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Systematic theoretical investigation of charge exchange in He -alkali-atom collisions

V. Sidis, * C. Kubach, and J. Pommier

(Received 19 March 1980)

A comprehensive systematic study of near-resonant charge exchange into He*(n = 2) levels in He+ —alkali-atom
collisions is reported. The relevant quasimolecular properties of the (He-alkali)+ systems are obtained within the
one-electron projected-valence-bond method of Kubach and Sidis. The detailed investigation of the considered
systems enables one to assess the relevance of the two-state Demkov model for near-resonant charge exchange and

the role of rotational coupling. The present multistate close-coupling treatment considerably improves upon the

previous simplified theory of Olson and Smith and nicely reproduces the measured relative abundance of the specific
He~(2 "S, 2 "P) states formed by charge exchange. The calculated summed total charge-exchange cross sections

generally agree with experiment for He+-Cs, -Rb, and -K, whereas problems remain for He+-Na.

I. INTRODUCTION

The ionization potential of ground-state alkali
atoms is nearly equal to the binding energy of an
electron in excited states (radiative or metast-
able) of most other atoms (see, e.g. , Fig. 1 for
the He case). This property is expected and in-
deed found to favor near-resonant charge-ex-
change excitation processes in low- and medium-
energy collisions of a number of ions with alkali
atoms. Moreover, these reactions provide an
efficient method for producing intense neutral
metastable beams that can be used in a variety
of further applications.

In previous papers' ' we reported on a theore-
tical investigation of near-resonant charge ex-
change into n = 2 level. s of H in H'-alkali-atom
collisions. This study is extended herein to the
He'-alkali-atom systems. Referring to the H'—
alkali-atom cases, the presently considered sys-
tems offer a few interesting new features, name-
ly, the n = 2 shell splitting and its effect on the
He* polarizability (quadratic Stark effect) to-
gether with the possibility of having the entrance
channel squeezed between two outgoing channels
in one or both spin multiplicity sequences (see
Fig. 1). These features should dramatically in-
fluence the primary charge-exchange transitions
and the secondary He' (2s-2P) sharing processes.
Another particular interest in the He' —alkali sys-
tems, especially those involving K, Rb, and Cs,
arose from the disagreement between the theore-
tical predictions of Olson and Smith' and the re-
cent experimental data of Reynaud et al.' con-
cerning the relative population of excited
He*(2' 'S, 2' 'P) states formed in these colli-
sions. One of our objectives was to understand
the reasons of this unsuccess by carefully an-
alyzing the previous theoretical work' (Sec II).
To go beyond this previous theory we had to
evaluate the relevant interactions between the

collision partners. For the cases of major in-
terest here (He' —K, -Rb, -Cs) ab initio all-elec-
tron calculations would have been rather costly.
This problem has been overcome by using sim-
ple one-electron Hamiltonians involving effect-
ive two-center screened Coulomb potentials. The
procedure to be discussed in Sec. III stems from
and extends the approximations discussed in our
previous work. ' In Sec. IV are reported the re-
sults of cross section calculations and their com-
parison with available experiments.

II. ANALYSIS OF THE PREVIOUS THEORETICAL
INVESTIGATION OF He+-ALKALI-ATOM

COLLISIONS

The principal aim of the work of Olson and
Smith' was to provide a simple quantitative treat-
ment of charge transfer processes in He'-alkali
collisions by making use of a "modified two-state
Demkov theory"' ' involving known or estimated
properties of the separated collision partners
(i.e. , ionization potentials, dipole polarizabil-
ities, and quadrupole moments). Following these
authors' the problem can be split into two inde-
pendent problems according to the spin multi-
plicity (triplet and singlet subspaces) of the re-
actants and products (Wigner spin conservation
rule). Indeed, even for the heaviest alkali atoms
the spin-orbit interaction is negligible as can be
estimated from the atomic 4-energy intervals, '
e.g. , for Cs the 6'P, /2 6 P]/2 splitting amounts
to -0.7 eV. Although this is an important sim-
plification of the problem it does not imply that
simple independent theo-state app~oxi rnations in
each subspace are generally valid since for each
entrance channel two closely lying outgoing chan-
nels [He*(2$ and 2P)+alkali'j are involved. This
is especially true in the He'-Cs, -Rb, -K systems
where an entrance channel lies between the two
outgoing channels (Fig. 1). Therefore, consider-

