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We report the calculated cross sections for the removal of He " ions in collisions with hydrogen
atoms for the collision energy range between 0.01 meV and 100 eV. Radiative association is the
dominant mechanism at the low-energy extreme and for collision energies above 10 meV radiative
charge transfer is dominant. Above 8 eV the radiative processes are negligible, and direct charge
transfer is the primary removal mechanism. Using a quantum-mechanical method, we obtain the
spectrum of the emitted radiation for the radiative charge transfer process at several collision ener-
gies. The emission spectrum has a main peak at wavelengths near 113 nm, which corresponds to the
energy difference between the 4 'Z" and X '=" states of the molecular ion HeH " at large internu-
clear distances. At higher collision energies, significant contributions to the emission spectra occur
at shorter wavelengths, and distinct peaks appear. We interpret these peaks as a result of orbiting in

the outgoing channel.

I. INTRODUCTION

Collisions of He" ions and neutral hydrogen atoms are
important in a wide range of astrophysical environ-
ments.! The He* ions may be removed by nonradiative
charge transfer

He"+H ->He+H" , (1
by radiative charge transfer,

He"+H—-He+H" +hv, ()
and by radiative association,

He"+H ->HeH" +hv . (3)

Estimates of the rate coefficients for the radiative pro-
cesses (2) and (3) have been presented by Sando, Cohen,
and Dalgarno? for temperatures in the range 1 < 7" < 1000
K. At collision energies above a few eV the nonradiative
process (1) becomes more rapid.

The radiative processes are driven by the interaction of
the collision system with the radiation field. Several pro-
cedures have been used to calculate the cross sections for
radiative collisions and the relationships between them
have been demonstrated.’ The direct charge transfer pro-
cess arises through transitions between different molecu-
lar states driven by the perturbation caused by the nu-
clear motion.*> It may be investigated with a molecular-
orbital expansion method, provided the electron transla-
tion factor is taken into account.® Because the collision
energy considered is low, it sufficed to include only
molecular states which correspond to the initial 4 'Z7
and final X =7 channels.

In this paper, we report calculations of the cross sec-
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tions for direct and radiative processes which occur in
the collisions of He" with H at energies up to 100 eV and
we present the rate coefficient of the processes (2) and (3)
for temperatures up to 1000 K.

II. THEORY

A. Nonradiative charge transfer

Full configuration-interaction calculations were per-
formed to obtain the Born-Oppenheimer eigenvalues and
eigenfunctions of the electronic Hamiltonian of the mole-
cule HeH". A linear combination of Slater determinants
with Slater-type orbitals was employed. The calculated
asymptotic values for the electronic energies are 2.5000
and 2.9031 hartrees for the 4 'S" and X '=7 states, re-
spectively; these compare favorably with the exact non-
relativistic values 2.5000 and 2.9037 hartrees, respective-
ly.

In the quantum-mechanical formalism, the scattering
wave function is expanded in terms of the Born-
Oppenheimer wave functions ¢,(r,R) modified by the
electron translation factor (ETF).®7 If y%R) is the wave
function of the nuclear motion in the electronic state i,
we write (unless otherwise stated, atomic units are used
throughout)

W(rL,R)= S exp His~vR $(LRVAR), (@)
-
where u is the reduced mass,
S=1f.(r,R)r, (5)

and the f;’s are switching functions that incorporate the
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molecular character of the ETF. After some manipula-
tion, the coupled equations for xy?(R) may be obtained in
the matrix form

;—J[ZVR—i(B+A)]2+Z YRI=EX(R), (6
where
P, =(¢,|—iVgl$;), (7a)
A, =i(E,—E;){¢;Sl$;) , (7b)
V,(R)=8,V,(R), (7c)

