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The non-dissociative charge-transfer processes in collisions between 031 and Hs are investigated by using the

quantum-mechanical molecular-orbital coupled-channel (QMOCC) method. The adiabatic potentials and radial cou-

pling matrix elements utilized in the QMOCC calculations are obtained with the spin-coupled valence-bond approach.

Electronic and vibrational state-selective differential cross sections are presented for projectile energies of 0.1, 1.0 and

10.0eV/u in the Ho orientation angles of 45° and 89°. The electronic and the vibrational state-selective differential

cross sections show similar behaviours: they decrease as the scattering angle increases, and beyond a specific angle the

oscillating structures appear. Moreover, it is also found that the vibrational state-selective differential cross sections are

strongly orientation-dependent, which provides a possibility to determine the orientations of molecule Ha by identifying

the vibrational state-selective differential scattering processes.
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1. Introduction

Charge transfer processes occurring in collisions
between ions and neutral atoms and between ions and
molecules are still one of the most important research
fields in atomic and molecular physics. This interest
stems not only from fundamental aspects involved, but
also from their importance in astrophysical and labo-
ratory plasmas. Charge transfer provides a recombi-
nation mechanism for multiply charged ions in x-ray
ionized astrophysical environments with low electron
densities.!! For example, it has been found that the
extreme ultraviolet (EUV) and x-ray emission from
comets and planetary atmospheres result from charge
transfer between highly charged solar wind ions and
cometary neutral molecules.?3) In the divertor region
of a tokamak fusion device, charge exchanges between
impurity ions and neutral atoms and between ions
and molecules play an important role in the ioniza-
tion balance and the production of radiative energy
loss leading to cooling.!*®! In inertial confinement fu-
sion (ICF) research, recent experiments indicate that

charge transfer is needed to explain some unusual
high-intensity silicon spectra in a high-density and

[6:7] Tn order to model and

high-temperature plasma.
understand the behaviours in these environments, it is
necessary to obtain the total, state-selective and dif-
ferential cross sections or rate coeflicients. Numerous
experimental and theoretical studies have been per-

formed for ion-molecule collisions.8—12]

However, to
our knowledge, few reports on state-selective differen-

tial cross sections are available.

The molecular hydrogen is one of the most pri-
mary ingredients in the planetary atmospheres, so the
charge-transfer process between multiply charged ions
with Hy is of particular significance. In a previous
paper,['3] the non-dissociative charge-transfer process
in collisions between O3* and Hy (v = 0) has been
investigated: the state-selective cross sections are cal-
culated for the final states Hj (v’) with the values of
vibrational quantum number (v)’ <9 and the depen-
dences of cross section on orientation of Hy molecules
are analysed. But as is well known, the differential
scattering cross section should be much more sensitive
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to orientation, therefore, it is possible to develop a new
diagnostic method to determine the molecular orienta-
tions. In the work of Wu et al,'*! they have found the
strong dependence of differential scattering cross sec-
tion on orientation by using the quantum-mechanical
molecular-orbital coupled-channel (QMOCC) method
in the vibrational sudden approximation. The vibra-
tional sudden approximation cannot hold at low ener-
gies (< 100eV), but the effects of molecular orienta-
tions should be more prominent at the low energies,
for the low-energy collision is more dependent on the
detail of molecule structure.

In the present work, all the vibrational bound
states of Hj (v') are considered in the following re-
action:

0 (25°2p*P°) + Hy (1’ X' X))
— 0% (25%2p3s' 3 PY) + H;(lsX2Zg+) (1)

by using the QMOCC method in the infinite-order
sudden approximation. In the infinite-order sudden
approximation, we can calculate the charge transfer
processes at lower energies until to 0.1eV/u.[213] For
the initial channel, similar to those in Ref.[13] and
available experiments,!?>=2% only the ground state of
H; is considered. Besides the total, electronic and
vibrational state-selective cross sections, we also cal-
culate the state-selective differential cross sections at
the low energies.

In the QMOCC calculations, the adiabatic poten-
tials and radial coupling matrix elements in Ref.[13]
for various orientations are utilized, which have been
calculated by using the spin-coupled valence-bound
(SCVB) method. The orientation is specified by an
angle 6, which is defined as the angle between the H-
H diatom nuclear vector r and the internuclear radius
vector R from the centre of mass of Hy to oxygen ion.
(3—13)ag
and the values of r being 1.2, 1.4, 1.6 and 2.0 ag, where

The molecular data are calculated for R =

the equivalent distance for ground state of Hs is equal
to 1.4 ag. In the same way as in Ref.[13], the rotational
motion of Hy molecule is not taken into account, so
the values of angle 6 are taken as constants of 45°
and 89° in the calculations. In Section 2 we review
the scattering theory used in the present calculations.
The results and discussion are presented in Section 3
and a brief conclusion is given in Section 4. Unless
otherwise stated, atomic units are used throughout

the paper.

