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The perturbed-stationary-state method, appended with electron translation factors, has been ap-
plied to charge transfer in Lit+Ca collisions for energies from 0.1 to 20 keV/amu. The Born-
Oppenheimer wave functions and eigenvalues were generated using the pseudopotential technique,
which reduced the many-electron system to a simpler two-electron problem. The molecular
ground-state X 'S+ is calculated to be bound and has the potential-well parameters R, =6.20a,,

D,=1.11 eV, w,=235 cm~!, and B,=0.263 cm™!.

From the scattering computations, a represen-

tative value for the charge-transfer cross section is 4 X 10~!° cm? at 5 keV/amu. The cross section
decreases rapidly as the energy is reduced below 1 keV/amu. At all energies studied, the dominant
electron-capture reaction product is the ground-state Li atom.

INTRODUCTION

Charge transfer in ion-atom collisions in the low to in-
termediate energy range has been the subject of the exten-
sive theoretical studies. Recently, coupled-state ap-
proaches have been developed within molecular'~> and
atomic®’ frameworks. These methods have been
developed both with and without the inclusion of the elec-
tron translation factors (ETF’s).

The importance of ETF’s in the molecular treatment,
i.e., the perturbed-stationary-state (PSS) theory, of slow
ion-atom collisions has been established through its appli-
cation to several one-electron two-nuclei systems.!'™3
However, the choice of the so-called switching function,
which is used in the ETF, is still open to question.>*8%?
Surprisingly, only recently have the formal considerations
of implementing ETF’s in many-electron systems been
considered.'®!!

To date, the application of ETF’s in the PSS formalism
has been restricted to one-electron (or pseudo-one-electron)
systems. A recent investigation of a two-electron system
using the PSS theory has been reported.'> This study,
which neglects ETF’s, illustrates the large variations in
the cross sections that can arise from different choices of
the electronic coordinate for the coupling matrix element
evaluations. Thus it is necessary to extend the theoretical
treatment to more complicated molecular systems where
the effects of electron correlation are important.

One set of possible charge transfer reactions is collisions
of alkali-metal ions with alkaline-earth atom targets.
These reactions are pseudo-two-electron systems which
are amenable to molecular calculations. Also, experiments
are underway!® that will directly test the numerical re-
sults, with the first system to be studied being

Lit+Ca—Li+Cat . (1)

In this paper we will present calculated cross sections for
process (1) in the energy range of 0.1—20 keV/amu. An
eight-channel impact parameter PSS approach with ETF’s
has been employed. The details of the calculations follow
in the next sections.

MOLECULAR STATES

In the present collision system, the two valence elec-
trons in LiCa™ determine the collision dynamics. By em-
ploying the pseudopotential technique which replaces the
“core” electron interactions by some analytical potential,
this many-electron system can be reduced to a relatively
simple two-electron problem. This two-electron problem
can then be solved by conventional methods to generate
eigenfunctions and eigenvalues. :

We have adopted the pseudopotential method developed
by Bardsley and colleagues'* to generate eigenfunctions
and energies. We used a pseudopotential of the Gaussian
form given by

)= —¢r? %
V(r)—LE’nAIe llym><l’m l 2(r2+d2)2

Qg Zeff
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where 4, and &, are /-dependent parameters, while a4, a,,
and d are the dipole, and quadrupole polarizabilities, and
the cutoff distance, respectively. Atomic units are used
unless otherwise stated. This subject has been reviewed
extensively by Bardsley!> and to a lesser extent in our pre-
vious paper?; therefore, we will not repeat the discussion
here. The pseudopotential parameters employed in the
calculations are given in Table I. The Li parameters are
from Bardsley.!* The 4; and &; values for Ca were deter-
mined from a fit to spectroscopic data while the dipole
and quadrupole polarizabilities were taken from the re-
view by Dalgarno.'®

A Born-Oppenheimer potential energies €;(R) and
eigenfunctions ¢P°(T;R) for an electronic Hamiltonian
which contains the pseudopotential satisfies Schrodinger’s
equation

H,¢P°(T;R)=¢€;(R)${°(T;R) . )
We adopted Slater-type orbitals (STO’s) X,, for basis
functions. The orbital exponents of the STO’s employed
in the LiCa™ calculation are given in Table II. The Li
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TABLE 1. Pseudopotential parameters (in a.u.).