E is the energy of the nuclear motion in the center-of-
mass frame, and I is the identity matrix. In Eq. (7), P;
represents the nonadiabatic coupling, A;; its ETF correc-
tion, and V;(R) is the potential energy for the ith Born-
Oppenheimer state. The set of coupled equations (6) can
be put in a form more convenient for numerical solution
by transforming to a diabatic representation. The trans-
formation from adiabatic to diabatic representation is
achieved by introducing a new set of nuclear wave func-
tions )_(d(R ) defined by

X“R)=C(R)YAR),

where

dC
= =0
4R TErC

and
P,=P-R. (8)

Then, the coupled equations can be rewritten in the dia-
batic representation as

%v§1+g(k)+E1 YiR)=0, )
where
U(R)=C YR)V(R)C(R) . (10)

The coupled equations (9) may be solved numerically us-
ing the log-derivative algorithm® to determine the scatter-
ing matrix and the cross sections for nonradiative charge
transfer.

B. Radiative charge transfer and radiative association

The radiative charge transfer cross sections may be cal-
culated using the formula®

o= [ dwd? an
where
2
do _8 |7mu | 1 , 2
do 3 k, :3‘60 ?[JMJ,J-I(ka’kb)

H(T+1DM}P, 4 (kg k)]

and

1
‘/kakb

M, kg k)= fo°° dRs;(k,R)D(R)f,(k,R) ,

(12)

k, and k, being the wave numbers of the initial and final
motion. The partial waves f;(kR) and s;(kR ) are regu-
lar solutions of the homogeneous radial equations

d?  JUJ+1)
WMT_zp[VH(R)——Va(ao)]~1»k2 s;(kR)
=0 ,
(13)
d>  J(J+1)
m_—F——zy[Vb(R)—V,,(oo)sz Sfi(kR)
:O N

where V,(R) and V,(R) are the potential-energy curves
for the initial excited, and final ground states, respective-
ly. The wave numbers are given by

ky={2u[E —#fio—V,(«)]}'?,
k,={2u[E—V, ()]},

where o is the angular frequency of the emitted photon,
E is the total collision energy in the incident channel in
the center-of-mass frame, and D(R) is the transition di-
pole moment connecting the two electronic states. The
wave functions obey the asymptotic boundary conditions

172
kR — | 2| sin kR—JETL-HSJ(a) ,
2 172 J
. m
s;(kR)— 77] sin |kR > +8,(b) |,

where 8;(a) and 8,(b) are the phase shifts for the chan-
nels @ and b, respectively.

We have also calculated the total cross section for the
collision-induced radiative removal of He* by hydrogen
atoms, which is the sum of the cross sections for radiative
charge transfer and radiative association processes. To
calculate this total cross section, we use the optical po-
tential method.>*'° In this essentially semiclassical ap-
proximation, the probability per unit time for a radiative
transition from the excited 4 '=% state to the ground
X '37 state to occur is represented by the imaginary part
of a complex potential (the optical potential). The ampli-
tude F,(R) for the system to be in the excited 4 'I*
state, at internuclear distance R, is a solution of the equa-
tion

—1

2TV (R)— =
o Vi +V,(R)—E |F,(R)

éA(R)Fa(R),
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Equation (14) is solved by using a partial-wave decompo-
sition of the amplitude F,(R). Because the right-hand
side of (14) is imaginary, the partial-wave solutions have
complex phase shifts, the imaginary parts of which reflect
the loss of flux from each incoming channel. The total
cross section for radiative decay is given by’

o= > (2J+1D)[1—exp(—4n;)], (15)
J

EE

where 7, is the imaginary part of the complex phase shift
for the Jth partial wave. Because the right-hand side of
(14) is proportional to 1/¢? and, therefore, is very small,
it is appropriate to use the distorted-wave approximation
to the phase shift?

n,=§]f— fowdesJ(kaR)le(R). (16)

The difference between the total radiative-decay cross
section and the radiative charge transfer cross section is
the cross section for radiative association.

