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Computed cross section for resonant charge transfer in Ba+ + Ba collisions
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The cross section for the resonant electron transfer process Ba++Ba~Ba+ Ba+ is calculated for collision

energies up to 800 keV. Energy curves for the 'S„+and 'S,+ molecular states are first obtained using the

multiconfiguration valence-bond method. The cross section is then obtained from the energy curves using the

two-state impact parameter version of the perturbed stationary states method. The differential cross section is

obtained using the eikonal method. Total cross-section values up to approximately 20(bra,' are obtained. At low

energies the total cross section exhibits rapid, strong interference oscillations of the type commonly considered

to be associated with local extrema in the two-state energy difference. The differential cross-section results

clearly show that impact-parameter-dependent structural details of the transfer probability are not directly

observable.

I. INTRODUCTION II. THEORY

In recent years there has been a considerable
growth of interest in charge-transfer collisions
between atoms and ions. Many theoretical and ex-
perimental studies of such processes have been
performed. Most of this work, however, has in-
volved lighter atoms and ions; comparatively little
effort has been devoted to studying charge transfer
between heavy species. In particular, few ab initio
theoretical studies of such heavy systems have
been performed.

This author and his associates have already cal-
culated cross sections for the nonresonant charge-
transfer process Ba'+Ba'- Ba+Ba", for collision
energies of several hundred keV. ' Knowledge of
such cross sections is essential to the development
of the heavy ion heating approach to inertial con-
finement fusion. ' This earlier calculation also
provided important insights regarding the qual-
itative nature of the transient phenomena, occur-
ring during the collision, that lead to charge
transfer.

The earlier work has now been extended to a
treatment of the resonant charge-transfer process
Ba'+ Ba-Ba+Ba'. This new calculation comple-
ments the previous work and provides further
insight concerning the nature of heavy ion charge-
transfer processes in general. These two treat-
ments, of systems involving Ba species, probably
illustrate several of the most important physical
characteristics of charge-transfer processes com-
mon to nearly all heavy ion systems.

The theory used in the present calculation is de-
scribed in Sec. II. The numerical results are pre-
sented and discussed in Sec. III. A short compara-
tive discussion of the resonant charge-transfer
results and of the earlier nonresonant results- is
conducted in Sec. IV.

The first step in this calculation is to obtain a
set of electronic energies and eigenfunctions for
the molecular system Ba,', as functions of the
distance between the two Ba nuclei. That is, ap-
proximate solutions to the eigenvalue problem

H(R)g„(R)=E„(R)g(R) (l)

must be obtained. R is the internuclear separation,
and the Hamiltonian H(R) includes the electron
kinetic energies and all electron-electron, elec-
tron-nucleus, and nucleus-nucleus Coulomb inter-
actions. Relativistic effects are not included. All

electron coordinates are treated quantum mech-
anically, but the nuclear coordinates are treated
as fixed parameters of H(R). H(R) and P (R) also
depend on all of the electron coordinates, but the
notation used here suppresses this dependence.
The subscript p, represents all symmetry indices
and principal quantum numbers necessary to char-
acterize the eigenfunction g (R).

In this calculation, the molecular eigenstates
were obtained by the multiconfiguration valence-
bond (MCVB) method. '4 The set of one-electron
atomic orbital basis functions used was identical
to the set used in the earlier treatment of the Ba,"
system. ' As in that calculation, these one-electron
functions were used to construct a set of multi-
electron functions, which were in turn used as
basis vectors in solving Eq. (1). Eigenstates were
obtained for the 'Z„' and 'Z' molecular symmetries.
These symmetries are the only ones that permit
the Ba atom and the Ba' ion to both be in their
ground states as R -~. When the colliding species
are in their ground states initially, and if colli-
sional coupling is weak between states of unlike
symmetry, then only these two symmetries must
be included in the collision dynamics computations.
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The one-electron orbitals used in the MCVB
calculation consisted of a (7s, 6A 2d) set centered
at each nucleus, for a total of Vo orbitals. Gaus-
sian-type orbitals were used. The numerical val-
ues of all scaling factors and coefficients defining

th t
the orbit s have been reported pieviousl ' A

a previous work, the orbitals at each nucleus
were divided into a (5s, 4P, 2d} set of core orbitals
and a 2s, 2P) set of valence orbitals. In construct-
ing the multielectron basis functionsions, every core
orbital was required to be doubly occupied in every
asis function. All schemes of valence orbital

occupation consistent with the molecular symmetry
were allowed. A total of 112 basis functions were
thus constructed for each symmetry +, and 'Z„'.
Further details of this MCVB calculation need not
be described here, because they do not differ sub-
stantially from the details of the previous treat-
ment of the Ba,"system. '

The second step in this calculation is to obtain
the charge-transfer cross section, by using the
previously computed molecular eigenstates as

the collidi
basis vectors for a time-dependent treatm t fen o

e colliding system. The impact parameter (I&}
version of the perturbed stationary states (PSS)
method is used. ' For clarity, we now state the
well-known formulas used in applying this method
to the resonant case.

