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Vacancy sharing in strongly asymmetric heavy-ion collisions
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A complex-energy, complex-interaction Nikitinlike model is proposed to describe the vacancy-
sharing process when many quasimolecular states are strongly coupled. The vacancy-sharing ratio
is obtained in closed analytical form. The general result is used to calculate the I -K vacancy shar-

ing in the C+ +Ar, N+ +Ar, and 0+ +Ar collisions.

The inner-shell vacancies created in close ion-atom col-
lisions are subject to a redistribution between the colliding
partners in the outgoing stage of the collision. This
vacancy-sharing process, which usually occurs at larger
internuclear distances R, is governed by radial couplings
between occupied and unoccupied inner-shell molecular
orbitals (MO) of the system. The vacancy sharing has
been extensively studied both experimentally and theoreti-
cally in the last 10—15 years (see, e.g. , Refs. 1—3). The
investigations have shown that in near-symmetric collid-
ing systems, the 2po. vacancy created in the united atom
region (R ~0) (by a 2prr 2po rotati-onal coupling, for in-
stance), is shared between K shells of collision partners
due to the 2po.-lsd radial coupling. ' Two-state close-
coupling models of Demkov's or Nikitin's type were
found to be appropriate for describing the K-K vacancy
sharing. ' In strongly asymmetric systems, however,
when the K shell of the lighter partner may become de-
generate (or nearly degenerate) with the L, M, or N shells
of the heavier collision partner, the vacancy created in the
R ~0 region is subject to a sharing process which usually
involves many mutually strongly coupled states. Thus, in
the case of an asymmetric system in which the K shell of
the lighter partner is more strongly bound than the L
shell of the heavier partner (as in the N+Ar, 0+Ar, and
Ne+Ar systems, for instance), the 3dcr vacancy is shared
between the 4o., 3o., and 2o. adiabatic MO's at large R,
while at smaller R (e.g. , R &0.5ao for the Ne-Ar system,
ao being the Bohr radius), the 3dtT vacancy passes
through strong-coupling (avoided crossing) regions involv-
ing 6o.-5o., 5o.-4', and 4o-3a. adiabatic MO's. In the case
of K-M or K-N level-matching asymmetric systems the
number of radially strongly coupled states is even larger.
A similar multistate coupling situation takes place also in
the L-K, L-M, etc. , vacancy-sharing processes. In all
these situations, for calculating the distribution of vacan-
cies among different adiabatic MO's, one has to solve nu-
merically a multistate dynamical problem. The only such
calculations using realistic radial couplings have so far
been performed for the K-L vacancy sharing in the ¹

Kr system (3do vacancy essentially shared between 4cr
and 3cr adiabatic MO's) and for the L Kvacancy sharing-
in the CI+Kr and Ar+Kr systems (4cr-3o-2s MO's in-
cluded). As pointed out in Ref. 3 (cf. p. 227), the fair
agreement with the experiments ' in the case of L-K
sharing may be somewhat fortuitous. For the L-K va-
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The quantities I; and I,&
are, respectively, the decay

width of the state ~i ) due to its interaction with all the
states from the group Ig&. ], and the interaction of

~

i )
and

~
j) through other (virtual) states. The diabatic rep-

resentation Ig~ 2I in a half-collision problem like ours is
inadequate to represent the molecular states in the region
of small R (or t =0) due to their large adiabatic mixing.
It is therefore natural to transform Eqs. (1) into an adia-

cancy sharing in the C+Ar, N+Ar, and Q+Ar systems,
three-state close-coupled calculations have been carried
out by using scaled hydrogenic radial coupling matrix ele-
ments, ' but poor agreement with the experimental
data"' for the RLz vacancy-sharing ratio was obtained.
Attempts ' to interpret the L -K vacancy sharing in
C+Ar, N+Ar, and 0+Ar systems (and the K Lfor-
B+Ar) in terms of the two-state Nikitin model have also
failed, pointing to the inadequacy of this model to
describe the multistate vacancy-sharing process.

In the present paper we propose a different approach
for describing the multistate vacancy-sharing process.
The approach utilizes the idea' ' of reducing the multi-
state close-coupling problem to the one for two strongly
coupled quasistationary states interacting via a complex
interaction. The reduction procedure has recently been
accomplished elsewhere' ' under rather general condi-
tions (sufficiently high density of interacting states).
Written in a diabatic representation of molecular states,
the coupled equations for the amplitudes C& and C2 of
the hole states

~ gt ) (which correlates to a given hole state
in the Wtc shell of one of the partners) and

~
g2) (which

correlates to a given hole state in the WL shell of the oth-
er partner) have the form' '
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With the above initial conditions, the vacancy-sharing ra-
tio between the states

~

1) and
~

2) is given by
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A natural generalization of the Nikitin model to quasista-

tionary states is the following:

batic basis [ g) 2 I, using the unitary transformation
[1(j']= U[P"], where"
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vacancy is on the adiabatic state $2, our initial conditions
for the system (1) are

co( r) =EE[ 1 —P exp( —a

H)2 ——H2) ——Vexp( —(z
~

r
~
),

—,
' [r((t) —I 2(t)]= —Arexp( —a

~

t
~
),

sr=r', —r', ,

—,
' I (2(r) = —,

' r»(r) =A exp( —a
~

r
~

),
A=(r', r', )'",

(5a)

(5b)

(5c)

where I 1 and I 2 are the half-widths of I 1 and I 2 at t =0,
Ae =

~
Ii I2

~

is—the difference of ionization potentials I)
and I2 of considered states, V=const is the strength of
the direct coupling between