Li Ca
Aq + 6.013 668 + 14.657 839
A, —0.740679 + 5.431091
A, —0.067 342 —7.228 347
& + 1.293213 + 0.962201
&1 + 1.410279 + 0.565376
& +0.8 + 1.070192
d 0.75 1.40
a4 0.1925 3.65
a, 0.112 0.74

atom basis set was taken from the work of Stevens
et al.,'” while the Ca basis set was from Liu and Olson.!®
A full configuration interaction method has been used to
obtain solutions to Eq. (3). Within the limitations of our
basis set, all two-electron configuration interactions were
accounted for. We employed 129 and 96 configurations
for the = and II state calculations, respectively. The im-
portance of correlation is illustrated in the fact that a
complete Hartree-Fock calculation for the ionization po-
tential of Ca yields a value of 5.32 eV, which compares
poorly to the spectroscopic value of 6.11 eV.

The Slater determinants are constructed from the
STO’s, not from molecular orbitals,

D, = | X (TN (0 X pyrs(T2)F(03) | )

where S and S’ denote nucleus 4 or B as the origin of the
atomic orbital, and .#(0;) represents the spin function.
The Born-Oppenheimer wave function is expressed as a
linear combination of the Slater determinants as

#PoT;R)= 3 Cp D, . (5

TABLE II. Orbital exponents of Slater-type—orbital basis
functions.

Li 1s 0.412

Li 2s 1.610
0.732
0.300

2.013
0.501

Li 2p

Ca 4s 3.091
1.629
1.012

0.667

1.094
0.698

Ca 4p

Ca 3d 2.122

0.801

The energies €;(R) and coefficients C,; are determined by
the usual variational method. Calculated potential energy
curves for the low-lying singlet 3 and IT molecular states
of LiCa%t are shown in Fig. 1. The triplet molecular
states are not required to describe collision process start-
ing from the Li* + Ca ground level. The potential-well
parameters of the ground state X!=% are calculated to be
R, =16.20a0, D,=1.11 eV, w,=235 cm~!, and B, =0.263
cm” .

COUPLED EQUATIONS

It has been known for some time that the PSS theory
does not satisfy Galilean invariance. Therefore, one ob-
tains different results depending upon whether the origin
for the electronic coordinate is chosen to be on the projec-
tile, the target, or at the center of mass. This ambiguity
leads to an origin dependence in the calculated matrix ele-
ments and the cross sections. Formally, this deficiency
has been remedied by introducing the ETF’s in the expan-
sion of the scattering wave function. The ETF modified
PSS theory satisfies the scattering boundary conditions
and therefore, leads to cross sections, which are indepen-
dent of the choice of origin of the electronic coordinates.
For a many-electron system, however, it has been
stressed'®?” that formal difficulties exist in including
ETF’s in the scattering wave function. However, if the
Born-Oppenheimer wave function is expressed in terms of
atomic orbitals, it is possible to circumvent the formal
problems.

As a starting point, we have used the formal theory of
slow ion-atom collisions described by Delos and Thor-
son.!! The theory is extended to the two-electron system.
Assuming that the heavy particle motion is described by a
classical trajectory, the Schrodinger equation for the elec-
trons is given by
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FIG. 1. Adiabatic potential energy curves for the singlet

molecular states of LiCa*. Solid lines denote !3 states and
dashed lines 'IT states.
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S
15;1/1=He11/’ . (6

Expanding the scattering wave function in terms of Born-
Oppenheimer wave functions which incorporate ETF’s,
one obtains

= 3 a,(t)PO(T;R)F; , )

where F; represents the molecular ETF which has the
form
(8)

F;=exp lz [%f,(?k;R)V?k—-% ftVzdt'}
k

In Eq. (8), V is the relative velocity of the two heavy parti-
cles and f; is a state-dependent switching function em-
ployed to represent a local propagation velocity of the
electron in the quasimolecule formed during the collision.
The detailed definition and proposed form of the switch-
ing function may be found in Ref. 10.

Substituting Eq. (7) into Eq. (6), multiplying by ¢}F;
from the left, and expanding the ETF in terms of V, and
also integrating over the electronic coordinates, we obtain
the appropriate coupled equations. Retaining terms to
first order in V yields

ldj=€]aj+ EV°(§+K)J,a, N (9)
i

where
)

2087
Pi=—i(¢°| Vi |7), (10)
Ru=—i{8]°| S T Sh-Ter hevishlar)
k
(11)
and
Sk=1f(F;R)Tk . (12)

Equations (10) and (11) are termed the nonadlabatlc cou-
pling matrix P and its ETF correction matrix A respec-
tively. In a rotating coordinate frame the ETF corrected
nonadiabatic coupling terms of Eq. (9) are divided into
two contributions

V- (P+A)=R(P+AR+6(P+A4)°. (13)

The first term corresponds to radial coupling and the
second to angular (rotational) coupling.