2. Scattering theory

The QMOCC method is used in our calculations
in the infinite order sudden approximation.2:3! The
infinite order sudden approximation is appropriate
when the rotational periods of molecules are much
longer than the collision time. In the centre-of-mass
coordinate system, the Hamiltonian of the collision
system can be represented by

1
H(R>7'7Pi) = _%v% 2[14 v2
+Haa(pil R, 7), (2)

where pg is the reduced mass of the collision system,
- the reduced mass of Ho molecule, p; the electronic
coordinate, and H,q the adiabatic electronic Hamil-
tonian of the triatomic molecular ion [OH3]3*. The
Schrodinger equation for the adiabatic Hamiltonian is
then

Had (,01|R, 7‘)¢)7 (pz|Ra T)
= €’Y(Ra r,@)qﬁv(pi\R,r), (3)
where e (R, 7,0) and ¢ (p;| R, ) are the triatomic adi-
abatic electronic energy and the wave function of the
Within the per-
turbed stationary-state (PSS) approximation, total

ion-molecule system, respectively.

wave function for the ion-molecule system can be ex-
panded over a complete basis of adiabatic electronic
state ¢ and vibrational states x., of the diatom, ei-
ther Hy or Hy

=2 PR

where F,, is the electronic scattering amplitude. Ne-

R T, pL ¢'y pz‘R T)X’YV( ) (4)

glecting rotational modes of Hy and H;r and inserting
expressions (2) and (4) into the Schrédinger equation,
we arrive at a PSS scattering equation in the diabatic
representation

{V?% + 2/U‘R[E ’)/U(R 9)]}F’W(R 0)
= 2ugR Z Z yv,y! U’F’Y'U' (Rv 9) (5)
v#EY vV

In the infinite-order sudden approximation, the
vibrationally resolved diabatic coupling matrix ele-

ments can be written as

nyu v v’ (R 0)
= (o (NIV3Ly (B, 0) Xy (7)), (6)

and the diabatic potential is given by

ety (R,0) = e5(R,7e,0) + Acy + 40, (7)
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where ¢, is the pure, unperturbed vibrational exci-
tation energy of the diatomic molecule. V,y‘%,y/(R, T, 6)
and ¢ (R r,f) are obtained by a unitary trans-
to the diabatic

representation.122l As an example, the adiabatic po-

formatlon from the adiabatic

tential energy curves for the geometries r = 1.4 ag and
0 = 45°, 89° are shown in Fig.1(a) and the corre-
sponding radial coupling matrix elements are shown
in Fig.1(b).
diabatic energies to ensure the exact agreement with

Ae., is a shift applied to the electronic

measurements in the separated-atom asymptotic limit
R — oco. In order to solve F' we introduce a partial-

—72.0
—72.1
—72.2

—72.3

Potential energy/a.u.

~72.4— : : : :
6 8 10 12

Internuclear distance/ a.u.

wave decomposition

_ f’yu,hn (R)
= %; X

where Y}, are the spherical harmonic function. In-

(r)Yim (R), (8)

serting expression (7) into Eq.(5), we have the radial

coupled equations

d2 Z(l +1 Im Im
drR? Q,UR2 v Z v (B) fyf
+2uEflr = 0. (9)
33— , . . .

Radial coupling/a.u.
=

6 8 10 12 14

Internuclear distance/ a.u.

Fig.1. The adiabatic potential curves (a) and the radial couplings (b) for OHS+ as a function of R, with r

fixed at 1.4 ap, where solid curves refer to the case § = 45° and dotted curves to the case § = 89°.

In (a)

the uppermost curves separate into O3+ (2s22p2P%) 4 Hz(X '£4), the middle curves into O2*(2p3s 2P?)

+ H;(X 25:5) and the lowest curves into 0%+ (2p3s 3P%) +

H;’ (X 22F). In (b) the outermost couplings

correspond to 2A’-3A’, the middle couplings to 1A’-3A’, and the innermost couplings to 1A’-2A’.

The radial functions satisfy the scattering bound-

ary conditions

1
: im :
Rh_r)r;o o (R) — Ky {0yvy0g1(kyw R)

+K7V v’ V’nl(k’Y'V,R)}7

kyy, = \/2M )]7

where j; and 17; are the regular and the irregular
Bessel-Ricatti functions, respectively; k., is the re-
duced momentum of the system; K is a real symmet-

with

(10)

— Equyp(00

ric K matrix; the S matrix is given by
I+iK!
I-iKV

with S! being the S-matrix elements corresponding to

St = (11)

Ith partial wave. The cross section from the initial

state ¢ to the final state j is

s
Oij = ?Z(2l+1)\sl 2 (12)
L

The differential cross sections are given by the expres-
sion
2

(13)

