
PHYSICAL REVIEW A VOLUME 7, NUMBER 5 MAY 1973

Effect of Long-Range Forces in Near-Resonant Charge Transfer: Application to He++K,
Rb, and Cs~

Ronald E. Olson and Felix T. Smith
Molecular Physics Department, Stanford Research Institute, Menlo Park, California 94025

(Received 6 November 1972; revised manuscript received 6 February 1973)

Near-resonant charge transfer in asymmetric collisions is often dominated by long-range forces due to
polarization and sometimes to ion-quadrupole interactions. These interactions can lead to regions of strong
coupling at large distances. The parameters necessary for estimating the cross sections by a modified
Demkov formula (for strong coupling without crossing) can be obtained from a knowledge of simple atomic
properties such as ionization potentials and polarizabilities. These formulas are applied to the calculation of
the cross sections for the He++ K, Rb, and Cs asymmetric charge-transfer reactions and are compared
with the experimental measurements of Peterson arid Lorents. For these systems several inelastic channels
are open and the theory predicts the relative abundances of the various excited states of He (n=2).

I. INTRODUCTION

A number of measurements in the last few years
have demonstrated that large cross sections are
often associated with near-resonant charge-trans-
fer processes. ' Reactions of this type often
leave one of the products in an excited state, and
this property is now being exploited to produce
beams of excited neutrals in specific radiating or
metastable states. 6 In one case of charge transfer
between a positive and a negative ion, this process
has been used to produce laser action. '

Among the systems that have been studied in
charge transfer between ions and neutrals, partic-
ular attention has been devoted to the reactions
of H' and of positive ions of the rare gases with
various alkali metals. 8-to Certain molecular ions
such as N,

' have also been used. " The difference
in ionization potentials between the alkali metals
and the rare gases or H leads to the common oc-
cur ence of Qeal resonances fol 1 eactloIls termi-
nating in excited final states. Peterson and
I orents, in a study of total charge transfer be-
tween certain rare-gas ions and alkali-metal
atoms, have shown that the total cross sections ob-
served (summed over all final states, i.e. , with-
out measurement oi specitic radiating states) were
far higher than would be expected for charge trans-
fer into ground-state products, but that they could
be explained by assuming that the products were in
certain excited states. This conclusion was sup-
ported by some estimates based on the Rapp-Fran-
cis approximation. ~~ They recognized that the the-
ory is not strictly applicable to a case where sev-
eral competing final states are available, and they
suggested that a curve-crossing mechanism might
be useful in discussing these processes.

Peterson and Lorents pointed out that the cross
sections would be affected not only by the near-res-
onance condition, but also by the nature of the or-

bitals involved in the electron transfer, and they
stated: "In the reactions involving He' ions studied
here, near-resonant reactions can yield either ex-
cited He atoms or excited alkali ions. However,
excitation of the final ion involves at least one
closed-shell electron of the ion and perhaps the
valence electron as well. At these comparatively
low energies such events are probably less fre-
quent than the electron transfer producing excited
He atoms, which need only be an outer electron
process. "

Salop, Lorents, and Peterson'~ have now mea-
sured the optical excitation produced in some of
these same systems and their results confirm the
effects predicted in the earlier work of Ref. 5.
These effects appear to represent general princi-
ples of considerable importance for a very large
class of charge-transfer reactions with large cross
sections.

In charge transfer at large internuclear separa-
tions, essentially we are dealing with electron
transfer between two perturbed, but almost free,
atoms or ions. In contrast, as Peterson and Lo-
rents pointed out, excitation out of an inner shell
(when, for instance, an excited alkali ion is pro-
duced) requires a close encounter and involves in-
teractions in the region of molecular coupling
where the assumptions of atomic coupling are no
longer valid. To treat these close encounters re-
quires detailed molecular-state calculations, and
they will not be discussed here. Moreover charge-
transfer processes that occur at small internuclear
separations will not produce the magnitude of the
cross sections we will be discussing here, Q & 100
A'. Thus, although these processes do occur,
charge transfer at close encounters will contribute
only a small share to the over-all charge-transfer
total cross section.

