Xd(R)5C21Xa(R), and the diabatic potential matrix isVd

5C21VaC, whereVa is the adiabatic potential matrix. Th
resulting coupled equations forXd(R) are given in matrix
form as

F 1

2m
¹R

2 I 2Vd~R!1EIGXd~R!50, ~2a!

and

E5k2/~2m!, ~2b!

wherek is the momentum of the projectile,m is the reduced
mass of the system,I is the identity matrix, andVd is the
diabatic matrix. The coupled equation~2! is solved numeri-
cally to obtain the scatteringSl matrix for each partial wave
l. The differential cross section is then obtained from
standard formula

ds~u!

dV
5

1

4k2 F(
l

~2l 11!$d i f 2Si f
l %Pl~cosu!G2

, ~3!

whereSi f
l is the scatteringS matrix element for partial wave

l, andu is the scattering angle in center-of-mass coordina
Integration over all angles gives the total cross section.
limitation of this approach comes solely from our compu
tional capability. As the collision energy increases to a f
keV/u region, the number of partial waves needed in
calculation exceeds a few thousand, which may make
numerical computation excessive.

Singlet states included in the dynamical calculations
as follows: for case I, the initial channel@H11CO(X 1S1)#,
1 1A8, electron-capture channel@H1CO1(X 2S1)#, 2 1A8,
and electron-capture and excitation chan

@H1CO1* (A 2P)#, 1 1A9, 3 1A8. For both cases II and III
the initial channel @H11CO(X 1S1)# 1 1S1, electron-
capture channel@H1CO1(X 2S1)#, 2 1S1, and electron-
capture and excitation channel@H1CO1* (A 2P)#, 1 1P.
The correspondence of the singlet states and their asymp
limits are listed in Table II.

For some systems, differential cross sections and, so
times, total cross sections display oscillatory structures
functions of collision energy or scattering angle. A semicl
03270
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sical analysis for these structures would be sound and wo
improve the understanding of the underlying physics@18#.
To discuss the scattering pattern, the deflection funct
QJ(L,E) must be determined for each trajectory and pot
tial regionJ. This function is expressed as

QJ~L,E!5p22bE
Rt

`S 12
V~R!

E
2

b2

R2D 21/2dR

R2 , ~4!

where b is the impact parameter andRt is the inner zero
~turning point! of the integrand. The parameterb relates to
the orbital angular momentumL as

L252m@E2V~`!#b2, ~5!

where the classical quantity is connected to that of quan
mechanics. We have carried out the semiclassical analys
identify the origin of oscillations in the differential cros
sections shown below.

III. RESULTS

A. Adiabatic potentials and corresponding couplings

The adiabatic potentials for three different orientations
shown in Figs. 2~a!–2~c! for cases I–III, respectively, for al
singlet states included in the scattering calculations.~See the
schematic diagram of the initial molecular configuration
illustrated in Fig. 1.! Note thatR is the distance between H1

and the center of mass of the CO molecule.
In case I~H1 approaches CO perpendicularly!, the 1 1A8

state corresponds to the initial H1/CO channel whereas a
the remaining states correspond to H/CO1 charge transfer
channels. It should be noted that the structures seen in 11A9
and 31A8 at R52.5a0 and 3.3a0 , respectively, are due to
avoided crossings with high-lying states, and they are
pected to become important only for higher energy collis
dynamics. In both collinear cases~cases II and III!, the
1 1S1 state corresponds to the initial H1/CO channel
whereas the remaining states belong to electron-cap
channels. The 11P states in case II and case III hav
avoided crossings with the high-lying 21P state at about
R54.0a0 and 3.5a0 , respectively, and again, these crossin
may become important in the higher-energy regime. T
2 1S1 state also has an avoided crossing with higher1S1

states in case II, whereas for case III it does not, at least
distances larger than 2a0 . The curve crossing between th
2 1S1 and 11P states for cases II and III is expected
play an important role in the flux redistribution between tw
electron-capture channels, and hence, explicit inclusion

TABLE II. The singlet states and the corresponding asympt
cal limits of HCO1 for three cases studied.