1
el Z(ZZ +1)S'Py(cos 0)
1

3. Results and discussion

It is known that there exist 19 vibrational bound
states in Hj (v'), due to the computational capabil-
ity, only 10 of 19 states were involved in the previous
paper.!'3 Therefore the convergence needs checking.
A comparison between vibrationally state-selective
cross sections for 10 and 19 states is presented in Ta-
ble 1. For simplicity, only the results for capture to
0%+ (2p3s 3PY) + Hj at 10eV/u and § = 45° are
given. It can be seen that the higher vibrational states
But the

summation over all vibrational states changes only a

cause the redistribution of cross sections.

few percent, it is because it is difficult to excite the
Hy (v')
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Table 1. Vibrationally resolved state-selective cross sections
for capture to 021 (2p3s 3P0) + HJ (v = 0—18) and O?* (2p3s
3PY%) + Hf (v =0 —8) at 10eV/u and § = 45°.

02+ (2p3s 3 PY) 02+ (2p3s 3PY)

v=0 0.52757 v'=0 0.55396
v=1 0.83730 v'=1 0.88270
v=2 0.84944 v'=2 0.87556
v=3 0.75319 v'=3 0.75970
v=4 0.50496 v'=4 0.49258
v=>5 0.29413 v'=5 0.25868
v=06 0.12060 v'=6 0.11021
v="T7 0.03937 v'=7 0.03947
v=8 0.02132 v'=8 0.02256
v=9 0.01451 v'=9

v=10 0.01281

v=11 0.01260

v=12 0.01369

v=13 0.01582

v=14 0.01803

v=15 0.01829

v=16 0.01593

v=17 0.01047

v=18 0.00339

ions to the high vibrational states for the lower impact
energies (< 10eV/u), the cross sections are mainly
distributed in the lower states (v < 5). It is be-
lieved that the contributions from the high vibrational
states of Hy (v) will become more and more important

as the projectile energy increases.!'323] Therefore, in
our calculations, the ground states of O3+ (2s22p 2P?)
and Ha(v = 0) are considered for the initial chan-
nel, while the excited states of O%**(2s?2p3s 13PY)
and Hj (v = 0 — 18) are included for the final chan-
nels. Totally, 39 coupled channels in Eq.(9) are solved,
and much computational time is required due to a
large number of partial waves appearing with the in-
crease of impact energy. In the present work, the elec-
tronic and the vibrational state-selective differential
cross sections for the lower energies of 0.1, 1.0 and
10eV /u are calculated in two orientations of 45° and
89°.

The state-selective differential cross sections
(DCSs) for captures to O%(2p3s 1 PY) and O%*(2p3s
3P% are displayed in Fig.2. The orientation an-
gle is 89°, and the impact energies are 0.1, 1.0 and
10.0eV /u, respectively. The cross sections have been
summed over all the vibrational states of HJ (v/). The
DCSs show a similar behaviour: they decrease with
the increase of scattering angle, and beyond a spe-
cific angle they oscillate with angle. We consider these
oscillating structures resulting from the partial-wave
interference in expression (12).[24_26} A comparison
among the DCSs at different impact energies shows
that with the increase of impact energy, the scatter-
ing probability becomes bigger at small angles. This
is because high-speed collision makes the interaction
time short, thus the energy and momentum transfers

107
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§ 108 1
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Fig.2. State-selective differential cross section for an orientation angle § = 89° in O3+-Hy
collisions, with captures to O%*(2p3s 3P0) + H (X257, v = 0—18) at 0.1 (a), 1.0 (c), and
10eV/u (e), captures to 02t (2p3s 1P%) + HI (X251, v = 0 — 18) at 0.1 (b), 1.0 (d) and
10eV/u (f), the cross sections being summed over all the vibrational states of HJ (/).
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from projectile to target become smaller, the projec-
tile is scattered at a smaller angle, which is similar to
the case of “glancing collision”.?”) Moreover, the spe-
cific angles at which the oscillations appear decrease
in the form of E;, L ?_ which is consistent with the con-
servation of angle momentum in classical scatterings.
For the same impact energy, the structures of differ-
ential cross section for capture to O%**(2p3s3PY) are
similar to those for the case of O**(2p3s'P?). This
is due to the fact that the charge transfer process in
collision mainly takes place at the avoided crossings
of the potential curves. For this case, the positions of
energy levels and avoided crossings for these two final
states are very close to each other.[!3]

For an orientation angle of 45°, the state-selective
differential cross sections are plotted in Fig.3. Similar
to the case at an orientation angle of 89°, the DCSs
decrease with the increase of scattering angle, beyond
a specific angle the oscillating behaviour appears al-
though the decreasing tendency in DCSs still exists.
Compared with the case at 89°, the values of DCSs are
small, which is due to the small state-selective cross
sections.'3!