It is obviously of great interest to attempt to
translate the intuitive and qualitative arguments of
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Ref. 5 into a more quantitative (even if approxi-
mate) form in order to provide a framework for the
evaluation of experiments and for the prediction of
similar effects in other systems.

The principal aim of this paper is to show that a
quantitative treatment of charge-transfer reactions
at large distances can, in fact, be derived in very
simple form if we make use of the fact that the
principal long-range forces are due to polarization
of the neutral by the ion supplemented, when the
neutral is not an atom in an $ state, by the inter-
action with the quadrupole moment of the neutral.
These long-range forces are different in the initial
and final states and often give rise to regions of
strong interaction at large distances, which provide
a route for easy transfer of charge.

Three specific systems are studied: He'yK, Rb,
and Cs. The charge-transfer cross sections are
calculated using a modified Demkov theory' ' for
strong interactions at large distances, and are
compared with experimental results. ' '~ The pa-
rameters necessary for the calculations are ob-
tained from a knowledge of the properties of the
separated collision partners, such as ionization po-
tentials, excitation potentials, polarizabilities, and
quadrupole moments. Reasonable agreement be-
tween theory and experiment is obtained for He'+ K
and He'+Rb, but there are substantial differences
in the He'+Cs case. Possible reasons for the dis-
crepancies are discussed in later sections.

II. THEORY

The theoretical treatment of the He'+K, Rb, and
Cs systems is complicated by the fact that charge
transfer results in the production of several differ-
ent excited states. Furthermore, the interactions
between reactant and product states cannot be
treated theoretically by assuming constant poten-
tials and using the infinite separation energies as
the separation between channels. In the systems
investigated here, we have considered the effects
of the long-range polarization and quadrupole
forces to estimate the regions of strong interaction
between reactant and product channels. Inclusion
of these long-range forces and the use of a more
accurate method to estimate the cross sections'
cause our predictions of the excited-state products.
and the magnitude of the total cross sections to dif-
fer appreciably with previous theoretical esti-
mates. "

A simplifying characteristic of the He'+alkali
systems, however, is that the reactant states are
divided between molecular states of ~Z and Z sym-
metry. This separation allows us to generally use
two-state procedures, since the number of product
states of a given symmetry is then considerably re-
duced.

The specific reactions that we will be studying in

V;(R) = V;( )—

where V, (~) is the sum of the excitation and ioniza-
tion energies of the separated collision partners
measured from a common origin. The dipole po-
larizability is given by n, , and the P, is the ion-
quadrupole moment of the neutral partner in either
state.

A modified Demkov approach 3' 4 can be applied
to reaction (I) to calculate the cross sections. In
this model the reactant and product potential curves
are assumed to be parallel with one another, and
the coupling-matrix element is assumed to have an
exponential A dependence. Charge transfer at low
to moderate energies is then found to be localized
at the internuclear separation R, where the differ-
ence in potential curves is equal to twice the cou-
pling- matrix element

&~2(R.) = -'I &i(R.) —V2(R.)l = -' ~ V(R.) .

Before this model can be applied, it is necessary
that we have a reasonable estimate of the coupling-
matrix element H, 2(R). The coupling-matrix ele-
ment calculation was performed using the formula 6

(R) I1/2I 1/2 Rg -0.26K

where

R*=—,'(n+y}R .

(4)

In Eq. (4), —,
' n equals the effective ionization po-

tential I, of the atom of Eq. (I) in the reactant
state, and ~ y equals the effective ionization poten-
tial I~ of the atom in the product state, with all
quantities being in a. u.

