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PHYSICAL REVIEW A

VOLUME 33, NUMBER 6

Resonant charge transfer in symmetric alkali-ion—alkali-atom collisions

F. K. Men
Department of Physics, University of Wisconsin—Madison, Madison, Wisconsin 53706

M. Kimura
Joint Institute for Laboratory Astrophysics, University of Colorado and National Bureau of Standards,
Boulder, Colorado 80309

R. E. Olson
Department of Physics, University of Missouri—Rolla, Rolla, Missouri 65401
(Received 11 November 1985)

Resonant charge transfer in alkali-ion—alkali-atom collisions is investigated by using the
molecular-orbital expansion method incorporating the use of electron translation factors. Molecular
wave functions and eigenenergies are obtained by the pseudopotential method. Molecular proper-
ties, R,, D,, and w,, obtained in the present calculation are in good accord with other recent theoret-
ical results, as well as spectroscopic measurements. Three-state close-coupling calculations repro-
duce the positions of the maxima and minima in the oscillatory structure seen experimentally in the
resonant-charge-transfer cross sections for the Li,* and Cs,* systems. The magnitude of the total
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cross sections and their velocity dependence are in agreement with experimental measurements.

I. INTRODUCTION

Resonant and nonresonant charge transfer in alkali-
ion—alkali-atom collisions has been a popular subject both
experimentally'~ and theoretically.®~!® In particular, the
oscillations as a function of collision energy in the total
charge-transfer cross sections observed in experiments
have attracted theoretical interest since the late 1960s.5~!!

Another reason for such a large number of theoretical
studies lies in the fact that these systems consist of one
valence electron plus two closed-shell ionic cores (pseudo-
one-electron system) so that various pseudopotential and
model potential techniques, in addition to the ab initio
method, can be applied to obtain accurate molecular wave
functions and eigenenergies.'*~'® These systems, there-
fore, provide a convenient test for checking the quality of
calculated molecular wave functions and eigenenergies
since the calculated cross sections can be compared to ex-
perimental data. For these comparisons, the multistate
molecular-orbital (MO) expansion method within the
semiclassical formalism has been widely used for the
study of inelastic events in ion-atom collisions at low-to-
intermediate energies. However, as is well known, the
conventional MO expansion method [or perturbed-
stationary-state (PSS) method] has a fundamental defect
due to its neglect of electron translation factors (ETF’s).
Ignorance of the ETF causes the scattering wave function
not to be Galilean invariant. Thus the calculated-coupling
matrix elements show an origin dependence on the elec-
tron coordinate chosen, and hence, the cross section can-
not be determined uniquely. Only recently has the appli-
cation of the ETF-modified MO expansion method been
used successfully for the study of pseudo-one-electron
ion-atom collisions in the keV-energy region.'®'*? To
our knowledge, no studies of charge transfer in alkali-
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ion—alkali-atom collisions have been performed using the
multistate MO expansion method where the ETF effect
has been incorporated correctly.?!

The purpose of this paper is twofold: (i) to present
molecular wave functions and eigenenergies for all the
symmetric alkali-ion—alkali-atom systems (i.e., Li,™,
Na,™*, K,*, Rbj", and Cs,™) and (ii) to present calculated
collision cross sections obtained with the ETF-modified
MO-expansion method.

The charge-transfer mechanism and also the origin of
the oscillatory structure seen in the charge-transfer cross
section as a function of the collision energy have been in-
vestigated thoroughly®~'>'® and consequently, the physi-
cal explanations of these phenomena are well known.
Therefore, particular emphasis in this paper is placed on
the quantitative aspects of the collision systems.

II. THEORY

A. Molecular states

Alkali-ion—alkali-atom systems, which have only one
valence electron that is loosely bound outside of two tight
ionic cores, are regarded as pseudo-one-electron systems.
Because of this condition, these systems have been chosen
as an ideal example for molecular structure calcula-
tions.!2=1%22.23 The molecular structure calculations usu-
ally employ pseudopotential or model potential techniques
to replace the potential produced by the core electrons and
nucleus of the alkali atom. In our calculations, we have
used an /-dependent Gaussian-type pseudopotential of the
form??

VA =3 Vi(P) | Yi ) Y | (D
ILm
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TABLE I. Molecular properties.