~

1) and
~

2) at t =0, and
a =yUR, with y =2 ' (I i +I2 ) and UR being the ra-
dial component of collision velocity U. (Hereafter we use
atomic units). Equation (5a) constitutes the standard
Nikitin's model, with the parameter P related to the "Nik-
itin angle" 6) by tan0=2V/Phe. In the straight-line tra-
jectory approximation and for zero impact parameter
(UR ——v), the coupled equations (1) with the generalized
Nikitin model (5) can be solved exactly. ' For the ratio
C) (+ oo )/C2(+ oo ) one obtains

Ci(+ ~ )

C2(+ oo )

-2~ '+ v "[—i~( 1+v) le er( —2i &) 1 —v I [iA,(1 —v)]

7 &(0 t ( )1 e
—imi geiiy[ln(2(2B/v)+in( —2i2B/v)]

1+v I [ii(1+v)]
r[iz(1+&)]

1 —v I [ ik(1 ——v)]
r

Ae 8
& =/3+i, g=sgn arg 2i j,—

2o.
'

V

—1/2

4 (V i A)—v=B 8 +4
Ae

(7a)

(7b)

8 —28+ 1
V2

1/2 8 82—v ln ——v+ 2
—28+ 1

V V

1/2

82—ln 1 —8+ —28 +1
1/2

28 1+v+vln +ln 8
V v

(7c)

0T],2 = 1+cos[X(0)] .r, (0) sin[X(0)]
[ (p)

—gE(0)]
22)(0)

' 2'(0)
(7d)

1+cos[X(0)]
[ & ( )]

sin[X(0)] .r, (0)
271(0) 2'(0)

(7e)

sin[X(0) ]= —
2 2»2, cos[X(0)]=2V (1—P)b,e

[4V +(1—P) he ]'/ [4V +(1—P) b,e ]'/

AE(0)=[4V +(1 P) b,e ]' i- —d I b,e(1 —R)+4A V

[4V2+ ( 1 p) 2 6E2] I /2

Aa~(1 —p) —var
[4V2+ ( 1 P)2+e2] i/2

q(0)=ICE (0)—[I; (0)] I'/

(7

(7g)

(7?I)

(7i)



35 BRIEF REPORTS 3559

0

C —Ar
Q Q p experiment

present theory

three states
Nikit in's model

For I,= I 2
——0, from Eqs. (6), (7), and (4) one obtains
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which is the result of the standard Nikitin model.
The complexity of the result (6) and (7) with respect to

Eq (8) arises due to the fact that in case of decaying states
it is not sufficient to give only the initial conditions in the
adiabatic representation, but also to solve the adiabatic-
transformed Eqs. (1) in the region of small R (or t) and
then to match these solutions with those of Eqs. (1). (The
matching procedure, as usual, is accomplished by using
the asymptotics of the corresponding solutions in the re-
gion of t where they overlap. ) By setting P=O in Eqs. (7)
and (6), one obtains a result corresponding to the
complex-energy, complex-interaction Demkov model.
The ratio R, calculated with the expression (6) for
CI(+ oo)/C2(+ oo), exhibits very fast oscillations as a
function of 1/v. These oscillations (coming mainly from
the terms e+—'~) are the result of interference effects due to
the interaction I I2 between the states

~

1) and
~

2)
through intermediate (or virtual) states. Writing
ReQ =q/v and

FIG. 1. L-K vacancy-sharing ratio for the C++Ar system as

a function of 1/U. Solid circles are experimental data (Refs. 11

and 12). Theoretical calculations: solid line, present model:

dashed line, Nikitin's model (Ref. 11); dot-dashed line, three-

state close-coupled calculations (Ref. 10).
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FIG. 2. Same as Fig. 1, but for the N++Ar system. FIG. 3. Same as Fig. 1, but for the O++Ar system.
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of 1/v, the averaging over the oscillations gives the fol-
lowing expression for R:

adiabatic energy splitting of the model

(R) [+~2(1 Pe
—YR)2+4V2e 2YR—]1/2 (12)

(10)

The application of the present model to real physical situ-
ations presumes in principle a sufficient density of neigh-
boring states to which the considered ones,

~

1) and
~
2),

are coupled, so that the decay widths I; can be introduced
as in the case of interaction of a discrete state with a
quasi-continuum of states. ' ' When there is only a finite
number of decay channels l for the state

~

i ), I; can be
calculated as'

I I I'

where A~I is the energy difference between the neighbor-
ing states in the group of states Igt I. I;(R), calculated
from (11), has to be adjusted to the form (Sb). For two
given states

~

i ) and
~ j ), the parameters )33 and V in the

Nikitin model (5a) can be determined' ' by fitting the

to accurate molecular-energy calculations, now available
for many systems (see, e.g. , Refs. 3 and 10). Using such a
procedure we have determined the parameters in the gen-
eralized Nikitin model for the 4a-2o. vacancy sharing in
the C+Ar, N+ Ar, and 0+Ar systems ( f3 and V have
earlier been determined"), and calculated the sharing ratio
R from Eqs. (6)—(10). The results are shown in Figs. 1—3
and compared with experimental data. ' ' The results of
the standard Nikitin model and three-state calculations
with scaled hydrogenic coupling matrix elements' are
also shown in these figures. Although the considered I -K
vacancy-sharing case is at the edge of applicability of the
present model (small number of strongly coupled states),
the obtained agreement with the experimental data may be
considered as satisfactory. Calculations within the
present model of other, more representative collision sys-
tems is underway. '
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