The total charge-transfer cross sections are then
calculated as a function of velocity for the various
reactant-product-state combinations using Ref. 14,
which gives the cross sections in terms of a re-
duced velocity

2@A,vp

m~V(R, )
(5)

and in terms of a reduced cross section

q+=q/-, 'vR,' . (6)

In Eq. (5), u0 is the incident velocity and A. is the
coupling-matrix-element exponential-decay factor,
A. = 0. 86(a+y)/2.

this paper are

He'+A- He*+A'+ AE,

where A can be K, Rb, or Cs and where He* rep-
resents an excited level of the He atom. At large
distances, where the major share of charge trans-
fer occurs, the interaction potentials are written
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III. APPLICATIONS

A. He +K System State of He He(2 S) He(2 1$) He(2'P) He(2 P)

TABLE I. He'+ K cross-section parameters.

The first system to be studied is the charge-
transfer reaction

He'+ K- He*+ K'+ hE, (7)

~V( ) (eV)

0,'(He*) (a )

0.'„(K) (ao)

P (He*) (a())

+ 0.428

316

281

-0.368

802

281

—0.717

416

281

—0.971

945

13.5

where He* denotes excited n = 2 levels of He. In the
energy range studied here, E& 1500 eV, it is ex-
pected that the other possible channels for this re-
action,

a, (a,)

a12(RJ (a.u. )

~ (a-,')

g-'/v (sec/cm)

9 4

0.0090

0.497

s.o7(- s)

13.1
0.0047

0.475

10.9

0.0057

0.465

11.6
0.0045

0.457

1.49(-7) 1.20(-7) 1.48(-7)

He'+ K- He+ K'*+aE, (8)

PHs (PS) ) (1st /IHe ) ~ (9)

The quadrupole moments estimated by Eq. (9)
agree within 10% to the hydrogenic-model results
of Krogdahl. ~~ All ionization potentials were ob-
tained from the tables of Moore. ~2

will contribute less than 5% to the over-all total
charge-transfer cross section. For He'+Rb at a
collision energy of 14'70 eV, Salop, Lorents, and
Peterson' estimate that excitation to the excited
levels of Rb' contributes less than 4% to the cross
section. The arguments first made by Peterson
and Lorents' that the excitation of the alkali ion is
much less probable than excitation of the helium
atom should apply to all the systems studied here
for energies less than about 1 keV. At higher en-
ergies, however, these arguments may not hold.
As the collision energy is increased much above
1 keV, the conditions necessary for leaving the al-
kali ion in reaction (8) in an excited state become
much more favorable. Excitation of the alkali ion
requires charge transfer of the outer s electron and
then excitation of a p electron of the alkali ion.
This latter process becomes probable at the higher
energies for small impact-parameter collisions,
since it requires excitation of an inner-shell elec-
tron.

In reaction (7), the first four excited levels of
helium are predominantly populated. Table I gives
the parameters necessary for calculating the cross
sections. It must be remembered, moreover, that
the triplet states have a statistical weight of 4,
while the singlet states are weighted by 4. For
both of the 1s2s states the dipole polarizabilities
were obtained from Victor, Dalgarno, and Taylor,
while the dipole polarizability of the alkali atom
was obtained from the work of Dalgarno and King-
ston. ' The dipole polarizabilities for the 1s2p
states were estimated by scaling the polarizability
of the 2s state of the same symmetry to thp effec-
tive ionization potentials of the states involved.
The quadrupole moment for He(2~'sP) was esti-
mated by scaling from the reported value for
Si'( P), 2. 85ao, by using the ionization potential of
Si'-Si", 16.3 eV, and assuming

He'+ Rb -He*+ Rb'+ AE (10)

are displayed in Fig. 2. The parameters for cal-
culating the cross sections are listed in Table II.

As in the He'+K reaction, He(2 P) is the main
collision product at energies above 200 eV. A good
share of the reason for this is that the triplet states
have a —,

' statistical weight factor, while the sin-
glets are weighted by only —,'.

The over-all total cross section may be com-
pared with experiment. There is good agreement
up to 500 eV. Above this energy the theoretical
cross sections underestimate the experimental re-
sults. Since it was shown that excitation to Rb'*
levels leads to less than 4% of the total cross sec-
tion at 1470 eV, some other source of explanation
for the discrepancy must be found.

