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Electron capture in Ar++H2 collisions in the keV energy regime
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Electron capture in Ar+( P)+H2(X 'Xg) collisions in the keU energy regime has been studied

theoretically. The molecular-orbital expansion method was used within a semiclassical formalism

and an electron translation factor correction was incorporated to the first order in the magnitude of
the relative velocity V. The molecular wave function and eigenenergy were obtained using the
diatoms-in-molecules (DIM) method. %'e have examined the effect of the orientation of the target
H2 molecule on the electron-capture mechanism within the sudden adiabatic approximation. Since
m symmetry arising from the p orbital of the Ar+ ion is involved in this system, a strong influence
on the probability of the molecular orientation was found in all energies studied. As the collision en-

ergy increases, the H-symmetry state in the initial channel becomes more important through the ro-
tational coupling to the electron-capture mechanism, while at lower energies the X-symmetry state
in the initial channel is the dominant source for the electron capture through strong radial coupling.
Agreement of the present theory with measurements is good, but marked disagreement is seen with

the atomic-orbital calculation.

I. INTRODUCTION

The dynamics of various events in Ar+ + Hz collisions
in the eV energy region has been the subject of extensive
experimental as well as theoretical investigations, ' par-
ticularly in theoretical chemistry. Within the Born-
Oppenheimer approximation, potential-energy surfaces of
the ArH2+ system were computed using the diatoms-in-
molecules (DIM) method. This DIM method, though
not a pure ab initio method, has been demonstrated to
offer "reasonably accurate" wave functions and eigen-
values for such a simple technique. Chapman and Pres-
ton' have applied the trajectory surf-ace hopp-ing method
with the DIM potential surfaces to investigate electron
capture and rearrangement (chemical reaction) processes
in Ar+ + H2 collisions with much success. In the energy
range E&100 eV, one previous theoretical attempt to
study the electron-capture mechanism in Ar+ + H2 col-
lisions using the atomic-orbital (AO) expansion method
has been reported by Hedrick et al. These authors em-
ployed the two-center AO expansion method without the
use of an electron-translation factor (ETF). As they were
interested in low energies, neglect of the ETF might be
justifiable practically (though questionable theoretically).
However, it is our view that a molecular treatment is
more appropriate at such low energies. Furthermore, for
some cases it is known that a simple two-center AO ex-
pansion method introduces serious error in interpreting
the collision dynamics, since this method does not ac-
count for the relaxation of the electron orbitals during
close collisions. Aside from the work of Ref. 5, no
rigorous theoretical study of the collision dynamics in
Ar+ + H2 collisions has been made, in contrast to experi-
mental prosperity in this field.

We have performed a theoretical study of electron cap-
ture in Ar+ + H2 collisions using a three-state molecular-

orbital (MO) expansion method incorporating ETF
corrections within a semiclassical formalism. The molec-
ular wave functions and adiabatic potential curves were
obtained by the DIM method. We have also examined the
effect of orientation of the target H2 molecule on the
electron-capture probabilities.

II. THEORETICAL METHOD

Since the details of the theoretical treatment used here
have been described elsewhere, only a summary will be
given here. Molecular wave functions and corresponding
eigenenergies have been obtained by using the DIM
method. ' Based on the valence-bond ideas, the DIM
method has been widely used recently because of its sim-
plicity and ability in generating "reasonably accurate" po-
tential surfaces for polyatomic systems. 's In the DIM
method, the electron Hamiltonian is partitioned into
atomic and diatomic terms. This partitioning of the elec-
tronic Hamiltonian is exact. Probably the most crucial
approximation used in the DIM method is the fact that
the partitioned atomic and diatomic fragments are fully
determined by using properties of the isolated fragments.
Also, zero overlap (ZO) of the atomic orbitals is usually
assumed. The approximation in the method are most reli-
able at large separations, but, depending on the size of the
basis, they may fail seriously when the fragments interact
strongly, e.g., at small separations. Nevertheless, quite
good agreement with large scale ab initio calculations has
been obtained for molecular geometries and energies. In
our view, however, the critical collision dynamics usually
take place at relatively "large" internuclear separation,
i.e., R &R„where the DIM surfaces are most reliable.
Another important factor in the theoretical description of
the collision dynamics is the accurate inclusion of the
asymptotic adiabatic energy defect between the initial and
final states (this is automatically guaranteed in the DIM
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method), and these facts might compensate for defects
that the DIM method might have. In the present case,
careful studies' of the accuracy of potential surfaces of
the ArH2+ system obtained by using the DIM method
support their validity.