119 1981 The American Physical Society



120 V. S ID I 8, C. K U BAC H, AN D J. POMMIE R

nZ 2 P
2 P

2 S

Rb

Cs

H He

FIG. l. Atomic energy levels for the considered He
+ alkali He~(g =2)+ alkali' charge-exchange processes.
The hydrogen case is shown for comparison on the left-
hand side of the figure. The ordinates correspond to
the binding energy of the active outer electron in the
initial and final states.

pole interaction for R & 15a„so that the polarized
Z (P) states can hardly couple in a favorable way
with the ~ entrance channel. Yet, the above dis-
cussion has involved only two states (2S, 2P).
As shown in Sec. III the cumulative interactions
of the 2P state with higher excited states, (e.g. ,
He*(nL, n ~ 3) still cannot yield the behavior as-
sumed by Olson and Smith. We thus conclude that
their calculated He *(ZP) cross sections are cer
tainly overestinzated.

Another point subject to criticism is the inclus-
ion of polarization contributions to the (diagonal)
energy terms without taking into account corre-
sponding effects in the interactions. More pre-
cisely the effect of a distant charge B' on atom
A. is to mix its initial wave function

l Q„) with
other states on the same atom l Q„'):

ation of independent two-state models, as done in
Ref. 3, may violate flux conservation. As a con-
sequence the cross sections calculated by Olson
and Smith can only represent an estimate of an
upper bound.

Among the important parameters involved in
the theory of Olson and Smith are the unknown
static dipole polarizabilities of the excited radia-
ting He*(2''P) states. These parameters were
estimated in that work by scaling the known di-
pole polarizabilities of the He*(2' 'S) states to
the ionization potentials of the 2''P states. Al-
though intuitively sound, this assumption has to
be further analyzed. Let us first consider the
dipole polarizability of the 2' 'S states. When
a metastable He*(2' 'S) state is placed in the
field of a positive charge at large distance R it
mainly mixes with the closely lying He*(2' 'P)
state. This mixing a,ccounts for about 95% of the
dipole polarizability of He*(2''S) (Ref. 8). Ac-
cordingly, by using the asymptotic form of the
Wigner multipole expansion in powers of A '
the S and P energy levels of 2' symmetry split
for large 8 values as

s It4(E~ Es)-
(2)

where P is the quadrupole moment of the P state
and h is the (2slzl 2p) transition moment. These
equations show that contrary to the assumption
made by Olson and Smith' [in their Eq. (2)], the
adiabatic energy level correlated to the P state
is rePelled as nl2R' where u has the same size
as the dipole polarizability of the 8 state. This
repulsion even compensates the charge quadru-

(3)

and similarly for atom B polarized by a distant
charge A.'. The corresponding charge-exchange
interaction between the polarized states then
writes

(4)

For near lying He* (2S, 2P) states and for alkali
(nS, nP) states the charge-exchange interaction
involves not only the interaction between the un-
perturbed states' but at least also the second and
third cross terms (first-order terms) of Eq. (4).
Disregarding this correction certainly affects the
determination of the critical transition region R,
and thereby also the cross section. The failure of
Olson and Smith to account for an important
He*(2'S) cross section in He'-Cs as observed by
Reynaud «al. is a typical illustration of the dis-
cussed inconsistency. Indeed, in the early stages
of the present investigation, modified Demkov-
model calculations' were carried out in this case
using Eq. (4) along with an improved Smirnov
formula for the exchange interaction (see, e.g. ,
Ref. 10) and the resulting He*(2'S) cross section
reproduced quite nicely the present multistate
close-coupling result of Sec. IV.

In several places of their paper, Olson and
Smith' invoke rotational coupling as a possible
cause of uncertainty in their predictions. How-
ever, within the framework of their simplified
theory the importance of this effect and its rele-
vance to the considered charge-exchange proces-
ses could not be precisely assessed. Since, as
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discussed above, the He" (2' 'P) cross sections
resulting from only ~-Z interactions should be
much smaller than predicted in Ref. 3, one
readily suspects, in view of the results of Reynaud
et al. ' that rotational coupling must play a major
role as already pointed out by Melius and God-
dard" for the alkali'-alkali systems.

From the above analysis it is seen that a multi-
state close-coupling treatment involving imProved
estimates of the molecular properties of the con-
sidered collision systems is generally required to
treat the competitive effects of charge exchange
and polarization interactions together with rota-
tional coupling.

