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The charge-transfer processes for the collisions Li+ Na*—Li* + Na and Na + Li*
—Na* + Li have been studied theoretically using the first six molecular states in a multi-
state impact-parameter approach (using the Born-Oppenheimer breakdown terms to
couple the states). The results lead to a rather simple description of the charge-transfer
process involving primarily transitions between the 125+ and 225* states and between the
225* and 1% states of the LiNa* quasimolecule,

Atom-atom and atom-molecule scattering pro-
cesses such as electronic excitation, electron
transfer, and electronic excitation energy trans-
fer are often described formally in terms of a
collisionally induced coupling between various
(Born-Oppenheimer) electronic states of the
quasimolecule.’ Previous studies have generally
been restricted to the coupling between two states
using approximate methods?® such as the Stueckel-
berg-Landau-Zener® or Demkov* approximations,
While these cases generally treat states of the
same symmetry, recent approximate calcula-
tions® have shown the importance of angular cou-
pling between states of different symmetry (e.g.,
% and II). However, little progress has been
made in the rigorous use of the multistate molec-
ular wave-function approach because of formid-
able difficulties both in the evaluation of the Born-
Oppenheimer breakdown terms® and in the deter-
mination of the molecular wave functions for a
number of excited states. Bottcher and Oppen-
heimer” attempted the two-state molecular wave-
function approach for LiNa®, but ignored trans-
lational invariance of the coupling terms and
ignored backcoupling. The actual coupling mech-
anism for the molecular wave-function represen-
tation has itself been open to controversy.2b:™8

Herein we report multistate calculations for the
asymmetric nonresonant charge-transfer pro-
cesses

Li+Na*~Li*+Na, (1a)

Na+Li*-Na*+Li, (1b)
using the first six molecular eigenstates (includ-
ing the excited states of Na and Li as possible
products) and rigorously evaluating the Born-
Oppenheimer coupling terms and molecular eigen
states as a function of internuclear distance.
High-quality experimental total charge-transfer
cross sections have been reported by Daley and
Perel,® providing a good test of the efficacy of
the theoretical treatment.

We find that the calculated cross sections are
in good agreement with the experimental results,
both in total magnitude and in the oscillatory
structure. We further find that the charge-trans-
fer process can be described essentially in terms
of two simple two-state processes, one coupling
the lowest two 22 * states and the other coupling
the 2°Z* and 1°1I states.

In the molecular wave-function approach using
the impact parameter method,*® we must solve
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the set of coupled equations

da(z)/dz = =231, (2) expl— iw; (2)]a,(2), (2)
where z is the coordinate along the path of motion
(z = - = initially), w,;(z)=[Lv " (V,-V,)dz’, v is
the relative veloc1ty, V; is the potential energy
of the ith molecular state, and I';; is the dom-
inant Born-Oppenheimer breakdown term. T can
be expressed' as

T;;=zM;/R+bN,;/R, (3a)

where b is the impact parameter, R is the inter-
nuclear distance,

M;;= @;lo/0R |¢j>’ (3b)
and
N;;=@;IR™8/00 |y;). (3c)

We calculated the charge-transfer cross sec-
tions for processes (1a) and (1b) including in Eq.
(2) the lowest six molecular states of the LiNa*
molecule (i.e., all the states dissociating to the
2s or 2p states on the Li and the 3s or 3p states
on the Na). The potential energy curves and the
important coupling terms are shown in Fig. 1.
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FIG. 1. The potential energy curves and coupling
terms between various states of the LiNa* molecule.
Energy curves for the first four 25t states and the
first two 21 states are included [atomic units (F= 1, |e|
=1, m, = 1) are used; 1 hartree=27.211 eV, 1 bohr
=0,52917 Al. The =-1I coupling terms <ni] 8/80|%;)
[see Eq. (3c)] are scaled by a factor of 1/10.
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The total charge-transfer cross sections are
shown in Fig. 2 where they are compared with the
experimental results of Daley and Perel.® While
the absolute magnitude for either of the experi-
mental cross-section curves has an uncertainty
of 10%,2 the positions and amplitude of the oscil-
latory structure in the experimental cross sec-
tions are very accurate and provide a good test
for the theoretical results. We see from Fig, 2
that there is excellent agreement in the oscilla-
tory structure. We also see that cross sections
for processes (1a) and (1b) are correctly dis-
tinguished, with the total magnitudes of the cross
sections within the experimental error of the
experimental results.'®

In Fig. 3 we show the cross sections for each
of the individual processes. We see that the
charge exchange (including the oscillatory struc-
ture) is dominated by the transitions between the
lowest two 22 * states. However, as indicated by
the dotted lines in Fig. 3, it is not sufficient to in-
clude merely these two states in describing the
charge exchange. The two-state approximation
incorrectly predicts identical cross sections for
processes (1a) and (1b), and, in addition, leads
to oscillations out of phase with the experimental
results.

