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Sharing of vacancies between closely matched X and L shells
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The sharing of vacancies in the 3dcr molecular orbital between the X shells of chlorine and argon
projectiles and 2p», and 2p, l, L subshells of tin, antimony, and xenon targets has been studied. Projectile
energies varied from 1 to 16 MeV. The vacancy-sharing ratios deduced from experimental results are
interpreted in terms of a long-range exponential-coupling model.

I. INTRODUCTION

Level-matching effects have been observed pre-
viously in projectile- and target-atom vacancy-
production cross sections during heavy-ion-atom
collisions. "Meyerhof' has successfully inter-
preted the vacancy-sharing ratios observed be-
tween two matching R' shells using the long-range
exponential-coupling model of Demkov' and the
quasimolecular model proposed by 'Barat and
Lichten. ' However, in a recent paper, Meyerhof
et a/. ' have indicated that to explain vacancy
sharing between E and I - shells a more general
interpretation using the long-range exponential-
coupling model proposed by Nikitin7 is necessary.
In this paper we describe a series of measure-
ments of E-L vacancy ratios. All of the collisions
studied here are of the so-called "swapped" type;
that is, the binding energy of the K shell of the
low-Z collision partner is less than the binding
energy of the L shell of the high-Z partner. Inter-
pretations of these measurements are discussed.

II. METHOD

Multiply and singly charged ions of chlorine and
argon were accelerated to energies ranging from
I to 16 MeV usi.ng a Van de Graaff accelerator.
Solid targets of tin and antimony with thicknesses
of 30 and 27 pg/cm', respectively, were produced
by vacuum evaporation onto 6-p.g/cm' carbon
backings. The production of vacancies in the
beam ions by the carbon backing was experimen-
taQy demonstrated to be negligible compared to
the number of vacancies produced by the tin and
antimony. A xenon gas target, 0.7 cm thick at a
pressure of 7.7 Torr, was provided by a gas cell
with a 500- p, g/cm' nickel entrance window. The
geometry was such that inner-shell vacancies
produced in the beam atoms by the nickel foil de-
cayed without being obsexved, and the outer-shell
configuration of the beam atoms in the region of
observation was determined by equilibrium con-
ditions in the gas. A description of the experi-
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FIG. l. Spectra of x rays from xenon bombarded by
(a) 4-MeV protons and (b) 11-MeV argon ions. Also
shorn is an energy-level diagram for neutral xenon.
Observed transitions are indicated and binding energies
are given in keV.

mental arrangement is given in Ref. 8.
The x rays emitted from the filling of target

L-shell vacancies and projectile K-shell vacancies
were observed with a lithium-drifted silicon de-
tector which has a full-width-at-half-maximum
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FIG. 2. Partial schematic multiple-electron correla-
tion diagram for atomic collision systems which satisfy
the binding-energy condition (BE)2I~& (BE)gs & (BE)g~~
(a "swapped" system).

(FWHM) energy resolution of 180 eV. Spectra of
x rays emitted in collisions of argon ions and
protons with xenon gas are shown in Fig. 1. Also
included in Fig. 1 is a diagram showing the energy
levels involved in the observed xenon transitions.
X rays to vacancies in the I.,(2S,),), L,(2P, ),),
and L,(2J', &,) levels of the heavy collision partner
are resolved by the Si(Li) detector, and we treat
cross sections for production of vacancies in
these levels separately. If the vacancies are pro-
duced by a transfer of vacancies from the 3do
molecular orbital to the I. levels, cross sections
for production of three types of L-level vacancies
will be different. In attempting to interpret the
data presented in this paper, we assume that the
sharing between the 3do orbital and the three
L levels can be treated as three separate two-
state problems. A diagram, constructed accord-
ing to the method of Eichler et al. ,' and showing
the molecular orbitals which are involved in the
collisions studied here, but without the spin-orbit
splitting of the 2P shell, is shown in Fig. 2.