The scattering wave function is then expanded in terms
of products of the Born-Oppenheimer wave functions
(DIM wave functions), the vibrational wave functions of
the target molecule, and the electron-translation factors
(ETF}. The ETF describes the translation effect of the
electron moving with a particular nucleus or molecule,
and ensures that the scattering wave functions satisfy the
correct scattering boundary conditions. The inclusion of
the ETF in the expansion is not only a matter of formali-
ty, but also of practical importance. ' Without the ETF,
the coupling matrix shows origin dependence of the
chosen electron coordinate; hence the calculated probabili-
ty cannot be determined uniquely, at least with a small
basis.

Substituting the scattering wave function into the
time-dependent Schrodinger equation, expanding the ETF
in terms of the relative velocity V, and retaining the
first-order term of V (this approximation may be quite
valid in the present energy range, see Ref. 10},one obtains
the first-order coupled equations similar to those seen in
ion-atom scattering problems, ' except for the presence of
overlap terms involving the vibrational wave functions of
the target molecule. These coupled equations have to be
solved numerically. In the rotating coordinate frame, the
coupling matrix consists of radial coupling and rotational
coupling parts. One approximation made in deriving the
coupled equations is the assumption of classical trajec-
tories; this is consistent with the present study of the
dynamics in Ar + H2 collisions in the keV energy re-
gion. Since the collision energies of interest here are
exceedingly large compared to the vibrational and rota-
tional energies of the molecule, the sudden adiabatic ap-
proximation applied to the nuclear motion of the molecule
also is valid. Thus, the diatomic nuclear motion is frozen
at its equilibrium distance R, =1.401ao during the col-
lision, and the Franck-Condon approximation is employed
to describe nuclear transitions between the H2(X 'Xs) and
H2+(1Sas) states. The vibrational overlap matrix ele-
ments that occur in the coupled equations were evaluated
numerically for the final vibrational states U'=0—20.
Therefore, most of the results shown below have been per-
formed by summing up the final vibrational states to
U'=20.

To check the validity of the sudden adiabatic approxi-
mation, several calculations were carried out at different
internuclear separations RH H of the target Hq molecule
and consequently, different energy gaps and couplings.
The cross sections obtained by averaging the cross sec-
tions calculated at a few RH H values differ by only 12%%uo

from those obtained by fixing RH H at R, .

III. RESULTS AND DISCUSSIONS

The coordinates of the colliding system are shown in
Fig. 1. The angles 8 and P are defined as the polar and
azimuthal angles, respectively, in a spherical coordinate
system.

~ 8

P

FIG. 1. Coordinate in the laboratory frame for the Ar+ + H2

system.

All calculations have been carried out by means of a
three-state MO close-coupling method (initial
[Ar+(2P) + Hi(X 'Xs)] and final [Ar('S) + Hi+(1Sos)]
states} with a screened Coulomb trajectory for the heavy
particle path. Also, we have neglected the spin-orbit split-
ting which gives rise to P3/i and P»2 states of the Ar+
ion. The results described below are "averaged" arising
from these two J states.

A. Adiabatic potentials

Figure 2 depicts adiabatic potential curves on the
ArHz+ system with different orientations 8 and fixed
P =0. The two states correlating with the
[Ar+( P) + H2(X'Xs)] state result from o and n sym-
metries of the P orbital in the Ar+ ion, while only one (cr

type) syminetry is present in the charge-transfer channel
[Ar('S) + Hz+(1Sos)].

