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Direct charge transfer of He+ in neon
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The cross sections for direct charge transfer of He+ ions in low-energy collisions with neon atoms
are calculated in a diabatic formulation for several choices of the origin of coordinates. It is shown

numerically that the omission of electronic translation factors creates serious uncertainties at inter-

mediate energies. The differences in the cross sections diminish as the collision energies increase to
900 eV where they attain a value of 1 X 10 ' cm . Direct charge transfer is more efficient than ra-
diative charge transfer at energies above about 25 eV.

I. INTRODUCTION

and by radiative association

He++ Ne-+HeNe++ h v . (3)

At thermal energies, the direct charge transfer

He++ Ne~He+ Ne+

of He+ ions in collisions with neon atoms is negligibly
slow and He+ iona traversing a gas of neon are removed
by radiative charge transfer'

He++ Ne~He+Ne++ h v,

A'i2(R ) =A i2(R )

r]'M2+ (ri' —l )M,
+ Di2(R )[e2(R ) ei(R )]1+ 2

where M, is the mass of the helium nucleus, M2 is the
mass of the neon nucleus, 0' is located at a distance ri'
from the neon nucleus, ei(R ) and e2(R ) are, respectively,
the adiabatic potential energy curves of the 8 X+ and.
X~X+ states, and Diz(R) is the electric dipole transition
moment between them.

To represent the potential energy curves we adopted the
Rydberg-laein-Rees values2' ' slightly modified at short
distance to the forms

With increasing velocity, reaction (1) becomes more prob-
able and above some impact energy it is more rapid than
the radiative processes.

All three processes can be regarded as transitions from
the 8~X+ state of the molecular ion HeNe+ to the A II
and I X+ states. In (1), the transitions are induced by
the motion of the nuclei and in (2) and (3) by the interac-
tion with the radiation field.

II. THEORY

ei(R ) = exp( —1.497R ) —0.00748,20

e2(R ) = exp( —2.067R ) —0.221 66
20

and extrapolated to large distances by the forms

( )
—1.332

Z4

(6)

We ignore the rotational coupling of the 8 X+ and
A 0 states and we assume that at low energies direct
charge transfer is driven by the radial component of the
nuclear energy operator which couples the 8 X+ and
X X+ electronic states. The matrix element
(P(8 X+)

~
(dldR)

~
$(X X+)), where the P's are elec-

tronic eigenfunctions, R is the internuclear distance, and
the derivative is taken with the center of mass of the nu-
clei as origin, has been calculated by Barat et al. who
represent it by the formula

A(i2R)=( 8' X+~(d/dR) (I'X+) =
e"+e

where x =1.12 (R —3.9) and all quantities are measured
in atomic units. Values of A i2(R ) for another coordinate
origin 0' on the nuclear axis may be obtained from the
identity

e2(R)= ' —0. 111 .
—0.692

2 ~4

Values of Di2(R ) have been calculated by Cooper et al.
The coupling matrix elements A iz(R) corresponding to
origins at the center of mass of the nuclei and at each nu-
cleus, obtained by the use of Eq. (5), are reproduced in
Fig. 1. There are considerable differences between the
three functions so that the oinission of electronic transla-
tions factors may introduce serious uncertainties into the
calculated cross sections.

Because the relative sign of the calculated values of
A, z(R) and D,2(R) is unknown, we cannot be sure that
we have combined them correctly in Eq. (5). Without
knowing the correct relative sign, we can use Eq. (5) only
to make predictions on the value of A ', 2(R ) at an absolute
distance

~
rt —ri'

~

from the center of mass on the internu-
clear axis. We arbitrarily choose Ai2(R) and Dii(R) to
have opposite signs so that the choices ri'=1, 0 in (5)
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where C is a umtary matrix whose
ferential equation
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7.5 x10-4
1.3X10-'
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III. RESUI.TS

—1 d'
2p dR

J'J+" +(v E—I)
R

where

1

2p
—A — +8 C f =0, (13)

R

V=C 'e C (14)

is the diabatic matrix. We may use the identity

8' g AfkAkj+
k

in which the summation is over the complete set of states
k, to write the equation in the alternative form

1 d2

2p dR

J(J+1)
R

P

+ C ' g A;kAkj C,f =0. (16)
2p

We now assume that off-diagonal coupling terms A k be-
tween states 1 and 2 and any other state of the HeNe+
system are small at the nuclear separations sampled by the
collisions. The scattering equations reduce to the pair of
coupled equations

-1 d'
2p dRi +(v„—E} f', + V,2f', =0,

(17)

—1 d
2p dR'

J(J+1) J J
R

+(V22 —E} f2+vv)fi=0.