One mechanism that was not calculated and would
be analyzed as a charge-transfer product in the ex-
periment is the ionization reaction

He'+Rb-He'+Rb'+8+DE .
At the higher energies, it is probable that reaction
(11)could contribute to the experimental cross sec-
tions. Also, since we have only calculated the
cross sections for the m=2 levels of excited helium,
it is probable that the cross sections for higher ex-
cited states, n& 2, could be sizable.

However, the most probable explanation for the
disagreement between theory and experiment lies
in the neglect by theory of the rotational coupling
of the Z molecular states of the reactants to the II
molecular states of the close-lying He(ls2p) states.
At energies above 1000 eV, it would be surprising
if there was not appreciable rotational coupling to

The over-all comparison between the theoretical
cross sections and the measured total charge-
transfer cross sections is shown in Fig. 1, The
theoretical calculations are in reasonable agree-
ment with the experimental results except at the
very low energies, where the theory predicts a
more rapid decrease of the cross sections.

B. He++ Rb System

The calculations for the charge-transfer reaction
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500

He(2 1P}He(2'S)

av( ) (ev)

n„(He*) (asap)

n, (Rb) (a',)

P(He*) (ap)

+ 0.591

316

—0.205

802

296

—0.556

416

13.5

—0.807

945

13.5

RONALD E 0 LSON AND FELIX T. SMI TH

0.5 1.5 20
v(10 cm/sec)

2.5 3.0

a, (a,)

a12(R,} (a.u. )

X (a,-')

Q 1/y (sec/cm)

8.7
0.012

0.493

6.12(- 8)

14.9

0.0012

0.471

5.v8(- v)

11.7
0.0043

0.460

1.55(—V)

12.2

0.0038

0.452

1.v4(- v)

FIG. 1. He'+ K charge-transfer to
h l'd l h

f arious excited levels of helium

points with their error b
e experimental

error bars are from Ref. 5.

the Rb'+He(2sP) state, which hae, which has a AE of only

15
10

I

100 200

l

E(eV)

500

1

1000 1500

E 10
O

He+ + Rb

C. He++Cs System

Calculation of the H '
cross sections '

e e +Cs char e-g -transfer total
' ns is an interestin rgp o
no only the low-ener d

d Lo t 'b
energies '1 and a ta

en s, but also measuremments at higher
a,n a state-population m
energies E=10 eV).ene ' - . Table III pre-
ram te y o calculate therameters necessar to

In Fi
ns s own in Fig. 3~ ~

ig. 3 we see very littley i e contribution by the
a e, because the Demkov-t

ion is at a relativ 1

v- ype interac-
ive y small internuc

e eoretical fram
here ther e is a negligible co

mework presented
'g' contribution from th

s te. In Table III we se
e

this. As the int
we see the reason for

e in ernuclear se arat
from large d tis ances the di

p ration is decreased
diff erence in potential

energy between the reactant and rop o
reases due to the large diffe

the dipole polariz b'1 ta iiies. At se
erences in

charge transfer i
parations where

er is most probable R-
potential energy diffe

- 5 to 15ao) the

1 d t
y 1 erence is so lar e t

y o ngc ion. Possibl at s
pu sive forces corn

' t 1

can be charge transf b y contr:b-rans er, but this can onl
u io th ag tude of the crossion the m nitu

are iscussing here. T '

ion one would predi t th
a is reac-

ly populated d
c e He 2'S

ue to its small 6V ~
8) state to be high-

bout 10 eV, Deh lton energies of a

s
ajor concluded th t

d
a their tra ed-'

g
g

n on y support the
singlet stats es of helium are r

pp the conclusion that
p o

rge- ransfer reaction. At lo,, th....b..l -l-l.t'
2

P) ecu ations predict He(23

that the He(2~P P s erand He 2'P s
I t dbe y Z —II rotational cou li

actant channel Ae . s in the Li'+Li24 '+N
oss g betweens er systems, curve cro

g o t'ocan give quite lar e c
on energies. 26 This additi

rease the theoretical cross se
en with experiment. If the

Lh

I

CO

5

0.5

23P

y2 $

I

1.5 2.0

v(10 cm/sec)1
2.5 3.0

State of He

av( ) (ev)

0,„(He*) (aap)

n&(Cs) (ap)

P(He*) ( ',)

363

13.513.5

TABLE III. He'+ Cs cross-se + Cs cross-section parameters.