R, (ay) D, (eV) o, (cm™})
Li,* 5.890 1.248 254.6 Present
5.839 1.28 283 Ref. 26
5.877+0.019 1.2980+0.0007 262.2+1.5 Ref. 29
Na,* 6.762 0.982 119.2 Present
6.803 0.980 123 Ref. 26
6.803+0.094 0.986 120.8+0.8 Ref. 30
K,* 8.304 0.803 67.8 Present
8.390 0.801 75 Ref. 26
8.315 0.794 72.5 Ref. 31
Rb,* 8.771 0.765 48.40 Present
9.036 0.76 47 Ref. 27
8.504 0.66 Ref. 28
Cs,* 9.765 0.686 33.58 Present
9.883 0.71 33 Ref. 27
9.071 0.56 Ref. 28
with this basis set along with the pseudopotentials, the average
error in the ionization energies of the four lowest electron-
ag a, 1 ic levels of the alkali atoms is 0.0034 eV with the max-

Vi(r)=Aexp( —&r?)— - -,
= diexpl =) =S g ~ e iary

(2)

where | Y}, ) are the spherical harmonics. The parame-
ters A, &, ag, ag, and d have been chosen to fit spectro-
scopic data. All the data used in the present calculations
are tabulated in Ref. 22. The one-electron Hamiltonian is
then

1
Hy=—3V2+Vr )+ Vi) + 2 &)
where r, and rp are position vectors of the one electron
from the two nuclei. The Schrodinger equation to be
solved is then

Ho¢P°(r,R)=E;(R)$P°(r,R) . @)

The electronic wave function ®2°(r,R) is approximated
using a two-center expansion in terms of a linear com-
bination of atomic orbitals (LCAO), having the form

¢, R)= 3 ¢;;¢;(r )+ 3 d;jd;(rp) . (5)
j J

Slater-type orbitals (STO’s) are used as a basis with fixed
orbital exponents. The basis sets and the orbital ex-
ponents used are listed in Table I of Ref. 19. For the 3
molecular states 18 STO’s (9 STO’s on each center) have
been employed, while 16 STO’s (8 STO’s on each center)
have been employed for the Il molecular states. The
alkali-atom (n-1)s, ns, and np orbital exponents (where n
represents the principal quantum number of the ground-
state valence electron) are from Stevens et al.?* For each
alkali atom, two additional 3d orbitals and one (n +1)s
orbital were added and the exponents optimized for the
lowest energy of the representative atomic level. With

imum deviation being 0.0081 eV. Detailed results of the
calculated adiabatic potentials are deferred to Sec. I11.

B. Coupled equations

Within a semiclassical formalism, the scattering wave
function is expanded in terms of the product of the Born-
Oppenheimer wave function and the electron translation
factor,

V= Za,‘(t) ?O(T,R)E(r,R)exp

~i [ ER)dt++Vt|,
(6)

where ¢5O(r,R) is the Born-Oppenheimer wave function
which satisfies the Schrddinger equation in Eq. (4).
F;(r,R) represents the ETF which ensures the scattering
wave function [Eq. (6)] satisfies the correct boundary con-
ditions. It has the form

F;(r,R)=exp

%fi(r,R v, (7)

where V is the relative velocity of the heavy particles and
fi(r,R) is the switching function which plays a role in in-
corporating the two-center character into the ETF.

Substituting Eq. (6) into the time-dependent
Schrodinger equation, multiplying by ¢7°°F from the
left, expanding the ETF in powers of V, and retaining the
first-order terms of V, one can obtain the coupled equa-
tion for the multichannel case,

la,(t): z V'(P+ A)ﬂa] €xXp
J (D)

—i f‘(Ei~Ej)dt’J,

(8)
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where P and A are the nonadiabatic coupling and its
ETF correction term, respectively. The forms are written,

P;=(¢7°| —iVg |¢/°), 9)

Ajizi(Ej_Ein’?O'Si|¢1BO>, (10)
with

Si=3/fi(,R)r. (11)

We have chosen the form f;=tanh(R %) for the switch-
ing function, where 3 is the parameter used to minimize
the coupling and 7 is the “angular” spheroidal coordinate.
Details of these quantities are discussed in Ref. 25. In a
rotating coordinate frame, the nonadiabatic coupling and
its ETF correction terms can be divided into two contri-
butions, namely radial coupling and rotational coupling.

The initial condition for solving the coupled equations
(8) is ap(—oo)=06y, if i designates the initial state.
Therefore, the probability for charge transfer in the kth
state is given by

P (E;b)= |ap(+ w,b)|? (12)
and the corresponding cross section is obtained from
Qu(E)=27 [ " dbbP(E;b) . (13)

For the calculations reported here, a linear trajectory was
used to describe the heavy-particle motion. The coupled
equations (8) were solved numerically with a relative trun-
cation error between 10~* and 107°. Simpson’s method
was used to calculate the cross section in Eq. (13) within
the estimated accuracy of 0.1%.