Asymptote
State~Cs!
~Case I!

State (C`y)
~Cases II and III!

H11CO(X 1S1) 1 1A8 X 1S1

H1CO1(X 2S1) 2 1A8 2 1S1

H1CO1(2P) 3 1A8,1 1A9 1 1P
8-3
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KIMURA, GU, HIRSCH, BUENKER, AND STANCIL PHYSICAL REVIEW A61 032708
the 1 1P state is essential for accurate determination of p
tial cross sections. The calculated energy differences
tween the first H/CO1 channel and the initial channel atR
520a0 are 0.14, 0.18, and 0.16 eV, for cases I–III, resp

FIG. 2. Adiabatic potentials for~a! case I,~b! case II, and~c!
case III.
03270
r-
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tively. Of course, at the asymptotic limit ofR5`, these
asymptotic energy differences should become the same
all three cases. The present asymptotical energy differen
are somewhat better than those previously reported@19#,
while the high quality basis sets and a CI treatment are u
in the present calculation. The experimental ionization p
tential of the CO molecule is 14.0 eV@20#, and the presen
calculated value is 13.8 eV, which is within an accuracy
2%. Therefore, we consider the present level of precision
be sufficient. Those between the second H/CO1 channel and
the initial channel are 3.18, 3.18, and 3.20 eV for cases I–
respectively, which are found to be in good agreement w
experiment. Note that for all three cases, the initial and fi
electron-capture channels show a typical Demkov-type c
pling scheme@18#.

Dominant radial coupling matrix elements between t
initial and first electron-capture channels are plotted in Fig
for all three configurations. This radial coupling between t
initial and first electron-capture channels is the most imp
tant for the flux to exit to the upper levels. Generally,
three couplings show some similarities in both shape
magnitude, that is, a small hump nearR53.5– 4a0 , and a
larger peak around 7 – 8a0 . Depending on the molecula
configuration, the position of the second peak is found
shift to largerR values. For example, for the case in whic
the proton approaches the C atom in the collinear configu
tion ~case II!, the peak position is found to be farther out
R58.6a0 , while for the cases which the proton approach
the O atom and the perpendicular approach, the locatio
the peak is nearly the same at around 7a0 . These are reflec-
tions of the near-avoided crossings of the relevant poten
curves. Also, the magnitude of the coupling varies sligh
from one configuration to another. The small hump seen
the coupling below 4a0 plays a secondary role in the coll
sion dynamics, as the dominant part is the major peak
around 6 – 8a0 . It is interesting to examine how scatterin
dynamics are sensitive to these small changes in the
plings.

FIG. 3. Representative radial coupling matrix elements betw
the initial and the first electron-capture channels for three molec
configurations.
8-4
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ELECTRON CAPTURE IN COLLISIONS OF PROTONS . . . PHYSICAL REVIEW A 61 032708
B. Total croos sections

Total electron-capture cross sections averaged over
three molecular orientations, calculated within the quantu
mechanical molecular representation, are shown in Fig
Three different types of the averaging procedure were c
sidered in order to examine the procedure:~i! to sum over the
scattering amplitudes and then to take the absolute squa
them, ~ii ! to take the mean of the probability, and~iii ! to
integrate three total orientation-dependent cross sect
over the orientation angle. The total cross sections de
mined with the three averaging procedures agree to with
few percent. As a consequence, the results reported b
were obtained with procedure~i!. Included in the figure are
earlier experimental results by Browning and Gilbody@10#,
Ruddet al. @11#, Shah and Gilbody@12#, and Gaoet al. @13#.
Generally, the overall agreement with the present results
the four measurements is found to be very good. The m
mum of the cross section is found to occur around 250 eVu
with a value of 1.71310215cm2. The electron-capture cros
section is found to decrease slowly for higher energies,
is consistent with all of the measurements. At 1.5 keV/u, our
result reaches a value of 1.3310215cm2, which compares
favorably with that of Gaoet al. who reported the value o
1.48310215cm2. Shah and Gilbody reported the slight
smaller cross section with 1.0310215cm2 at 10 keV/u, but
the present result lies well within their error bars. In th
measurement Browning and Gilbody found that CO1-ion
formation is dominant for energies less than 10 keV/u. How-
ever, gradually, C1- and O1-ion formations increase with
increasing collision energy. The present calculation has
ployed the fixed-nuclei approximation, which does not allo
for the change of the C-O internuclear distance during
collision. Hence, information on the fragmentation is limit
in the present investigation. However, based on the beha
of adiabatic potential curves for CO and CO1, we will make
some inferences in regards to fragmentation below.