It is assumed that the nuclear motion can be
treated classically, and that the nuclear trajector-
ies are straight lines. It is further assum d th t

e relative nuclear motion is sufficiently slow
that th e system evolves adiabatically during the
collision. Under these conditions, the amplitude
for resonant charge transfer is

a(v, b) =i exp[-iS(b)/v]sin[If(b)/v], (2)

where v and b are the relative collision speed and
impact parameter, respectively, and

s(()=J (z, )+z(R) (R)d„ (2)
0

)(() ) I( () )E=8(R ))de-„
0

The differential cross section is estimated using

tud
a special form of the eikonal method '
u e for resonant charge-transfer scattering in a

specified direction is simply

f(8)=Mvcos'( —'8) ba(v, bP, (Mvbsin8)db, (7)
0

where 8 is the scattering angle, M is the Ba2' re-
duced mass, a(v, b) is the amplitude of E(I. (2),
and 4, is a Bessel function. The differential cross
section is then simply

n(8) = kt(8) ~'.

Note that this method of estimating the differential
cross section does not simply assume that each
impact parameter corresponds to a single scatter-

often
ing angle by means of some function 8(b) as is
o en assumed in classical trajectory treatments
of relatively heavy systems.

To summarize, the resonant charge-transfer
cross section is computed from the molecular po-
tential energy functions E„(R)in three simple
steps. First, the energy difference integral (4} is
computed as a function of b. Second, the charge-
transfer probability is tabulated using Eg. (5}.
Third, the cross section is obtained as a function
of collision speed by computing the integral (6).
The differential cross section is computed in two
additional steps. First the energy

' t ale energy sum integral
(3) is computed as a function of b. Second, the
eikonal integral (7) is computed as a function of
scattering angle and collision speed.

III. NUMERICAL RESULTS

A. Molecular eigenstates

The molecular energies E„(R)for the 'Z'„and', symmetries are presented in Figs. 1 and 2,
respectively. The axes in the plots are scaled
in atomic units, which are used throughout the
remainder of this paper unless otherwise speci-
fied.

(4)

oSS SECTION FOR RESONANT CHARGE. . .

R p2 gg2+ b2
0.25

The subscripts p, =u and p, =g denote the states
of lowest energy of symmetries 'Z' and 'Z'„an,re-
spectively. The desired charge-transfer probabil-
ity is then

P(v, b) = sin'[K(b)/v],

which is the result obtained by Mapleton in his
review. ' The resonant charge-transfer cross sec-
tion is then, in units of ga2,

g( )=2f b (, b)db).
0
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FIG. 1. The 2. 1. The Z„molecular energies E~(R) for the B
system.
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FIG. 2. The Z~ molecular energies E„(R)for the Ba2'
system.

The lowest 'Z'„curve, of course, exhibits a
minimum which demonstrates the presence of sig-
nificant chemical binding effects in the Ba,' sys-
tem. The equilibrium internuclear separation is
10.15, the binding energy is 0.0263, and the vibra-
tional frequency associated with the binding is
0.00024. The Ba,' binding energy has been experi-
mentally determined to lie between 0.0286 and
0.0350,' so that the theoretically determined bind-
ing energy is probably in error by at least 1%0.
To the best of this author's knowledge the equilib-
rium separation and the vibrational frequency
have not yet been experimentally measured.

Somewhat surprisingly, the lowest &, curve
also exhibits a minimum. The equilibrium separa-
tion, binding energy, and vibrational frequency
associated with this minimum are 11.57, 0.00072,
and 0.00014, respectively. This apparent binding
effect is extremely weak; in units of temperature
the stated well depth is only 230 K. It seems likely
that the apparent binding is simply a numerical
artifact, caused perhaps by the practical necessity
of using a very nearly minimal basis in treating
a system as large as Ba,'. If on the other hand

the binding is real, then its existence implies the
possibility of observing gerade to ungerade elec-
tric-dipole transitions in Ba,'.