The two states in the initial channel are, of course, de-
generate at infinite R separation. It should be noted that
the 1X state has an unexpected slight hump with the mag-
nitude approximately 0.004 a.u. around R =7ao. Al-
though we are not sure of the cause of this hump, it is
most likely due to the strong mixing ("avoided crossing")
of two different states, 1X and 2X, which have the same
(X) symmetry with a small-energy separation [the differ-
ence of energy between 1X and 2X states at R -7ao is
only -0.027 a.u. (or -0.75 eV)]. Alternatively, the bar-
rier may be an artifact of the DIM method due to the
breakdown of this method at small R.

The infiuence of the orientation of the H2 molecule is
also noticeable, in particular, for the 1X state. As the an-
gle 8 increases, the position of the minirnurn as well as
that of the hump shifts toward sinaller R (the maximum
difference is about 6%%uo).

The orientation effect seen in the 1II state can be attri-
buted to the fact that because of the II character of the p
orbital of the Ar+ ion, the charge clouds of the Ar+ ion
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the III and 2X states do not cross for any orientation
within the R range we calculated. Adiabatic potential
curves for different orientations P but with fixed 8 (not
shown) are similar to those shown in Fig. 2, but the infiu-
ence of the P orientation on the curves is less pronounced.
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FIG. 2. Adiabatic potentials as function of internuclear coor-

dinate R and angle 8, between the molecular axis and internu-
clear coordinate. The aximuthal angle P is fixed with 0'.

and the H2 molecule do not experience strong overlap ex-
cept for small separations. The same argument, but this
time the other way around, applies to a less pronounced
feature of the orientation effect observed in the 2X state,
since the 2X state has spherically symmetric charge
clouds around both nuclei.

B. Coupling and electron-capture mechanism

Radial-coupling matrix element that connect the 1X
and 2X states are plotted for different values of 8 and
fixed /=0' in Fig 3,.and for different lI'i values but with
fixed 8=60' in Fig. 4. Rotational couplings between III
and 2X states with different 8 values and fixed /=0' are
plotted in Fig. 5.

First, consider Fig. 3. The radial coupling has two
sharp peaks at R -2.5 and R-6.5ao to 7.5ao with the
smaller peak at the smaller R and the larger peak at the
larger R. The larger peak at R-(6.5—7.5)ao is ap-
parently due to Demkov coupling which is characteristic
of near-resonant electronic states and is expected to play a
dominant role in the electron-capture mechanism. The
smaller peak at R -2.5ao results from the mixture of the
electronic states at small R and may be secondary. As the
curves clearly show, the effect of the orientation of the
target molecule on the radial coupling is remarkable. The
largest difference in magnitude, viz. , between the coupling
at 8=0' and that of 8=60' is approximately a factor of 2.
Also, the position of the maximum lies at R -6.6ao and
7.5aq for 8=0' and 60', respectively, and correspondingly,
the coupling at 8=60' is larger in size.

Turning to Fig. 4, radial couplings with different li)

values have two peaks, viz. , at R-2.5ao and 7.5ao as
previously. However, in contrast to Fig. 3, all the cou-
plings in Fig. 4 look almost identical except for slight
differences in the smaller peak at R -2.5ao. This simi-
larity of couplings both in magnitude and shape due to
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FIG. 3. Radial couplings between IX and 2X states with varying 8 (fixed P =0').
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FIG. 4. Radial couplings between 1X and 2X states with varying P (fixed 8=60').

"accidental degeneracy" suggests that the P dependence
in the calculated probabilities and hence, in the cross sec-
tions, may be expected to be very weak. Indeed, as is dis-
cussed later, the influence of P orientation on the proba-
bility is found to be small.

Rotational couplings shown in Fig. 5 also show strong
effects of the 8 orientation, although they join each other
for R & 3ao. The coupling at 8=60' is about a factor of 2
smaller in magnitude than others in this R region. In
general, the rotational coupling is important only at small
R, unless the two states considered experience an actual
curve crossing at an intermediate internuclear separation.