III. MOLECULAR CALCULATIONS

A. Model Hamiltonian and practical considerations

The model calculations we have performed to
evaluate the electronic interactions in the (He-
alkali)' systems are based on two fundamental
assumptions.

(i) The charge-exchange transitions have to take
place at relatively large internuclear distances
(R &7a,) to yield as large cross sections as de-
termined experimentally. "

(ii) Only the single outermost electron partici-
pates in the transition mechanisms. Arguments
supporting this assumption have been given by
Olson and Smith' for keg collision energies and
it has recently been confirmed experimentally"
down to collision energies of 500 eV. At lower
energies some problems arise, the discussion of
which is deferred to Sec. IV B.

In view of assumption (i), an essentially atomic
description of the problem is most appropriate.
Accordingly, we have chosen a projected-valence-
bond (PVB) representation. "'" The second as-
sumption (ii) enables the use of an effective one-
electron potential model.

Referring to our previous work on (H-alkali)'
systems' the effect of the alkali ion core can be
simulated in a PVB approach, by the screened
Coulomb potential,

1+2.e '"&
y„(r„)=-

A

Proceeding in the same way for He (Ref. 15) the
effective Hamiltonian acting on the outer orbital
then writes

36=E~++E„,++(P„'-+Pro ) h(PO+P„' )+1/R, (6)

outer electron space orthogonal to the cores, and

1+Bs,Te & ' rHe
S, T

pS t 2
He

He
(6)

TABLE L. Parameters B ' and b ' of the effective
potential [Eq. {8)]for He* {n = z) in atomic units.

(Sand T stand for singlet and triplet respectively).
The para. meters li, aIEq. (5)] and the Slater-type
(STO) expansion bases for the alkali atoms are
the same as in the work of Kubach and Sidis. '
The parameters B *~ and b ' determined in a
similar way as in this previous work are given in
Table I. The STO basis set for the He triplets
is that of Krauss et a/. "; for the singlets the dif-
fuse STO exponents g „=0.615 and &,~ == 0.518, are
replaced by f,„. =0.540 and g,~

= 0.498. These ex-
ponent variations were found to improve the cal-
culated dipole polarizability of He* (ls2s'S). To
be in a position to correctly account for the
He* (2' 'P) polarizabilities we have included in our
PVB bases 3s, 3p, and 3d polarization STO. The
exponents of these additional orbitals were ob-
tained by requiring maximum energy lowering of
the adiabatic ' 'Z(2P„, ) level issued from
He* (2' 'P) when this state is placed inthe field of a
distant (R ~ 30 a, ) bare positive charge. The re
suits were not significantly modified when the
basis was extended to include twice as many pol-
arization functions encompassing the optimum
ones. These calculations did not confirm the be-
havior assumed by Qlson and Smith'; Neither
the charge quadrupole term nor the 2p„- (3d„, ,
3s„,) (and higher order 2P„, -3PH, ) interactions
could efficiently compensate for the repulsive ef-
fect of the 2s„,-2P„, interaction on the 2"'P
state [see Eq. (2)J. In the final He basis set used
in the systematic (He-alkali)' calculations we
retained only the 3d and 3p polarization STO with
exponents 0.35 and 0.45, respectively. The cal-
culated ionization potentials and dipole polariza-
bilities of He(n = 2) are given in Tables II and III
respectively. All other computational details are
the same as described by Kubach and Sidis. '

The accuracy of the model one-electron Ham-
iltonian [Eq. (6)] was tested on the (He-Na)' sys-
tem by comparing its results with all electron
PVB calculations. For all internuclear distances
R & 5a, the deviations were less than 2.10 ' a.u.
confirming the reliability of the method.

where

and where I"- are the projectors onto the active
A, He

T riplet
Singlet

1.234
0.401

1.740
2.650
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atively large He (n = 2) shell splitting at 8-~.
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We stress that the ~-Il curve crossing and the
related rotational coupling is a subtle effect oc-
curing in a molecular region where the actual

'
u a omlc states.states are mixtures of individual t

More precisely, when the exchange and polariza-
ion interactions become larger than the asymp-

totic energy level spacings the physical states of
the system are

Il,d b= aII(nP~)+ bll(2P„, )

t

He +Cs
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He't2 P)+Cs

He++ Cs
He(2'S)+Cs+-

I
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FIG. 5. Sameme caption as in Fig. 3 except for (He-CS)'
singlet sequence.