The 'Z„' and 'Z' ground-state curves cross each
other at internuclear separation 3.49. As described
in Sec. IIIB, this crossing has a major effect on
the low-energy behavior of the total charge-trans-
fer cross section.

B. Charge-transfer collisions

The energy difference

D(R) =E,(R) E„(R)
and the energy difference integral K(b) are plotted
in Fig. 3. The function D(R) becomes negative for
small R, because E„(R}is greater than E (R) in
the extremely repulsive region of the energy
curves. This region lies above the upper energy

FIG. 3. The energy difference D(R) and the difference
integral E(b). The D(R) curve becomes negative for
small R. The dashed curve represents an extrapolation
of K(b) to b= 0. The abscissa is R for the D(R) curve
and b for the K(b) curve.

limit of Figs. 1 and 2. Let Rp denote the radius
below which D(R) is negative. The function K(b)
exhibits a local maximum near b =Rp. This maxi-
mum occurs because, as b decreases below +p,
the integral (4) receives a progressively larger
contribution from the negative portion of the D(R)
curve. Let b, denote the impact parameter at
which K(b) is maximum. Note that b, and R, are
not exactly equal.

The dashed curve in Fig. 3 represents an extra-
polation of K(b) from b = 3 to b =0. The extrapo-
lated curve is a second-order polynomial, deter-
mined by requiring that K(b) and its first deriva-
tive be continuous at b=3, and that the derivative
be zero at b =0. This extrapolation is used in es-
timating the contribution made to the total charge-
transfer cross section by small impact parameter
collisions.

The charge-transfer probability P(v, b}, com-
puted from Eq. (5), is plotted in Fig. 4 as a func-
tion of impact parameter for six different colli-
sion energies E. The E values for each plot are,
from top to bottom, 400, 170, 80, 35, 27.5, and
17.5, all in keV. The collision speeds associated
with these energies are 0.4830, 0.3149, 0.2160,
0.1429, 0.1267, and 0.1010.

The probability curves show an oscillatory be-
havior similar to that discussed and illustrated by
merel' in a treatment of the resonant system Li'
+Li. In both that system and in the Ba'+Ba sys-
tem, a local extremum in the energy difference
integral K(b) produces a special local extremum
in the probablity curves, at the impact parameter
b, for which K(b) is maximum. At that extremum,
the transfer probability oscillates sinusoidally as
a function of 1/v, with period

n(i/v) = v/K„
where Ko =K(bo) is the maximum value of K(b).
For the Ba'+Ba system, bp =5.11 and Kp =0.4916.
The curves in Fig. 4 clearly show the presence
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FIG. 6. The charge-transfer cross section cr(v),
plotted as a function of 1/v.
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FIG. 4. The charge-transfer probability P(v, b),
plotted as a function of b for six energies. From top to
bottom these energies are, in keV, 400, 170, 80, 35,
27.5, and 17.5.
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FIG. 5. The charge-transfer cross section o(v),
plotted as a function of collision energy E. The contri-
bution due to b& 3 collisions is included, by means of
the extrapolated portion of the K(b) curve in Fig. 3.

of this special local extremum, as do the curves
plotted by Perel. '

The total charge-transfer cross section o(v) is
plotted in Figs. 5 and 6. In Fig. 5, o is plotted
as a function of collision energy E, with E range
0-800 keV. In Fig. 6, o is plotted as a function
of 1/v, with 1/v range 0-40 atomic units. Note
that the left-hand and right-hand sides of Fig. 6

correspond to high energies and low energies,
respectively.

For most energies included in Fig. 5, the cross
section is considerably larger than the geometric
cross sections of the Ba and Ba' species, because,
as shown by Fig. 4, the active electron easily mi-
grates across fairly large internuclear distances
during the resonant charge-transfer process.
The cross-section curve behaves as 1/E for large

energies; this behavior is well known in resonant
charge transfer and is easily deduced from Eqs.
(6) and (6). For smaller energies the curve ex-
hibits a rapid oscillatory behavior. Figure 6 shows
these oscillations more clearly. The first two

maxima on the left side of Fig. 6 corresponds to
the two highest-energy maxima visible in Fig. 5.
The other maxima in Fig. 6 are not visible in Fig.
5 because they all occur in the narrow energy
range to the left of the sharper of the two visible
maxima.