For symmetric resonant-charge transfer, the two
relevant molecular states are of different symmetries,
namely the 2, and 2, molecular states. Therefore, these
two states do not couple through the usual dynamical cou-
pling. However, since each trajectory has a component on
the two adiabatic potentials, the evolution of the phase
factor as a function of time is different and induces the
transition.

We can reduce Eq. (8) to the simpler two-state case.
The resulting probability is then given by

P(E,b)=sin¥(5¢) (14)
with
6= [ (E,—E,)r . (15)

The total cross section can be calculated by Eq. (13) as be-
fore.

III. RESULTS AND DISCUSSION

A. Adiabatic potentials

Adiabatic potential curves for the Li,™, Na,*, K,™,
Rb,*, and Cs,* systems are shown in Figs. 1—5, respec-
tively, calculated by the pseudopotential method described
in Sec. IIA. The two lowest-energy curves, 1223 and
123, states, dissociate to a ground-state alkali-
ion—alkali-atom pair at infinite internuclear separation.
The first excited level corresponds to the alkali-ion +

02

INTERMOLECULAR POTENTIAL (a.u)

-

1 1
(0] 5 10 15 20 25 30

INTERNUCLEAR SEPARATION (a,)

FIG. 1. Adiabatic potential curves for Li,*. The solid lines
represent 23 molecular states and the dashed lines represent 211
molecular states.

alkali-atom (np) state (where n represents the principal
quantum number of the ground state). Regardless of the
system considered, the 1II, state crosses the 13, state at
R <10 a.u. This 2-IT curve crossing plays an important
role for the charge-transfer mechanism through rotational
coupling at the higher collision energies.

We have calculated the equilibrium distance R,, the
dissociation energy D,, and the vibrational frequency w,
of the ground 1 223 states. The results are listed in Table
L. Results of other theoretical work?*=2% on these molecu-
lar quantities are also listed in Table I for comparison.

The model potential calculations for Li,*, Na,™, and
K," by Henriet and Masnau-Seeuws,?® who used a large
basis set (more than 67 orbitals for each center), are con-
sidered to be the most elaborate calculation for these sys-
tems to date. Agreement between our results for R, and
D, values of Li,*, Na,*, and K,* systems and those of
Henriet and Masnau-Seeuws?® is very good—within a few
percent. However, the agreement for the w, value is usu-
ally not as good, with differences being on the order of
10%. Good agreement between our results and the ab ini-
tio calculation by Henderson et al.'* is also found for the
Li,* system. For these three systems, our results for the
above molecular quantities are in good accord with mea-
surements. > ~3!

In contrast to the ample theoretical as well as experi-
mental studies of molecular spectroscopy on the above
three systems, studies on Rb,* and Cs,™ are scarce. The



INTERMOLECULAR POTENTIAL (a.u)

INTERMOLECULAR POTENTIAL (o.u)

02

(o]

-0l

0.2

o

(o]

1
o

-0.2

RESONANT CHARGE TRANSFER IN SYMMETRIC ALKALI- . ..

A1 1 1

1
10 15 20 25
INTERNUCLEAR SEPARATION (a,)

o

FIG. 2. Adiabatic potential curves for Na,*.

|
5 10 15 20 25
INTERNUCLEAR SEPARATION (a,)

FIG. 3. Adiabatic potential curves for K,*.

30

INTERMOLECULAR POTENTIAL (0.u.)

INTERMOLECULAR POTENTIAL (o.u.)

3803

02

o

o

i
o

02

o}

]

]
o

-02

1
5 10 15 20 25
INTERNUCLEAR SEPARATION (a,)

FIG. 4. Adiabatic potential curves for Rb,*.

30

L

1

1

1
5 10 15 20 25

INTERNUCLEAR SEPARATION (a,)

FIG. 5. Adiabatic potential curves for Cs,*.

30



3804

theoretical result of von Szentpaly et al.?’ who used a

semiempirical pseudopotential method seems to be one of
the most accurate calculations of this kind. Agreement of
our results with those of von Szentpaly et al.?’ for both
systems is satisfactory with the maximum discrepancy be-
ing less than 4% for the D, value of the Rb,* case. The
theoretical result calculated by Valance?® who employed
the model potential method is also shown in Table I. His
results are appreciably smaller in both R, and D, values
for both the Rb,™ and Cs, ™ systems.

As a whole, our pseudopotential calculations that used
relatively small basis sets gave reasonably accurate
ground-state potential curves. For the low-lying excited
states there are no experimental data to check the pre-
cision of our calculated results except for the asymptotic
values which are within 0.01% of the spectroscopic data.