We have expanded the Born-Oppenheimer wave func-
tion in terms of Slater determinants of atomic orbitals

equations (4) and (5). The wave function ¢;30 can be
rewritten as the product of
zquXmS(?l)Xm’S’(?Z) (14)
M

and the spin part, where the collective index M denotes
m,S,m’,S’. Substituting Eq. (14) into Egs. (10) and (11),
we obtain

Pi=—i> > [V RN Xoms | X ) s | Xwor ) +ttgjtini({ X s | Ve | Xar ) Xps: | Xnrre)
M N

and
K =—i zzquul\h[(XmS |(Vk

+<XmS |XnT)<Xm'S' | (Vk

Here, we assumed that

Ji( TR pp(T)=£X (T,

+<XmS IXnT)(Xm’S’| v’R an’T’>)] ’ (15)

)V + 3 (ViSO [ X ) Xoest | X

S5V + 1 (ViSH | Xwr)] . (16)

a7n

where the plus sign is taken when T =4 and the minus sign when T =B. Equation (17) corresponds to using atomic
ETF’s and is a reasonable assumption for large internuclear separations where the overlap between atomic orbitals of the
two nuclei is small. With these assumptions, Egs. (15) and (16) reduce to

(§+K)ji= —iy> {u;’lj(vRuNi)(XmS [ X XX st | X )
M N

ity [ X oms | (VR E V) [ XY Xoest | X1 ) A+ X | X1 ) Xoes | (VR 25 V) [ X )]} . (18)
It can be Ehown that the coupling matrix elements, Eq. (18), are origin independent. The spurious long-range coupling in
the term P, which is troublesome in the PSS method, is canceled exactly by the term A.

Since we used R-independent orbital exponents in the STO’s, the second term of Eq. (18) does not contribute to the ra-
dial coupling. However, only the second term contributes to the angular coupling. Rewriting Eq. (18), one obtains

o - du
(P+A jt'—"‘lzzqu d;{\’l <XmSanT><XmS |XnT) (19)



2088

and

P A . * . )
(P+A)ﬁ:_l %%quuNi(<XmS |llyTanT><Xm'g' |Xn'T'>+<XmS |X,,T><Xm'g' | inT !XpﬂT’)) .

In Eq. (20), lyT is the perpendicular component of the elec-
tronic angular momentum relative to the collision plane
about the nucleus 7. For our application to the LiCa™
system, Eqgs. (19) and (20) were employed in the calcula-
tions.

The method described above is exactly equivalent (to
first order in ¥), to expanding the scattering wave func-
tion in terms of Born-Oppenheimer basis functions which
incorporate atomic state ETF’s. This method satisfies the
boundary conditions and removes spurious long-range
coupling terms arising from the PSS theory. The details
of solving Eq. (9) and obtaining the cross section have al-
ready been fully described elsewhere and will not be dupli-
cated here (Ref. 1).

As previously stated, we have retained only the first-
order correction to the ETF’s to obtain Eq. (9). Such an
approximation is valid for collision velocities up to ap-
proximately the orbital velocity of the valence electrons,
provided there is no region of strong coupling at large in-
ternuclear distances between the initial and charge
transfer channels. In such cases, higher-order corrections
must be retained to obtain accurate results. Fortunately,
the LiCa™ system does not have such a long-range cou-
pling region as can be seen by Figs. 1 and 2; the coupling
is well localized at R <15a,. At higher collision veloci-
ties, corresponding to energies above 20 keV/amu, the
first-order approximation becomes invalid leading to cross
sections which overestimate the “true” values.

COUPLING MATRIX ELEMENTS

Calculated values for the dominant 2-3 radial coupling
matrix elements are displayed in Fig. 2. The charge
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FIG. 2. Radial coupling matrix elements between the '=
states. Both the forward- and backward-coupling terms are
given for the dominant interaction between the 13X and 2X
states.
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(20)

transfer process is primarily determined by the radial cou-
pling from the initial Lit + Ca channel (1X) to the
lowest-lying charge transfer state Li + Cat (23). Both
the 12—23 and 23 —1Z coupling terms are shown to
display the non-Hermitian property of the matrix ele-
ments. Strong localized coupling between 1= and 22
occurs in the region of the maxima of the two matrix ele-
ments, R ~12ay. Other maxima for 12<»23 occur at
R ~6a, which is attributed to the change of character of
the 23 state due to strong mixing with the 32 level from
Ca™t + Li*(2p). The 2233, 3343, and 42— 52 ra-
dial coupling terms display maxima due to avoided cross-
ings between the respectively levels. These coupling terms
play an important role in the sequential flux promotion to
the higher levels.