The pronounced oscillations in the total cross
section are of a type that has been discussed
theoretically' "and observed experimentally" by
a number of authors. These oscillations reflect
the oscillation of P(v, b) at its special extremum
at b =b„these oscillations in P are so strong that
the integration (6) cannot smooth out their effect
on the total cross section.

As noted by Olson, "these total cross section
oscillations are periodic with respect to 1/v. For
the Ba'+Ba system, their period is

4(1/v) =6.38.

An experimental detection of these oscillations,
and a measurement of their period, would provide
a test of the quality of our Ba,' energy curves cal-
culation.

The differential charge-transfer cross section
q(8) is plotted in Fig. 7, for collision energy 170
keV. Note that the plot's vertical scale is logar-
ithmic. Because of the Ba'+ Ba system's great
mass the scattering is peaked extremely sharply
in the forward direction: q(8) falls by nearly three
orders of magnitude as 8 increases from zero to
0.00002m. The curve shows an oscillatory struc-
ture for very small angles that disappears as the
angle increases. Plots (not shown) made for lower
energies show that, as the energy decreases, this
oscillatory structure smoothly spreads out, in-
creasing its angular width.

The oscillations shown by the p(8) curve are not
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FIG. 7. The differential charge-transfer cross sec-
tion g (8), in atomic units, plotted as a function of scat-
tering angle 8 for collision energy 170 keV. The plot's
vertical scale is logarithmic.

related to the oscillations, previously discussed,
shown by the P(v, b) curves (Fig. 4). The p(8) os-
cillations reflect the oscillatory behavior of the
Bessel function factor J', in the integrand of Eq.
(7). Physically, these oscillations are simply
diffraction fringes due to interference between
collisions occurring at different impact param-
eters. The P(v, b) oscillations are totally masked
by the integration (t) and therefore do not affect
the differential cross section's basic structure.
The 7i(8) oscillations are in principle observable,
although of course it would be impractical to build
an apparatus capable of doing so. The chief con-
clusion of the differential cross section calcula-
tion is that, despite the great mass of the colliding
ions and their extremely short deBroglie wave-
lengths, each impact parameter b cannot be as-
sumed to correspond to a single scattering angle
8. Although the classical trajectory model of the
nuclear motion is probably valid in predicting total
cross sections, it is not valid in predicting differ-
ential cross sections.

IV. DISCUSSION

We now compare the results of the present cal-
culation with the results of the previous treatment
of the nonresonant Ba'+Ba'- Ba+Ba" collision. '
Because the resonant and nonresonant heavy ion
charge-transfer processes' are dominated by fun-
damentally different physical mechanisms, the
results of the two calculations differ drastically in
their major qualitative features. The major fea-
tures of the previous results illustrated the domin-
ation of nonresonant charge transfer by collisional
coupling between a ground state and excited states
of like molecular symmetry. The present results
illustrate the domination of resonant charge-trans-
fer by coupling between ground states of unlike
molecular symmetry.

Because resonant charge transfer does not re-
quire coupling to excited states, the cross section
remains large for small collision energies (Fig.
5). Because coupling to excited states becomes
vanishingly weak for low collision speeds and be-
cause nonresonant charge transfer does require
such coupling, the nonresonant cross section is
large only for collision energies of several hundred

keV; the cross section becomes small for low
energies. The results of the previous calculation'
clearly illustrate this behavior.

The previous calculation showed that, for the
Ba'+Ba' system, the presence or absence of
avoided crossings in the system's molecular ener-
gy curves greatly affects the nonresonant charge-
transfer process. Significant nonresonant transfer
was predicted, for large impact parameter colli-
sions, only for molecular symmetries for which
avoided crossings between the ground state and
the first excited state curves occurred at large
internuclear distances. The present calculation
shows that, for the Ba'+Ba system, significant
resonant charge transfer occurs for large impact
parameters even when no avoided energy-curve
crossings involving the ground state are present.
Resonant and nonresonant charge transfer proc-
esses in general should differ from each other in
this same way.

The present calculation shows that the structural
details of the impact-parameter-dependent charge-
transfer probability are not physically observable
in the differential cross section, for the resonant
system. Although no differential cross sections
were computed in the earlier work, it is reason-
able to expect that the same is true for nonreson-
ant systems, provided that the colliding species
are not very highly ionized. In collisions between
highly ionized species, the angular deQections
involved may be sufficiently large that an approxi-
mation associating each impact parameter with a
single scattering angle may be reasonable. In
such cases, the structural details of the impact-
parameter-dependent probability would be observ-
able in the differential cross section.
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