B. Cross sections

1. Two-state calculation

Resonant charge-transfer cross sections for all the sym-
metric alkali-ion—alkali-atom collisions have been calcu-
lated by using Egs. (14) and (15) with Eq. (13) in the two-
state MO expansion method. Results are shown in Figs.
6—10 as a function of inverse velocity. The general trends
of the cross sections for all systems seen in the figures are
the following.

(a) Notable oscillatory structure of the cross sections as
a function of the inverse velocity. Smith et al.%'! have
explained this characteristic feature as due to the com-
bined effect of a maximum in the interaction potential
difference and a large repulsive core. The oscillatory
cross section can be expressed analytically as a function of

TWO - STATE
CALULATION

1= f\.,/\ —

EXPERIMENTAL

THREE- STATE
CALCULATION —

TOTAL CHARGE - TRANSFER CROSS SECTION (107%¢m?)
o
I

—
1 1

|

|

1

|

|

|

| 2

3

4

5

6

7

8
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20 T T T T T T 1
m&‘ No* +Na
w E
w o
2o
< TWO -STATE
x O IS5 CALCULATION —
L:JZ \ N /I~‘~’,"
©®© o ’\‘ , N,
2:(; T
IU
Uu
[72] "
0 10— EXPERIMENT —
()]
o O
-
(8]
6 | | | 11 | L1
o] 2 4 6 8 10 12 14 16 18
INVERSE VELOCITY (10~! sec/cm)
FIG. 7. Resonant charge-transfer cross section in the

Nat 4 Na collision. Solid curve is experiment (Ref. 5); dashed
curve is present two-state calculation.

impact velocity v in the form
o(v)=&)—a(v)cos(mBv~'—8),

where o(v) is the mean cross section, a and S are slowly
varying monotonic functions of v, and 8 is a phase con-
stant, the value of which depends on the features of the
interaction which give rise to the oscillations.

(b) The oscillatory structure in the measured cross sec-
tion is more pronounced in the high-energy region.

(c) The magnitude of the cross section decreases as Z of
the alkali-atom decreases. This is consistent with the
magnitude of the energy difference between the ground
gerade and ungerade states. Also, the cross section de-
creases as the collision energy increases as in the typical
case of the resonant charge transfer.

2l T T T T T
K*+ K !

INVERSE VELOCITY (1078 sec/cm)

T
wE TWO- STATE -
%) 17+ CALCULATION 1= —
20 J
< “~_7
xo ;o
'-I. ~ 7N
3 =z

o
x =13 —
<h B
Ty
Cn
g
=3
[~
8 x 9+ —

(8} EXPERIMENT

5 | 1 | 1 [ [
3 4 5 6 8 10 14 20

FIG.

6.

Resonant-charge-transfer cross section in the

Lit + Li collision as a function of inverse velocity. Solid curve
is experiment (Ref. 1). Present two- and three-state calculations
are labeled. Long-dashed curves represent theory of McMillan
(Ref. 12).

INVERSE VELOCITY (10°8 sec/cm)

FIG. 8. Resonant-charge-transfer cross section in the
K* + K collision. Solid curve is experiment (Ref. 5); dashed
curve is present two-state calculation.



33 RESONANT CHARGE TRANSFER IN SYMMETRIC ALKALI- . .. 3805

25 T T T
Rb*+Rb
L
0 ° 2~ -
22
x 9 /
- TWO-STATE o~
wz CALCULATION— ./ =7
OO MR
@ o
$9 17 fN —
w
Own
39
!-8 I/ *
°g |
© Ny EXPERIMENT
13— -~
| | ]
4 8 12
INVERSE VELOCITY (1078 sec/cm )
FIG. 9. Resonant-charge-transfer cross section in the

Rb* + Rb collision. Solid curve is experiment (Ref. 5); dashed
curve is present two-state calculation.

(d) The energy dependence of our calculated cross sec-
tions in the two-state approximation is in good agreement
with the measurement, while the magnitude is about 15%
larger than the observation. The difference in the absolute
magnitude of the cross sections is outside the quoted ex-
perimental uncertainty of 14+89%. However, it is not clear
whether the experimental arrangement could detect the
charge-transfer products produced in small impact-
parameter collisions (i.e., scattered to large angles). The
calculated oscillatory structure is out of phase with the
experimental results.

(e) For the Li,* case, the present result is in better ac-
cord with the measurement than that obtained by McMil-
lan'? previously. This holds also for the Na,* case in
comparison to the previous calculation by Bottcher
et al.'® As a whole, except for the position of the max-
imum and minimum of the oscillatory structure in the
cross section, the present calculated results agree satisfac-
torily with measurements.