~adiab = n ~ (nS ~ ) + oi' Z(nP, ik ) + P Z(2S„, ) + P
' Z(2P )He

(9)

where we have restricted the expansion to the S
and P states). From these equations it is seen
that the Z-0a e - rotational coupling is efficient when
the quantity -an'+ bp' is important around the
curve crossing which is actually the ease in the
investigated He' -alkali systems.

It is to be noted that the systems in class (a)
have the closest resemblance to the previously
investigated (H-alkali)' systems. Nevertheless,

crossing between the curves correlated with
He *(2S)+ alkali' and He*(2P)+ alkali'. This

I

IV. CROSS-SECTION CALCULATIONS

A. Close-coupling treatment

In order to obtain transition probabilities one
generally needs dynamic (radial and rotational)
couplings in addition to the electronic Hamilton-
ian matrix. However, when one is going to eval-
uate the dynamic couplings two major difficulties
arise, namely, the nontranslational invariance of
these couplings and their spurious long-range be-
havior at B-~ for nondegenexate states satisfying
the rule b, L = +1 (Ref. 18). As is now well known

these drawbacks result from the inability of the
clamped nuclei electronic basis to represent
electron clouds traveling with the nuclei, and

ve een proposedelectron translational factors have b g
to handle this problem. " Here we will not at-

em, uttempt to solve this as yet open problem "' b t
we admittedly circumvent it using an accepted
method. " Explicitly the dynamic couplings are
evaluated after the replacement'"

V a~ P'g Va I x. P. g +Pii, Vii I a~P„-He

+p' v, (
p~ +p' v( p'-

c.m.
(10)

where v ( 0 —g, He, c,m. act holding fixed the elec-
tronic coordinates with respect to center A (alk-
ali-atom), He, or the center of mass of the nu-
clei. The last two terms in Eq. (10) have negli-
gible contributions to the transitionsi ion processes

th
especially for the heaviest alkali t "' '4l a oms ' and
us have ahvays been set to zero.
The transition probabilities were calculated

using the impact parameter method with a strai ht
rajectory. The calculations involved all the

a s ralg

Z and ll PVB states (valence, Rydberg, and pol-
arization) discussed in Sec. IIIA. Tests were
also made using an additional alkali polarization
state nd b~& but the results were insensitive to this
inc usion. In these calculations we have not con-
cerned ourselves with possible oscillations in the
total cross sections as a function of the reeipro-

e cross section areeal collision velocity, ~'2 the cross t'

points.
drawn as smooth curves connecting the calculated
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FIG. 6. Total charge-exchange cross sections for the
He+-Cs collision versus collision velocity. The upper
scale gives corresponding He' laboratory collision en-
ergies in eV: 50, 100, 150, 200, 300, 500, 750, and
1000. The theoretical cross sections for the population
of specific He*(23 ~ 8, 2 ' P) states and their sum are
shown as full lines. The experimental data of Reynaud
et al. (Ref. 4) normalized to the present theory are dis-
played as follows: w& 2 8, +~ 2 $, oo 2 P, ~~ 2 P.
The experimental data of Peterson and Lorents (Ref. 12)
for total charge exchange irrespective of the final He
state are displayed by dots. The dashed line shows the
theoretical 2 P cross section obtained by neglecting
rotational coupling. The curve *-~ represents the cross
section for charge exchange into a resonant He (Is )
+ Cs'*(5p'&l) channel.

B. Results and discussion

We present in Figs. 6-9 both the individual
cross sections for populating the He~ (2'S, 2'P;
2'S, 2'P) states and their sum. Note that the
curves shown take into account the relevant sta-
tistical weights: & for the triplets and —,

' for the
singlets. The results are seen to account quite
nicely for the experimental findings of Reynaud
et al. ' concerning the relative abundance of spec-
ific He~ states formed by charge-excha, nge colli-
sions of He' with alkali atoms. For the He'-Cs
case we also show as an example the He+(2sP)

I I I I

FIG. 8. Same caption and labeling as in Fig. 6 except
for He'-K.

cross section calculated without inclusion of the
0 states. This result clearly demonstrates the
importance of rotational coupling in this system
(see Sec. III B) down to the lowest considered col-
lision energies. For the He'-K and Rb systems
(triplet sequence) the dominance of the He (2'P)
cross section over the He (2'S) one, which might
seem surprising in view of the involved resonance
energy defects (Fig. 1), is again a remarkable
effect of rotational coupling. This effect appears
especially at low energy where the entrance chan-
nel (He'+ alkali) is not too strongly depopulated in
the incoming part of the collision (decreasing R)
by the ~-~ Demkov-type transitions.