FIG. 4. Total electron-capture cross sections.d, the present
theory;h, Ruddet al. @11#; s, Shah and Gilbody@12#; n, Brown-
ing and Gilbdoy@10#; 1, Gaoet al. @13#.
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In the present calculation, the orientation for which t
proton approaches the C atom in the collinear configura
~case II! is found to give the largest electron-capture cro
section among the three configurations. The second lar
contribution comes from case I, while case III is only th
secondary effect. This is because the case I coupling pea
located at the largest internuclear distance among the t
cases where the energy defect between the two channel
comes much smaller, and hence, they couple more ef
tively, making this case more ideal for electron capture. F
thermore, electron capture to the@H1CO1(X 2S1)#
channel is dominant for all energies studied, which is ob
ous from the energy defect between the relevant adiab
potentials. Electron capture to the@H1CO1(2P)# channel is
very weak in all three configurations, and in particular, at
lower end of the energy range their magnitudes are less
10218cm2. They become comparable, however, with captu
through the@H1CO1(X 2S1)# channel at the highest en
ergy in the present study. This finding is also obvious fro
the behavior of the adiabatic potentials and the endoe
nature of the reaction. As stated, even in the total cross
tion, the steric effect is remarkably conspicuous at 10 keVu,
although it begins to diminish at much higher collision e
ergy.

C. Differential cross sections„DCS’s…

1. Theoretical results

DCS’s for elastic and electron-capture processes at
and 1 keV/u are shown in Figs. 5~a! and 5~b!, 6~a! and 6~b!,
and 7~a! and 7~b! for cases I, II, and III, respectively. We
first discuss the details for each case separately, and
summarize the similarities and differences of the three ca

Case I. Both elastic and electron-capture DCS’s at
energies show strongly oscillatory characters. This is part
larly so below 20°, and these strong and rapid oscillations
due to the interference arising from the anisotropy of
charge distribution of the CO molecule. At 0.5 keV/u, above
40° or so, the magnitude of elastic and electron capt
DCS’s are comparable, while as the collision energy
creases to 1.0 keV/u, the magnitude of elastic DCS becom
much larger by a few orders of magnitude in the small an
region. Since only a small contribution to the total cro
section comes from angles greater than or equal to a few
the elastic process is still dominant in the total cross sect
Small but conspicuous oscillatory structures remain as
collision energy increases.

Case II. Electron-capture DCS’s show sharp dips at ju
below 40° and 130° at 0.5 keV/u, and at around 90° for 1
keV/u. Based on the semiclassical analysis, these dips
identified due to the rainbow scattering. Except for the
dips, the general shape of the DCS’s is rather flat beyond
scattering angle of around 20° for both energies. Ela
DCS’s show mild wiggles at 0.5 keV/u, but they begin to
diminish at 1 keV/u. The magnitude for the elastic DCS
slightly larger than that of electron capture beyond 20°. B
low this scattering angle, the magnitude of the elastic D
dominates. Particularly below 1°, the elastic DCS’s a
larger by one or two orders of magnitude over those of el
8-5
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KIMURA, GU, HIRSCH, BUENKER, AND STANCIL PHYSICAL REVIEW A61 032708
tron capture. In fact this is the region that gives the domin
contribution to the total cross section when integrated o
the angle.