To examine details of the electron-capture dynamics,
two separate two-state close-couping calculations, namely
1X-2X and 1II-2X, were performed at the collision energy
E= 1 keV, and impact parameter b =2ao. The time evo-

lution of the charge-transfer probability for various orien-
tations 8 is displayed in Fig. 6 and 7 for 1X-2X and 1II-
2X, respectively. In the I X-2X calculation the probabili-
ties start rising at t= 200—a.u. (or 8=6.6ao) regardless
of the orientation 8. This corresponds exactly to the loca-
tion of the largest peak in the radial coupling. Although
small oscillations of the probabilities can be observed in
the period —180&t & + 180 a.u. , the colliding particles
experience virtually no interaction; i.e., "nothing serious"
happens during this period. When the projectile enters
the strong-interaction region along the exit path, again the
probabilities oscillate strongly until the electron selects the
final state. This picture reveals explicitly that in this en-

ergy regime, radial coupling is important in the region
where the matrix element possesses the largest maximum.
On the other hand, the probabilities in the 10-2X calcula-
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FIG. 5. Angular couplings between 1II and 2X states with
varying 8 {fixed P =0').

FIG. 6. Time-evolution study in 1X-2X two-state calculation
at E=1 keV, b=2 0, and/=0. .
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FIG. 7. Time-evolution study in 111-2X two-state calculation at E=1 keV, b=2 0, and $=. 0'.

tion oscillate during the period —100& t & + 100 a.u. (or
R & 3.8ao) where the colliding particles interact strongly
through rotational coupling, since the corresponding ma-
trix elements, shown in Fig. 7, are large only in this re-
gion. Comparing Figs. 6 and 7, it is evident that the two
interaction regions, where the radial coupling and rota-
tional coupling are effective, are quite well separated. In

both cases the magnitude of the probability is directly re-
lated to that of the appropriate coupling matrix element.
The time evolutions of the probabilities corresponding to
a three-state MO close-coupling calculation are displayed
in Fig. 8. Even with this expanded basis set, the regions
where the radial and rotational coupling contribute to the
electron-capture process still are well isolated in spite of
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FIG. 8. Time-evolution study in three-state calculation of E= 1 keV, b=2.0, »d P =O'.
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TABLE I. Two-state cross section for Ar+( P)+ H2{X'X~, u =0)~Ar{'S) + Hq+(1Sog; u'=2)'; /=0'. X-X represents the 1X-
2X two state result and similarly 0-X is the 10-2X state result.

E (keV)

8=0'
Cross section (10 ' cm )

8=30' 8=60' 8=90'

0.4
1.0
4.0

2.04
1.64
1.59

1.48
2.53-3
9.76

2.87
297
3.49

3.62-4
5.24-4
1 ~ 59

4.21
4.20
4.18

1.36
2.31
8.36

1.16
1.10
1.01

5.43
9.82
3.53-3

'The vibrational transition v =0~v =2 is chosen as an example because it has the largest vibrational overlap matrix element.

the additional rotational coupling between the two initial
states. Enhancement effects on the probabilities due to
the additional 11I state are clearly seen at

I
t

I
& 100 a.u.

The 1X-1II rotational coupling is of importance as the 11I
state serves as a "flux container. "

C. Cross section

TABLE II. Three-state cross section
Ar+('P) + H2(X 'Xg., v =0)~Ar('S) + H2+(1Sog; v'=2);

=0'.

for

Some representative cross sections obtained by the two-
state close-coupling calculations are given in Table I. The
orientation effects on the calculated cross sections in both
two-state calculations are quite apparent. The difference
between the largest cross section, which occurs at 8=60',
and the smallest, at 8=90', is about a factor of 4 at E=4
keV. This difference is reduced to a factor of 3 at E=0.4
keV.