A great number of vibrational state-selective dif-
ferential cross section data are produced, and here
we present two examples only. The vibrational state-
selective DCSs for capture to O2*(2p3s 3 P°) + H (v')

are plotted in Fig.4. The impact energy is 1.0eV /u,
the orientation angle § = 89°, and v’ = 0, 1, 2, 3. The
vibrational state-selective DCSs decrease as the scat-
tering angle increases, and the oscillating behaviour
appears beyond a specific angle. A comparison among
DCSs for capture to different values of v’ shows that
the DCS values are close to each other, but we can
find that the angles for the first minimum in oscil-
lating structures decrease with the increment of v’,
which means that the more momenta are required to
be transferred when Hj (v) is expected to be excited
to higher vibrational states. For the vibrational state-
selective cross sections capturing to O?*(2p3s *P?)
+ Hi (v'), the DCSs show a similar behaviour to the
above case, so the figure is not given here. Different
from the case for capture to O?*(2p3s 3PY), the DCSs
for capture to O?*(2p3s 1 PY) decrease evidently as the
vibrational quantum number v’ increases. The cross
section for charge transfer is mainly determined by
the position of avoided crossing points and the cou-
pling strengths between the adjacent channels, and
both the position of avoided crossing point and the
coupling strength will change as v’ increases. But be-
cause so many channels are involved in our calcula-
tions, many direct and indirect processes are coupled
together and, the reason why so is required to be given
the further work.
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Fig.3. State-selective differential cross section for an orientation angle § = 45° in O3+-Hy
collisions with captures to 02+ (2p3s 3P%) + HI (X2%,, v =0—18) at 0.1 (a), 1.0 (c), and
10eV/u (e), captures to O2*(2p3s 1 P%) + Hi (X25}, v = 0 — 18) at 0.1 (b), 1.0 (d) and
10eV/u (f), and the cross sections being summed over all the vibrational states of Hy (v').
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Fig.4. Vibrational state-selective differential cross sections for capture to 02+ (2p3s 3P0)
+ H;r (v") in O3FT-Hy collisions with the impact energy being 1.0eV/u, and the orientation

angle 6 = 89°.

The vibrational state-selective differential cross
sections for capture to O**(2p3s 3PY) at an orienta-
tion angle 6 = 45° are given in Fig.5. The impact en-
ergy is 1.0eV/u, and v’ =0, 1, 2, 3. As is well known,
the more information on collisional dynamics can be
obtained from the differential cross sections. Espe-
cially, we may determine the orientations of molecules

by identifying the vibrational state-selective differen-
tial scattering processes. As an attempt, we make
a comparison between the vibrational state-selective
DCSs for two orientation angles of 89° and 45° in
Figs.4 and 5. It is easy to find that the DCS val-
ues are strongly orientation-dependent. For example,

the DCS for capture to O**(2p3s 3P%) + HJ (v/ = 1)
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Fig.5. Vibrational state-selective differential cross sections for capture to 021 (2p3s 3P0)
+ H;‘ (v') in O3FT-Ha collisions with the impact energy being 1.0eV/u, and the orientation

angle a = 45°.
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at 89° in Fig.4 is about one order of magnitude higher
than that at 45° in Fig.5. At low impact energies, the
polarization interactions between projectile and target
are essential to the charge transfer processes, and the
dependence of polarization on Hy molecular orienta-
tion may be the reason for the difference in DCS. Fur-
thermore, after calculations we find that for capture to
0%+ (2p3s 1 PY) + HJ (v') processes, the cross-section
ratios for the values of v’ at 89° and 45° are different,
for example, the ratio of o(v' = 1)/ o(v' = 0) ~ 0.1
at a small angle in the § = 89° case. However, for the
0 = 45° case, o(v' = 1)/o(v' = 0) = 1. Therefore, by
using this orientation dependence, it is also possible
to develop a new diagnostic method to determine the
molecule orientations.

4. Conclusion

The  quantum-mechanical  molecular-orbital

coupled-channel method is employed to study the

non-dissociative charge transfer processes in O3+-Hy
collisions. The orientation-dependent, electronic and
vibrational state-selective differential cross sections
at low energies (< 10eV/u) are presented in the in-
finite order sudden approximation. It is found that
the electronic and the vibrational state-selective dif-
ferential cross sections have similar behaviours: they
decrease with the increase of the scattering angle and
beyond a specific angle the oscillating structures ap-
pear. Moreover, the strong orientation-dependence of
the vibrational state-selective differential cross section
is found, and the possibility to determine the orien-
tations of molecule Hy by identifying the vibrational
state-selective differential scattering processes is dis-
cussed. Up to know, no experimental measurement
on the differential cross sections has been performed
for this system, therefore, the experiments are highly
expected to check our results.
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