Case III. Electron-capture DCS’s near 0.5 and 1 keVu
show a sharp dip due to the rainbow scattering at 40°
60°, respectively, which shifts from 40° toward 60° as t
collision energy decreases. This observation is consis
with the semiclassical analysis. Except for this dip, t
shapes of the DCS’s near at 0.5 and 1 keV/u are fairly con-
stant beyond 20°. Elastic DCS’s are also nearly flat bey
20° and no strong structure is seen. Below 20°, howe
some few oscillatory structures are found in both elastic
capture processes, and at near 0°, both reach a magnitu
about 107 cm2/sr. The difference in the DCS’s at near 0° a
the flat region from 20° to 170° is more than 107 cm2/sr, and
hence, most of the contribution to the total cross sect
comes from the region below the 12° region.

For all three molecular configurations, a large magnitu
of the DCS’s of nearly 106– 107 cm2/sr arise only from the

FIG. 5. Differential cross sections for case I at~a! 1.0 keV/u and
~b! 0.5 keV/u. Both elastic and electron capture DCS’s are show
03270
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narrow region of the scattering angle below 10°–12°. F
larger angles, all DCS’s drop very sharply by orders of ma
nitude reaching 1022 cm2/sr. Beyond around 20°, both elas
tic and electron-capture DCS’s, regardless of whether t
show small oscillations and dips, become flat in magnitu
These features are common in all collision energies stud
generally, although as the collision energy decreases, so
what more pronounced differences in each DCS begin
emerge, suggesting a more marked steric effect. It is a
worthwhile noting that the position of the rainbow dip for th
cases II and III are located at 90° and 60°, respectively
electron-capture DCS’s at 1 keV/u. This difference clearly
manifests itself from the steric effect as discussed below

2. Comparison with experimental DCS’s

There is only one experimental attempt to measure
differential cross section for this collision system@13# in the

.

FIG. 6. Differential cross sections for case II at~a! 1.0 keV/u
and ~b! 0.5 keV/u. Both elastic and electron capture DCS’s a
shown.
8-6
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ELECTRON CAPTURE IN COLLISIONS OF PROTONS . . . PHYSICAL REVIEW A 61 032708
scattering angle range from 0.02° to 1.0° and at 1.5 keVu.
They claimed that their angular resolution is better th
0.008°. The present theoretical results along with the exp
mental data are shown in Fig. 8. The present results aver
over the molecular configuration at 1.5 keV/u are found to be
in good agreement with the experimental result over the
tire range of the scattering angles. The two visible structu
in the DCS’s are one maximum at the angle of 0.08°, a
another peak at 0.2°, both of which are well reproduced
the theory, although the theoretical positions shift sligh
towards higher angles. Two sharp dips at 0.05° and 0.15°
also reproduced by the theory reasonably well. The theo
ical magnitude of the DCS is in reasonable accord with
measurement. The origin of these two structures are a c
bination of the interference between elastic and electr
capture channels and between different molecular config
tions. The theoretical DCS above 0.2° displays regu
oscillatory structures, while the experimental results decre
rather monotonically. The discrepancy between the two m
be, in part, due to an insufficient experimental resolution
detecting these oscillations. This good agreement at s

FIG. 7. Differential cross sections for case III at~a! 1.0 keV/u
and ~b! 0.5 keV/u. Both elastic and electron capture DCS’s a
shown.
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angles confirms that our adiabatic potentials and coup
matrix elements employed are of reasonable precision
least for the asymptotic region, which controls the sm
angle scattering. However, the agreement appears to bec
less satisfactory as the scattering angle increases alth
general agreement is still good considering the difficulty
the experiment and theory. The large angle scattering co
sponds to small impact-parameter collisions, and hence
lecular states lying at higher levels, which we entirely n
glected in the present dynamical calculation, may begin
participate in the dynamics.