Also apparent is the importance of the II-symmetry
contribution to the electron-capture cross section. In gen-
eral, regardless of the molecular orientation, the cross sec-
tion obtained by the II-X two-state calculation increases
rapidly as the collision energy increases, while that of the
X-X two-state calculation shows relative insensitivity to
the collision energy. For example, at 8=60', the
ori xiox.x ra. tio increases from 3.23X10 to 2.0X10
as the energy is increased from 0.4 to 4.0 keV. This ratio
exceeds unity when the collision energy is at 40 keV (not
reported). The 1II state is asymptotically degenerate with
the 1X state, and these two states are connected through
strong rotational coupling (see Fig. 2). Therefore, al-
though the 1II state as a single initial channel does not
seem to play an important direct role in electron capture
at lower energies, it is important as a "fiux server" when
the 1II state is combined with the 1X state, both in the in-
itial channel. This was demonstrated in Fig. 8 as the
enhancement effect of the probability in the time-
evolution study.
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The cross sections obtained by three-state close-
coupling calculations are listed in Table II. Again, the ef-
fect of the orientation of the target H2 molecule is found
to be very strong. The ratio of the largest cross section at
8=60' to the smallest at 8=90' is nearly 4.6 at E=4 keV.
Although this ratio varies with the collision energy, values
ranging from 2 to 3 prevail at all the energies studied.
This behavior is most likely the result of the presence of
the open p orbital in the Ar+ ion in the initial channel,
and is quite different from that found in the H++ H2
collision study, in which both initial and final states in-
volve only spherically symmetry electron densities. Also,
the cross section is fairly constant as a function of the col-
lision energy in the Ar+ + H2 collision, in contrast to the
H+-Hq system.

We have calculated the total electron-capture cross sec-
tion as a function of the collision energy (after integrating
over angles 8 and P). Calculated results are shown in Fig.
9 along with some experimental measurements5 " '~ and
other theoretical results. s

Our results lie about 20% higher than the measure-
ments of Amme and McIlwain" in the energy range
0.6—1 keV, although the qualitative shape of the cross-
section curve is in reasonably good accord.

The present result lies as much as 15%%uo below the mea-
surement by Hedrick et al. ,

' below 1.5 keV, and con-
sistently (within 10%%uo) higher than the same measurement
in the energy region 1.5&E&3 keV. The present result

E (keU) 8=0
Cross section (10 ' cm )

8=30 8=60' 8=90'

E (kev)

0.4
1.0
4.0

2.09
2.11-'
2.11

2.05
2.01
1.89

4.33
4.12
3.95

1.04
1.10
8.55

FIG. 9. Electron-capture cross section for
Ar+ + H2(X 'Xg, v =0} Ar + H2+(1Sog, v'=1 —20). Theory:
solid line, present; dashed line, AO result, Ref. 5. Experiment:
0, Ref. 11;, Ref. 5; 4, Ref. 12; )&, Ref. 13.
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ties nicely to the single data point at 10 keV, which is the
lowest energy point of Latimer's measurements, ' and also
ties to that of Gilbody and Hasted. '

Comparing the theoretical result by Hedrick et al. ,
who used the AO expansion method without the ETF, one
finds considerable disagreement between the two theories.
Their cross section differs by about a factor of 1.7 at 1

keV, and although this factor is reduced to 1.3 at 3 keV,
the qualitative shape of the cross section is entirely dif-
ferent. In the low-energy region where the ETF is expect-
ed to be less important in the AO expansion method, the
MO expansion method is certainly superior to the AO
method, since the AO method cannot allow for eltx:tron
relaxation. As the energy increases, the neglect of the
ETF from the AO expansion is defective and the results
cannot be accurate. In fact, there might be no energy re-

gion in which the AO expansion method without ETF is
valid unless a "near" complete set is employed. From this
point of view, the present results should be more reliable.
Overall agreement of the present results with all measure-
ments are satisfactory. However, the neglect of other in-

elastic channels, such as vibrational excitation, which is
expected to be a dominant channel in a low-energy col-
lision, introduces some uncertainty in assessing the accu-
racy of our theoretical results.
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