The yield of x rays filling vacancies in the
L,(2P, &,) level of Xe was determined from the
sum of the areas of peaks in the upper curve la-
beled Ln, +La, and LP, . The yield of x rays to
the L,(2P», ) level was obtained from peaks la-
beled Lp, and LZ, . Limits to the yield of x rays
to the L,(28, &,) level were measured through the
peak L z, + L z, in the figure. This peak is difficult
to see in the Ar+Xe spectrum. From the area or
limit to the area of the Ly, + Ly, peak, and using
the ratio Y (I y, +Ly, )/Y(Ly, + Ly, ) = 0'.2,"we de-

termined that the vacancy population of the L,
level is less than —' of that of the L, level, and
that the contribution of x rays LP, and LP4 (which
cannot be resolved from LP,) to the peak labeled
LP„which is used to obtain the yield of 2P, &,

-
level vacancies, is less than —' of that peak. Be-
cause of the low yield of Lz, + Lp, x rays, no re-
sults were obtained in this work for cross sections
for production of 2S», vacancies in target atoms.

Finally, the yield of K x rays from projectile
ions was determined from the sum of the areas
of Kn and KP peaks similar to those shown in
Fig. 1. All peak areas were obtained from com-
puter fits of Gaussian curves to the data. The
observed x-ray yields were corrected for absorp-
tion in the targets and in the beryllium entrance
window of the Si(Li) detector, using the absorp-
tion coefficients of Veigele. "

To convert the measured x-ray yields to K- or
L-shell vacancy yields, consideration must be
given to fluorescence yields of the K and L shells
and Coster-Kronig transitions among the L sub-
shells. Measurements of energies of K x rays
from the argon and chlorine projectiles, when
compared to Hartree-Fock calculations of these
energies, indicated the existence during the colli-
sions of multiple vacancies in the inner shells of
the projectiles. To account for the effect of these
vacancies, corrections were made to the single-
vacancy fluorescence yields of Bambynek et al."
using the techniques of McGuire" and Larkin. '
Configurations of multiple vacancies cannot always
be uniquely determined from the measurement of
x-ray energies. For example, energies of K x
rays from ions with two 2I' and two 2S vacancies
can not be distinguished from those ions with three
2I' and one 2S vacancies. However, corrections
to single-vacancy fluorescence yields are nearly
the same for these two configurations. The cor-
rection factors applied to single-vacancy values
of fluorescence yields varied from 1.05 at low
energies to 1.35 at the highest energies for pro-.
jectiles incident on solid targets. For particles
incident on gaseous targets, it was necessary to
apply a correction factor of 1.35 at all energies.
Corrected fluorescence yields were then used to
convert K x-ray production rates to K-shell va-
cancy production rates.

We next consider Coster-Kronig transitions
among the L subshells of the target atoms. As
mentioned above, the number of x rays from the
filling of the L, level is greater than that from
the filling of the I, level, which is in turn greater
than the number of x rays from the filling of the
L, level. Combining these x-ray yields with the
single-vacancy Coster-Kronig transition rates
given by Bambynek et a/. ,' we have concluded
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that the observed 1.,(2P», ) level yield has a
Coster-Kronig contribution of less than 8% at the
highest incident energies, and less than 1% at the
lowest energies. The L,(2P», ) level gives up, at
most, 13% of its initial vacancies, and this is ap-
proximately independent of energy. Finally, va-
cancy production in the L,,(2S,&,) level was so
small that Coster-Kronig trarisitions from this
level were negligible. To summarize, effects of
Coster-Kronig transitions on final vacancy dis-
tributions were found to be small and were ne-
glected.