(18)

Avoided crossings of the 8 X+ state with the C X+
and C'2X+ state at, respectively, 1.86ao and 1.77ao have
been predicted by Sidis and Lefebvre. Experimental
data' on the elastic scattering of He+ by Ne at a collision
energy of 40 eV are satisfactorily explained by the cou-
pling of the elastic 8 2X+ channel with the excited direct
C X+ channel, suggesting that the influence of the
8 X+—C' X+ coupling is small. We assume that the
couphng similarly has no effect on the X X+—B X+
charge transfer transition. We also ignore the
8 X+—C X+ coupling so that our calculations do not
permit any of the charge transfer fiux to enter the channel
separating to He and an excited state of Ne+. Neverthe-
less, our results for the total charge transfer of He+ ions
in neon should be reliable within the uncertainties created
by the origin dependence of the nuclear momentum opera-
tors.

The elements Vii, V2i, and Vi2 of the diabatic poten-
tial inatrix V(R) are illustrated in Figs. 2(a)—2(d) for the
cases in which the coordinate origin is located at the heli-
um nucleus, the center of mass, the neon nucleus, and at
the point g=(M& —Mz)/(Mi+Mq). The choice of coor-
dinate origin has a substantial effect on the inagnitudes
and variation with R of the potential matrix elements.

The coupled equations for the scattering wave function

f (R } corresponding to the diabatic potentials were
solved numerically using the log-derivative method of
Johnson. " The resulting charge transfer cross sections
are presented in Table I for energies of relative motion up
to 8 keV.

The omission of translation factors is a serious defect at
high energies. ' Here we find, in a situation in which the
coupling persists over an extended range of internuclear
distances, that it also creates large uncertainties at inter-
mediate energies. We may distinguish between three dis-
tinct regions of relative collision energy E. At low ener-
gies E less than approximately 3 eV, the cross sections are
almost independent of the choice of coordinate oriIIin.
We show in Fig. 3(a} the transition probability

~
Si2

~

at
a collision energy of 1.36 eV as a function of the orbital
angular momentum quantum number J for the origin at
the center of mass and at the helium nucleus. At low en-

ergies the cross sections are dominated by the orbiting ef-
fects of the long-range attractive polarization forces and
the cross section consists of many small contributions
from a large number of values of J. Because of interfer-
ence between the two scattering trajectories, the quantal
transition probabilities oscillate, and although at individu-
al values of J the transition probabilities for the two
choices of coordinate origin differ considerably, the
weighted sums tend to average the differences to zero.
Thus the inclusion of translation factors may not be
necessary for the calculation of the total cross section at
energies in the orbiting region.

In the intermediate energy region between about 3 and
70 eV,

~
Si2

~

is a smoothly oscillating function of J, as
Fig. 3(b) illustrates. The periods of the oscillations are
similar for the two origins, but their amplitudes at small
impact parameters are sensitive to the coupling matrix
elements and large differences occur in the cross sections
for the two origins. At an energy of 13.6 eV the cross sec-
tion corresponding to the helium nucleus as origin is
about thirty times larger than the cross section corre-
sponding to the neon nucleus as origin. -

At higher energies above about 70 eV but below some
high-energy limit where the inclusion of translation fac-
tars is mandatory, the transition probabilities are not sen-
sitive to the coupling matrix elements and, as Fig. 3(c)
demonstrates for E=95.2 eV,

~
Si2

~

is nearly indepen-
dent of the coordinate origin as are the cross sections.

The behavior of some of these cross sections in the in-
termediate and higher-energy regions is illustrated by the
Demkov' model of the process. We assume that transi-
tions between the molecular states take place in a region
around a nuclear separation Rc such that the exponential-
ly decaying coupling potential Vi2(Rc) equals one half of
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