Considering the summed total charge-exchange
cross sections, good agreement is found for
He'-K, -Hb with the measurements of Peterson
and Lorents" (Figs. 7 and 8). For He'-Cs (Fig.
6) the present results significantly depart from
the experimental curve" below a collision energy
of about 300 eV. In view of the considered colli-
sion energy range and of the actual transition re-
gions a Langevin-type enhancement of our

I I I I I

+He-Na

He-Rb
100

100
sUN

50
sum

50 3
p
S
S

0
0.5 1.5

3p's
10C

0
0.5 1.5

1p
& (so7 cm/s)

FIG. 7. Same caption and labeling as in Fig. 6 except
for He'-Rb.

FIG. 9. Same caption and labeling as in Fig. 6 except
for He'-Na. Note also that in this figure the experimen-
tal points (OO) for total charge exchange irrespective
of the final He state are data of McCullough (Ref. 27).
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straight-line trajectory cross sections24 is un-
likely (F. ~,"„'=0.1 eV). On the other hand a more
plausible source of error in our calculation could
be the omission of He (Is')+Cs'+ [5P'nI, n =6,
'I, 8, 9] charge-exchange channels forming a
quasicontinuum in which the entrance channel is
embedded. ' This possibility is at variance with
assumption (ii) of Sec. IIIA and should be kept in
mind while considering the adiabatic energy
curves of Sec. III B. Since accidental resonance
and/or near resonance occur in this case we have
estimated the resonant cross section Q~ for the
exchange of one electron between the 5P~, and

1s„, core orbitals using the Firsov-Smirnov
formula":

'Qs=~P ~2 ~

p = —„ Inj, „~-lnv
( aM~

(11b}

where A. =V.44 a.u. , v =0.74, ~=1.352 a,' are
characteristic of the 5pc, -ls„, exchange interac-
tion [AR'" ' exp(- M}] obtained using the Smirnov
asymptotic theory. ' The result shown in Fig. 6
is clearly insufficient to account for the gap be-
tween theory and experiment. Still the question
remains open since in the present state of art it
is quite difficult to estimate how the large num-
ber of He (1s')+ Cs" channels encompassing the
entrance channel can contribute to the cross sec-
tion. If the above tentative explanation turns out
to be correct the reason why a similar effect is
absent in the He'-Rb, -K cases is most probably
related to the much smaller number of He(1s')
+ Rb'*, K'~ states at resonance or near reso-
nance with He'+Rb, K. Yet the remaining ques-
tion is why such charge-exchange channels do not
show up in the time-of-flight spectra taken at zero
scattering angle by Reynaud et al.4 A possible
answer could be the different response of the de-
tectors for low-energy ground state and metast-
able neutrals. Checks of this suggestion are cur-
rently underway. "

As for the He'-Na case (Fig. 9) the measure-
ments of McCullough yield a much larger cross
section than the present calculations. The ex-
perimental cross section for He'-Na is as large

as that of the more resonant He'-K system. Sim-
ilar anomalies were pointed out and discussed in
our investigation of the H'-Na collision. ' For the
same arguments we again believe that this anomaly
has an experimental origin.

V. CONCLUSION

The present work further confirms the effic-
iency of the PVB method as modified and im-
proved in Ref. 2 to treat charge-exchange prob-
lems involving one active electron at large inter-
nuclear distances. This method was initially de-
signed to properly account for the exchange inter-
actions and has now been demonstrated to be flex-
ible enough to include gradual. ly polarization ef-
fects. This facility has enabled us to assess the
relative role and competitive effects of exchange
and polarization interactions in terms of which
important features of the H' and He'-alkali-
atom systems can be understood. It has been
shown that for charge-exchange collision systems
involving small binding energies, high polariza-
bilities, and close lying states connected by di-
pole transitions (b, I, = +1), a multistate treatment
is generally required to achieve quantitative pre-
dictions. This explains the unsuccess of previous
simplified attempts. 3' ' ' An important outcome
of the present investigation is the crucial role of
rotational coupling reIIuiring a fortiori multistate
calculations as was stres'sed for other cases in the
earlier work of Melius and Goddard. " From the
comparison of the present theory with experiments
it appears that open problems still remain for the
He'-Cs collision and more generally for colli-
sions involving Na target. In the latter case we
have pointed out that the discrepancy between ex-
periment and theory has most probably an exper-
imental origin.
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