We also carried out a set of four-state calcula-
tions including the first four ®>* states, This led
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FIG. 2. Comparison of the theoretical (six-state) and
experimental total charge-transfer cross sections for
Li+Na*—Li*+ Na and Na+ Li* — Na* +Li (solid
curves, theoretical; dashed curves, experimental),
Estimated error in the absolute values of the experi-
mental total cross sections is 10%.
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FIG. 3. Comparison of the theoretical cross sections to individual atomic states using six-state, thr%e-state,
and two-state approximations in Eq. (2) for collisions of Na +Li* and Li+Na* (1 a.u. velocity =2.18 x10° cm/sec;

Tag®=0.89 x1071¢ cm?,

to essentially the same results as for the two-
state calculations, indicating that inclusion of
higher T states is not important. However, in-
cluding the 121I state in addition to the 1°Z* and
227 * states does lead to a proper description of
the charge transfer (see dashed lines in Fig. 3),
both in magnitude and in the phase of the oscilla-
tions. Comparing the six-state and three-state
results in Fig. 3, we see that the six-state cal-
culation merely leads to a redistribution of the
excited-state products but to almost no change
in the 1?2 *— 222 * transitions,

The reason for this is obvious from the poten-
tial energy curves (see Fig. 1). The energy dif-
ferences are too great to allow direct transitions
from the 1°Z* or 2°Z* states to the excited *3*
states [except for very large velocities (v >0.2
a.u.)]. However, because of the curve crossing
between the 2°Z* and 1°II states at 5.1a,, there is
a significant probability of transition between the
222 * and 1°II states.'* There are strong transi-
tion probabilities between 1%II and 3%, 1211 and
2211, and 2°01 and 4°% so that once this 1% is pop-
ulated, the other excited states can also be ob-
tained.

We see therefore that the total collision pro-
cess can be described essentially in terms of a
coupling between the 1°Z* and 2% * states and a
coupling between the 2°Z* and 171I states, From
an examination of the a; [see Eq. (2)] as a func-
tion of z, we find that each of the coupling pro-
cesses proceeds by a three-step process involv-
ing a transition region (where the energy differ-
ence is small while the coupling term is large)
and an intermediate region. First, as the atoms

approach, they enter the transition region and
the two states are coupled, leading to nonzero a,
and a,. For closer approaches (the intermediate
region) the magnitudes of «, and a, do not change
because of the large AE., However, the relative
phases of g, and a, change because of their evolu-
tion on different potential energy curves. Finally,
as the atoms separate, they re-enter the transi-
tion region and decouple. However, because of
the relative phase difference resulting from the
second step, the decoupling leads to interference
and hence to some probability for ending up on
either state. Since I';; is an odd function of z for
Z -Z transitions while T';; is even for T -II transi-
tions, the net transition probability for -2 cou-
pling would be zero for a zero phase difference
while the T -II net transition probability would be
a maximum for a zero phase difference.

We find that the transition region for the 12+~
2°%* coupling occurs at long range (14a,<R <22a,)
where the atomic wave functions begin to overlap.
On the other hand, the 2?3 *-12II transition occurs
at short range in the region near the curve cross-
ing at 5.1a,. Thus, the entire 2°Z*-1%II coupling
process occurs while the 122+ and 222 * states
are uncoupled and depends only on the initial
probability amplitude of being in the 2*z* state
for the 1°Z*-2°Z " intermediate region. However,
because of the 2°% —~1%I1 transitions, the amount
of 2°% is reduced slightly and the phase of 225
relative to 1°% is altered. As a result the de-
coupling step leads to a modified interference be-
tween 1°Z and 2°2. This effect is larger for (1b)
because of the larger probability of being in 22%
in the intermediate region. Transitions from the
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1211 state to the other excited states occur only
as the atoms are separating and thus involve only
one transition region, with no phase interference
effects occurring. At low velocities, the 2°%

- 1?11 transition will dominate process (1b). The
% -1I coupling is therefore an important mech-
anism in charge-transfer processes (for exam-
ple,*® in K+ Li*~ Li+K").

From the above interpretations, we see that the
total collision process can be represented by a
succession of simple two-state processes. One
can therefore have confidence in the appropriate
use of approximate two-state methods that have
been developed (see Ref. 2), This should allow
one to make qualitative predictions of important
electronic processes occuring in a variety of
other scattering systems without the necessity of
extensive, rigourous calculations as reported
herein. However, it is necessary to keep in mind
the nature of the electronic states involved in
order to predict correctly the particular pairs of
states being coupled for each nuclear configura-
tion,
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