He(2 S) He(2 S) He(2 P) He(21P)

+ 0.874 +0.078

316

—0.271 —0.525

802 416

363

945

363

FIG. 2. He'+Rb charge-transf to
1'd 1 th htbt f th

e t eoretical c
rn e various exc'te

e

points with their erro
err term symbols. The experimental
error bars are from Ref. 5.

R, (ap)

H12(R,) (a.u. }

~ (a()')

/p (sec/cm)

8.4
0.014

0.485

5.18(-8)

13.8
0.0021

0.452

13.5
0.0025

0.444

3 ~ 20(-7} 2I 62 (-7}



EFFECT OF LONG-RANGE FORCES IN NEAR-RESONANT. . .

20
100 200

I

E{ev)

500
I

1000
I

1500

He + Cs

10
I

Q

TOTAL

~2P

23S ( 2" P

0.5 1.0 1.5 2.0

~1(10 cm/sec)

2.5 3.0

FIG. 3. He++ Cs charge-transfer total cross sections.
The solid lines are the theoretical calculations with the
contribution from the various excited levels of helium
designated by their term symbols. The experimental
points with their error bars are from Ref. 5.

He(2'P) is predominantly populated, there would

then be agreement with the conclusions of Dehmelt
and Major.

The poor agreement with experiment above 200
eV can most probably be explained in the same
manner as in the He'+Rb system, where we attrib-
uted the cause to the neglect of the long-range ro-
tational coupling. For the He'+ Cs system we
would expect rotational coupling to be more impor-
tant at lower energies than in the He'+ Rb system,
because the He(ls2p) levels are now becoming more
resonant with the reactant state (Tables II and III).
Moreover, the magnitude of the disagreement indi-
cates that some process occurring at large separa-
tions is being neglected by our treatment. Hence,
at the higher collision energies we would predict
that the populations of He(2 P) and He(2'P) are
underestimated by these calculations.

Work has begun. with J.C. Browne at the Univer-
sity of Texas at Austin to calculate the cross sec-
tions for. rotational coupling using coupling-matrix
elements obtained from gb initio potential calcula-
tions. We will be studying this specific problem
further in the near future.

We can compare our calculations with experi-
ments performed at higher energies '; the re-
sults are shown in Fig. 4. The over-all agreement
between theory and experiment is fair. It does ap-
pear, however, that the low- and high-energy ex-
perimental measurements are not in too good
agreement with one another.

The theoretical estimations of the He'+Cs cross
sections were checked by performing coupled two-
state calculations of the transition probabilities
and then integrating these probabilities over the im-

pact parameter to obtain the cross sections. The
method used was the forced-common-turning-point
procedure of Bates and Crothers. ~~ The singularity
at the turning point was removed by utilizing the
change of variables suggested by Bates and Spre-
vak. 8 The agreement bebveen the cross sections
calculated by the approximate methods and those
calculated by the numerical procedure was better
than 0. 5&& 10 cm . This lends considerable va-
lidity to using the modified Demkov method to calcu-
late these charge-transfer total cross sections.

IV. CONCLUSIONS

Near-resonant charge-exchange total cross sec-
tions were calculated for the He'+K, Rb, and Cs
systems and compared with experimental results.
A modified Demkov'~' method was used to calcu-
late the cross sections. For the He'+Cs system,
two-state coupled-channel calculations were used
to compare with the approximate theoretical meth-
ods, and good agreement was found.