III. RESULTS AND DISCUSSIONS

A. Radiative charge transfer and association

Shown in Fig. 1 are the adiabatic potential curves for
the initial 4 'S and final X =7 states used by Sando
et al? and in the present study. They differ only in
minor details from those arising in the nonradiative
scattering calculations. Because of the polarization of H
by the He™ ion, the potential curve for the 4 'S% state
contains an attractive long-range component which can
support weak quasibound vibrational states that give rise
to resonance structure in the cross sections. Shown in
Fig. 2 are the radial coupling matrix element for process
(1) and the dipole matrix element? for processes (2) and
(3). Both the nonadiabatic radial coupling and the dipole
coupling functions have peaks at R ~2.0a, and decrease
rather rapidly beyond R =8a,,.

osl-

06

3 He' + H(A'SY)
3 0.4 —
>
0.2 —
He + H*(X'Z")
[oXoR o
1 1 1 1 1 1 1
(o) | 2 3 4 5 6 7 8

R (units of a,)

FIG. 1. Adiabatic potential curves of the HeH* system.
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The calculated cross sections for radiative charge
transfer (2) and total radiative decay are illustrated in
Fig. 3. The presence of the quasibound rovibrational
states in the attractive portion of the 4 '>" potential
gives rise to the conspicuous low-energy resonance struc-
tures seen in Fig. 3. In Fig. 3 the resonances are seen to
occur at collision energies 0.075, 0.23, 1.72, and 5.8 meV.
The quantum numbers (v,J) associated with the corre-
sponding quasibound levels in the 4 =7 state are labeled
in Fig. 3, where v and J are the vibrational quantum
number and rotational quantum number, respectively.
Smaller, less conspicuous resonance structures appear at
other energies. These resonances contribute to a
significant enhancement in the rate coefficients at low
temperatures. The cross section for the association pro-
cess (3) is about twice as large as that for radiative charge
transfer at collision energies below 10 meV. Above 10
meV, the radiative charge transfer process dominates and
the contribution from radiative association is negligible
when the collision energy exceeds 1 eV. Apart from
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FIG. 2. (a) Nonadiabatic radial coupling matrix elements

(X'3*—=(P+A)NA4'SY) (solid circles) and
(A'STIP+A|X'S") (solid squares), and (b) the radial transi-
tion dipole matrix element.
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FIG. 3. Radiative charge transfer and total radiative decay
cross sections: the solid circles are the radiative charge transfer
cross sections, and the open circles are the total radiative decay
cross sections. Resonances are labeled by (v,J) where v and J
are the vibrational and rotational quantum numbers, respective-
ly.

these resonance structures, the cross sections decrease
monotonically as the collision energy increases up to an
energy of 1 eV, followed by a slight increase at higher en-
ergies. In the region between 2 and 50 eV the radiative
charge transfer cross sections have an almost constant
value of about 1072 cm?; at energies greater than 100 eV
the cross section decreases as the inverse power of the
collision velocity.

The calculated rate coefficients for process (2) and for
the total radiative decay rate are listed in Table I. They
replace the earlier studies.’

In Fig. 4 we present the spectrum for a collision energy
of 0.23 meV, which is nearly coincident with the energy
of the v =2, J=35 quasibound resonance level. The reso-
nance spectrum and the spectrum arising from the non-
resonant partial waves (J#5) are shown separately. The
total spectrum (not shown) is dominated by the resonance
contribution centered around 113.03 nm, and the peak at
113.12 nm which corresponds to a nearly vertical transi-
tion is at the equilibrium separation of the quasibound
level. Similar emission spectra are associated with the
other peaks in Fig. 3.

TABLE I. Rate coefficients for direct radiative charge
transfer and for total radiative decay in units of 107 ' cm®sec ™.
T (K) Direct Total

1 5.36 15.4

10 4.21 11.7
100 4.41 8.34
200 4.50 7.49
400 4.83 7.16
1000 5.99 7.71
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FIG. 4. Spectra for emitted photons in the radiative charge
transfer process (2). Comparison between the resonant v =2,
J =5 partial-wave spectra (solid line) to the nonresonant contri-
butions (dashed line), at a collision energy of 0.23 meV.