—_ [ T I T T T 7171 0O
T 2a Cs*+Cs -
w oo et THREE-STATE ~ 7
2% CALCULATION =
<2 I N\ 7
xZ .
- 20+ N l/‘/(\\ /Q.;'/ .
l:J g ry \\ s A
g2 T
! TWO - STATE
9 b CALCULATION _|
own EXPERIMENT
4
2 L .
Lo
8 @
O 2t —
| | i | N I il
6 8 10 12 14 16 1820 22
INVERSE VELOCITY (10°8sec/cm)
FIG. 10. Resonant-charge-transfer cross section in the

Cs* + Cs collision. Solid curve is experiment (Ref. 5). Present
two- and three-state calculations are labeled.

2. Three-state calculation

In the two-state calculation reported in the previous
section, only the 12, and 1Z, states were adopted in the
close-coupling formulation. This approximation is cer-
tainly valid in the low-energy collision. However, as the
collision energy increases, the role of the 1II, increases
due to the possibility of inelastic transitions at the 1X,,-
1T, curve crossing. Therefore, it is undoubtedly neces-
sary to extend our scattering basis set in the close-
coupling formula beyond the resonant states in order to
understand the collision dynamics more precisely.
Rewriting Eq. (8) to incorporate the rotational coupling
between the 13, and 1II, states, one can obtain the
three-state coupled equations, specifically, for the present
case, viz.,

igz =0,
iy, =6(2, | (P+4)° 1, )ay,

X exp [——i ['(Es, —Eq dr’ ] (16)
ian, =6(Il, [(P+4)°| 2, )as,

X exp

—i f'(Enu —E3)dt' ] ,

where ( P + A)° represents the rotational coupling operator
and corresponding ETF correction operator, and 6
denotes the angular velocity. The square of addition or
subtraction of 2, and X, scattering amplitudes obtained
from Eq. (16) gives elastic or charge-transfer probabilities.
Then, Eq. (13) can be used to compute cross sections.

As examples, the Li,* and Cs,* systems were selected
for this study. Calculated results are displayed in Figs. 6
and 10. The most remarkable difference in the three-state
calculation from the two-state result is the fact that the
positions of the oscillations shift; in particular, it is now
out-of-phase with the two-state result (or in-phase with
the experiment) in the high-energy region. However, as
expected, the three-state result approaches the two-state
result as the energy decreases. The magnitude of the cross
section is hardly affected by the addition of the 111, state
in the calculation. This is attributed to the fact that the
total resonant-charge-transfer cross section is determined
by distant collisions, R ~ 15 a.u., while the inelastic chan-
nel is important only at small R <7 a.u. where the 1Z,
and 1II, rotational coupling is taking place. Thus the in-
clusion of the np inelastic channel did not improve the
agreement with experiment as to the absolute magnitude
of the cross sections.

The phase of the oscillations in the resonant-charge-
transfer cross section found in the three-state calculation
are now in good accord with the measurement for both
Li,* and Cs,*. The phase of the calculated oscillations
are governed by two factors: (i) the potential difference
between the 13, and 1=, state at R <10 a.u. and (ii) the
inclusion of the other dominant channels except for the
resonant channels (111, in the present case). Good agree-
ment of our results with the experiment seem to confirm
points raised above. The better accord of Li,™ and Na,*
systems with the measurement than those reported previ-
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ously'>!? suggests that the wave functions and eigenener-
gies calculated in this report may be more accurate. In
the previous calculations of Refs. 12 and 13, the ETF ef-
fect was neglected. However, the ETF correction form in
Eq. (16) seems to be less important around the curve-
crossing region in the present systems. Therefore, the
quality of the wave function might be solely responsible
for this discrepancy found in the various theories.

IV. CONCLUDING REMARKS

Accurate molecular wave functions and eigenenergies
for the Li,*, Na,*, K,*, Rb,*, and Cs,* systems were
obtained by the pseudopotential method. Two- and
three-state close-coupling calculations have been carried

F. K. MEN, M. KIMURA, AND R. E. OLSON 33

out to investigate the resonant-charge-transfer mecha-
nisms as well as to check the accuracy of the wave func-
tions obtained. The oscillatory structure observed in the
experiment was well reproduced in the present three-state
calculations for the Li,* and Cs,™ systems. These calcu-
lations confirmed the accuracy of the wave functions
along with the direct comparisons to experimental values
for R,, D,, and w,. The two-state scattering calculations
agreed with the three-state ones as to magnitude of the
cross sections, differing only in the oscillation frequency
at the higher velocities.
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