Fair agreement between theory and the experi-
ments of Ref. 5 was found in the He'+ K system.
For He'+Rb the theoretical results underestimated
the cross sections at energies above 500 eV, and
for He'+Cs at energies above 200 eV. Since it was
shown experimentally for He++ Rb that the excited-
alkali-ion ground-state-helium products contribute
very little to the over-all total cross section, '~ we
believe the discrepancy lies in the neglect of the
rotational coupling to the He(23P) and He(2 P)
states. For the series K- Rb- Cs, the helium 2p-
state products are becoming more resonant with the
reactant channel. We would therefore expect that
the neglect of rotational coupling would cause the
theory to underestimate the cross sections at lower
and lower energies as the alkali atom becomes
heavier. This is the trend observed in Figs. 1-3.

One of the more surprising results of the calcu-
lations is that He(2'S) is not populated to an appre-
ciable extent in collisions of He' on Cs. Any sim-
ple theory based only on the energy separations at
infinite R would say that the contribution to the to-
tal cross section by this state would b'e appreciable,
since it has the smallest &V (R= ~) of the excited
He states (Table III). However, when the polar-
ization potentials are taken into account, we find
very little contribution by this state, because the
reactant and product channels actually separate
slowly as R is decreased, precluding the possibility
of charge transfer.

Another point to make is that the state populations
of the products become more statistical at the higher
energies, E & 1 keV. That is, the triplet-state prod-
ucts are three times more abundant than the sin-
glet-state products. This is caused by a more or
less equal mixing of the states at the higher ener-
gies, leading to the cross sections for the various
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Electron Emission in Hz+-H, Collisions from 0.6 to 1.5 MeV
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Cross sections, differential in emission energy and angle, have been measured for the ejection of
electrons in collisions of H, ions with molecular hydrogen. Incident-ion energies studied were 0.6, 1.0,
and 1.5 MeV and electron emission was measured over the laboratory angular range of 20'—125'.
Electron-emission cross sections are compared with measurements for incident protons having the same
velocity as the H,+ ions. Electron distributions attributable to dissociative ionization of the H,+ ion are
integrated to obtain the total cross section for dissociative ionization. A comparison is made between
measured differential cross sections for scattering the bound electron of the incident ion and cross
sections for scattering of. incident free electrons.

I. INTRODUCTION

Experimental electron-emission cross sections,
differential in ejected electron energy and angle,
provide sensitive tests of the reliability and limi-
tations of theoretical treatments of the ionization
process. Cross sections for electron emission
by protons have been measured for proton ener-
gies from 0.05 to 2.0 MeV for a wide range of gas
targets. ~ These measured cross sections, when
compared with theoretical predictions, have pro-
vided information concerning the relative impor-
tance of various interactions which enter into a
complete description of ionization by fast charged
particles 8-i2 Very few measurements of doubly
differential electron-emission cross sections have
been made, however, for incident particles which
possess an electronic or molecular structure in
themselves. Cacak has measured electrondis-
tributions of Ne-Ne and Ar-Ar collisions for ion
energies of 50-300 keV and autoionization Auger
electron emission has been studied for Ar, Ne,

He, and Ha'impact. ' ' To our knowledge, the
autoionization studies with H2 impact are the only
published measurements of electron distributions
resulting from an incident molecular ion. '

Electron distributions from molecular-ion im-
pact can be used to obtain information regarding
collisional dissociation of the incident ion as well
as ionization of the target. When fast molecular-
hydrogen ions (Ha') collide with a target molecule
any of several modes of dissociation of the inci-
dent ion are possible:

Hp' - H + H',

Hp - H' + H' + e,

Hp +e H+H,

(2)

(3)

and each reaction may be accompanied by excita-
tion and/or ionization of the target atom or mole-
cule.

McClure and Peek have recently critically re-
viewed the extensive published work on dissocia-
tive collisions of heavy particles, especially H2'