D. The steric effect

It is apparent from the discussion on the DCS’s above t
electron capture is very sensitive to the molecular orien
tion, i.e., the steric effect, and we take a close look at t
feature. In Fig. 9 we present the scatteringS-matrix elements
for all three molecular configurations at the collision ener
of 0.5 keV/u, and some features can be summarized:~i! the
magnitude for case III is the smallest of all, while that f
case II is the largest,~ii ! the number of oscillations is differ
ent for the three cases, and~iii ! for case II, the last tail of the
S-matrix element stretches out for the largestl value. All
these characteristics are the reflection of those of the do
nant radial coupling matrix elements seen in Fig. 2, coup
with the features of the adiabatic potentials, and are c
manifestations of the steric effect due to the molecu
charge distribution. In fact there is no obvious similarity
the S-matrix elements and hence, in the DCS’s among
three configurations, the strong steric effect is demonstra
As the collision energy increases to 10 keV/u, the highest
energy we studied, this feature of the steric effect is found
still persist. From the present study, it may be possible t

FIG. 8. DCS’s averaged over the molecular configuration a
function of the scattering angle from 0.001° to 1° at the collisi
energy of 1.5 keV/u. Solid circles are the experimental data b
Gaoet al. @13#.
8-7
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the geometrical structure of the target molecule can be a
lyzed based on the perturbative procedure similar to an e
tron scattering study@21#.

E. Fragmentation

For the H1/CO system, the energy difference between
initial channel @H11CO(X 1S1)# and the charge-transfe
channel@H1CO1(X 2S1)# is very small~less than 0.5 eV!,
and the values of the coupling elements between these
channels are sizable, as seen in Fig. 3. Thus, the ch
transfer between the initial and the@H1CO1(X 2S1)# chan-
nels is extremely effective. The final products of the char
transfer process depend on the energy transferred to CO1 in
the collision process. The lowest CO1 state is deeply bound
with a binding energy of about 8.3 eV@20# and has a nearly
identical equilibrium internuclear distance to that of th
ground state of CO. Above this state, there exist seve
bound and repulsive states asymptotically corresponding
C1(2P0)/O(3P) and C1(2P0)/O(1D). The energy defect
between the first ion-pair C1(2P0)/O(3P) state and next
higher C1(2P0)/O(1D) state is only 1.97 eV@22#. At still
higher energy, there are states asymptotically correspon
to C(3P) and O1(4S0), which is 0.4 eV above
C1(2P0)/O(1D) @23#. Therefore, in view of the Franck
Condon principle, it seems likely that most of the CO1 ions
produced in the charge-transfer process will be in the lo
lying bound states of CO1 and be quite stable. When th
amount of the energy transferred to CO1 is large, the low-

FIG. 9. ScatteringS-matrix elements for three molecular con
figurations at 0.5 keV/u.
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lying repulsive states could be reached, leading to the g
eration of C1 ions. As more energy transferred to CO1 be-
comes available, O1 ions could also be produced since it i
then possible to reach still higher repulsive states~more re-
pulsive states leading to C1/O could also be populated!. Ac-
cording to Shah and Gilbody@12#, at 13 keV/u, the dominant
products observed in their experiment are CO1 molecular
ions (84% CO1). The yield of O1 ions is smaller than that
of C1 ions by a factor of two. At higher energy~98 keV/u!,
the amount of CO1 decreases to 75%, and the ratio of C1 to
O1 yields increases to three.

IV. CONCLUSIONS

We have carried out theoretical investigations of electr
capture in H11CO collisions in the collision energy from
0.1 to 10 keV/u based on the fully quantum mechanical mo
lecular representations. Three molecular configurations
specifically considered:~i! the proton approaches the cente
of mass of the CO molecule in the perpendicular configu
tion ~case I!, ~ii ! the proton approaches the C atom in th
collinear configuration~case II!, and ~iii ! the proton ap-
proaches the O atom in the collinear configuration~case III!.
Cases I and III are found to be dominant contributors
electron capture, while case II is found to be secondary. T
present total capture cross section, obtained by averag
over the molecular configurations, is in good agreement w
all experimental data available in magnitude as well as e
ergy dependence. The present DCS’s are also in good ag
ment with the experiment by Gaoet al. @13# for scattering
angle from 0.01° to 1° at 1.5 keV/u, in which the theory can
reproduce the oscillatory structures quite well. The steric
fect is found to persist rather significantly in all energie
studied as described in detail. The present cross-section
are considered to be useful for various applications.
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