All the angular coupling matrix elements that connect
the 12 initial channel to the higher II states are weak ex-
cept in the small-R region where the 12— 1IT1 coupling
term is significant. Owing to the impact parameter
weighting in the cross-section determination, these terms
are of secondary importance.

CROSS SECTIONS

A coupled-state calculation with eight molecular states
(five = and three II states) has been performed to obtain
the partial cross sections. In order to interpret the col-
lision mechanisms, we show in Fig. 3 the impact parame-
ter times probability, bP (b,E), versus the impact parame-
ter b for charge transfer to the Li 4 Ca™t (23) state at
several collision energies. At low collision energies, E < 1
keV/amu, bP(b,E) displays oscillatory structure which is
characteristic of Demkov coupling.?! As the collision en-

70 r‘l T T T

@ 40 S 1

IMPACT PARAMETER x PROBABILITY (au)
bP(b,

20
IMPACT PARAMETER
bla.u.
FIG. 3. Transition probability to the Li-+ Cat charge

transfer state times the impact parameter is plotted vs the im-
pact parameter for several of the collision energies.
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ergy increases, the oscillatory behavior of bP(b,E) disap-
pears since its frequency is proportional to v ~!. The loca-
tion of the largest peak of bP(b,E) at b~10a, shifts to-
ward smaller impact parameters as the collision energy in-
creases. However, the magnitude of the peak reaches its
maximum at 3—5 keV/amu. A time evolution study of
the collision clearly indicates that the dominant inelastic
channel is charge transfer to the Li(2s) 4 Ca%t state
through strong radial coupling with the initial channel
(12—2Z2). For small impact parameter collisions, a por-
tion of the flux is promoted to the excited Li*(2p) + Ca*
charge transfer state directly due to strong angular cou-
pling between the 13 and 1II states. A small but non-
negligible portion of the flux goes to higher states which
correspond to excitation of the Ca atom. The mechanism
is sequential radial coupling and as a secondary effect, an-
gular coupling. In Fig. 4, the calculated charge transfer
cross sections for production of the Li(2s)+ Ca™ and
Li*(2p) + Cat states are presented. Also, the excitation
cross section to Li* + Ca(4s 3d !D) is shown. The energy
range investigated was 0.1—20 keV/amu.

Because of the strong radial coupling between the 1=
and 23 states, charge transfer to Li(2s) + Cat dominates
over the entire energy region. The electron capture cross
section to the Li*(2p) excited state shows a trend similar
to that of the Ca(4s 3d ! D) excitation until ~ 10 keV/amu.
Above this energy, there is a slight difference in the ener-
gy dependence of the two cross sections.

To check the convergence of the cross section, we have
also performed two-state calculations employing the 1=
and 23 molecular states. The differences between the
two-state and the eight-state cross sections are small, only
3% and 11% at 1 and 10 keV/amu, respectively. Qualita-
tively, the two-state calculation provides reasonably accu-
rate results over the entire energy region studied.

At this moment, we are unable to compare our results
with the experimental measurements, since none are avail-
able. Thus it is difficult to assess the accuracy of the cal-
culation. However, from consideration of the deficiencies
in our theoretical treatment, we conclude that the total
charge transfer cross section may be too small by up to
30%. The errors arise from two sources related to the cal-
culation of the molecular states. The first is that the pseu-
dopotential method fails at small internuclear separations
(R <3ap) when the cores begin to overlap. The neglect of
this region will give rise to a calculated cross section that
is too small at high energies due to the lack of completely
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FIG. 4. Partial cross sections for the charge transfer products
Li(2s) + Ca* and Li*(2p) + Ca*t and excitation of the target,
Lit + Ca(4s3d 'D).

including the angular coupling on the repulsive wall of the
potentials. The other deficiency is related to the finite size
of the basis set and the two-electron correlation problem.
Although all the molecular states asymptotically dissoci-
ate to the spectroscopic separated atom limits to within
0.003 a.u., the calculated AE between the two lowest >
states is too large by 20% (AE,.,=0.026 a.u.). This
difference will lead to an underestimate of the cross sec-
tions, particularly in the threshold region.
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