For a given partial wave with angular momentum J,
the emission intensity is proportional to |M,Y1,(k,,,k,,)|2
defined in Eq. (12). The largest contribution to M; ;.
comes from the region near the classical turning point of
the incoming partial wave in the initial 4 '=7 state.
Thus M, ,(k,,k,) maps the phase of the outgoing partial
wave at the classical turning point of the incoming wave.
As we adjust the value of the wave number k.,
M; ;(k,,k; oscillates between a relative maximum and
minimum value. Because the frequency of the emitted
photon is related to the outgoing wave number k, by en-
ergy conservation
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FIG. 5. Spectra for the J=0 incoming partial wave at col-
lision energies of 400 meV (solid line), 410 meV (dot-dashed
line), and 500 meV (dashed line).
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tio="1k2/2u—H#ki/2u+V, (0 )— V()

the emission spectrum for a given partial wave exhibits
oscillatory structure. It is illustrated in Fig. 5, which
shows the emission spectra arising from the J =0 partial
wave at collision energies of 0.40, 0.41, and 0.50 V.

To obtain the total emission spectrum, contributions
from each partial wave must be summed explicitly as in
Eq. (12). Figure 6 shows the total spectrum for a col-
lision energy of 0.4 eV. The spectrum is smooth, except
for distinct peaks at discrete wavelengths, with a main
peak near 112.95 nm followed by a rapid fall-off at longer
wavelengths. The main peak occurs when the transitions
occur in the region where the potential curves of the
A 'S and X =7 states are nearly parallel. We propose
that the lesser, but prominent, peaks in the short-
wavelength region are due to orbiting effects in the outgo-
ing channel. Because the X '3 potential curve is attrac-
tive for R >1.5a,, the effective potential V z=V,(R)
+J(J+1)/2uR? for the Jth outgoing partial wave
possesses maxima near the shoulder of the X '=* poten-
tial curve. If the kinetic energy of a given outgoing par-
tial wave has a value near the potential maximum, then
the wave function has a resonancelike structure reflecting
the occurrence of orbiting!' and its amplitude is
enhanced. At specific kinetic energies in the exit channel,
the overlap integral M, ;(k,,k,) is strongly enhanced
when the phase of the outgoing wave is such that it inter-
feres constructively with the incoming wave. This condi-
tion will only be satisfied for a limited set of partial
waves. When it is met, a peak appears in the photon
emission spectrum at the wavelength associated with the
corresponding kinetic energy of the exit channel. We
have analyzed the emission spectra for individual partial
waves and confirmed that the emission peaks occur at fre-
quencies where the outgoing collision energy #k?2/2u
satisfies the conditions required for orbiting. Figure 7
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FIG. 6. Emission spectra at a collision energy of 400 meV.
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FIG. 7. Emission spectra at a collision energy of 1 eV.

shows the spectra for a collision energy of 1 eV. Because
of the averaging effect of the larger number of contribut-
ing J values, these peaks are suppressed at higher col-
lision energies, though still present at short wavelengths.

B. Direct charge transfer

The calculated results for the nonradiative charge
transfer and the radiative charge transfer cross sections
are plotted in Fig. 8 for the energy range from 1 to 100
eV. The nonradiative charge transfer cross sections show
a sharp increase above 4 eV as the collision energy in-
creases. In the energy range 5-8 eV, the magnitude of
the nonradiative and radiative charge transfer cross sec-
tions is comparable with a value of 1072 cm?. In this
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FIG. 8. Comparison between nonradiative (direct) charge
transfer cross sections (circles) and radiative charge transfer
cross sections (triangles).
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overlap region there may occur interference effects be-
tween the competing processes and these are not con-
tained in the present theory. Above 8 eV the radiative
processes are slow and nonradiative direct charge
transfer is the dominant charge transfer process.

We have ignored charge transfer in the triplet scatter-
ing channels of the nonadiabatic transition (1). They may
become important at collision energies in the keV range.
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