To obtain correct L, -shell fluorescence yields
for the target atoms, the number of vacancies
produced in the n= 3 shells of these atoms must be
known. Since we do not have information concern-
ing the number of these n= 3 shell vacancies, to
obtain vacancy-production rates from x-ray yields
we used single-vacancy values of ~~ tabulated in
Ref. 12. Calculations (Ref. 1) indicate that if the
target atoms have less than eight vacancies in the
n=3 shell at the time the L x ray is emitted, use
of the single-vacancy fluorescence yields will
introduce errors of less than 30% in the vacancy-
production rates. gf more than eight n = 3 vacan-
cies existed at the time of emission, errors of
as much as a factor of two cduld result.
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FIG. 4. Ratio-R of the 2P q~2 vacancy-production cross
section to the E-shell vacancy production cross section
for various collision systems, as a function of 1/v,
where v is the velocity, in atomic units, of the incident
ion. The solid lines through the experimental points are
estimated fits to the data. Statistical uncertainties in the
data are approximately 10%.
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FIG. 3. Ratio g of the 2P3~2 vacancy-production cross
section to the Z-shell vacancy-production cross section
for various collision systems, as a function of l./v,
where v is the velocity, in atomic units, of the incident
ion. The solid lines through the experimental points are
estimated fits to the data. Statistical uncertainties in the
data are 5% or less.

Experimental results are presented in Figs. 3
and 4. Vfe plot, on a logarithmic scale, the
ratio R, the cross section for production of
vacanies in the L, or I, levels of target atoms
divided by cross section for production of vacan-
cies in the E shell in projectiles, as a function of
the reciprocal of the velocity, in atomic units, of
the projectile. Statistical uncertainties in the
L,(P, f2) data are less than 5% and for the l,,(P, (,)
data are about 10%. As mentioned above, all of
the I y / 2 points cou ld be low by an amount equal to
or less than 13%, because Coster-Kronig transi-
tions out of the I', &, state were neglected. How-
ever, this error will not significantly affect the
slopes of cUrves throogh the I', ~, results. The
solid curves are reason-ble straight-line repre-
sentations of the data.

As can be seen from Figs. 3 and 4, when the
ratio of L to K vacancies is plotted on a logarith-
mic scale as a function of the reciprocal of the
velocity of the incident ions, the data are reason-
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collision. As can be seen, there is some correla-
tion between P and Ac.

Finally, we have attempted to interpret our data
in terms of a two-state vacancy-sharing process.
The united-atom separated-atom quasimolecular
correlation rules of both Barat Rnd Llchten RDd

Eichler et a/. indicate that the vacancies being
shared between target L subshells and projectile
E shells are initially produced in the rising 3da
molecular orbital (see Fig. 2). As the collision
partners separate, these vacancies can end up
either in the projectile Is state or they can be
radially coupled to o states that connect to the
2P3(q, 2P~(2, or 2S, &~ levels in the target atom.
NRitin' has proposed a general two-state calcula-
tion based on a long-range exponential coupling
model. His expression for the vacancy-sharing
ratio R between any two radially coupled molecular
orbitals can be written

& /o. [esx(l+ coos) g/[sex &sx(1+ coos)] (2)

In this expression we have used the relation for x
proposed by Meyerhof, ' namely

x= v(I„'~s I'~ s) /( 2m-)'~'v,

FIG. 5. Parameter p from the equation B=Be+~", in
atomic units, as a function of 4&, the difference in
binding energy of the two sharing levels in keV. The
upper curve is the ratio for vacancies in the 2P~/z levels
of the heavy target atoms and the K shells of the projec-
tiles, and the lower curve is for vacancies in the 2J'3/g
levels and K shells.

ably mell fit by straight lines. That is, the data
can be fitted by the equation

R =We-~~~

and a different P results for each collision system.
For all of the data which were obtained with solid
targets, the most reasonable lines through the ex-
perimental points have intercepts at 1/v = 0 of
close to unity. It can also be seen from Figs. 3
and 4 that the straight lines through the gas-target
data have intercepts between 0,25 and 0.4. It is
possible thRt the gas-tRrget curves hRve inter-
cepts different from the solid-target curves be-
cause they have different L, -shell fluorescence
yields. Differences in fluorescence yieMs of ex-
cited atoms in solid and in gas targets have been
observed previously. "

The values of P in Eq. (1) obtained from the
curves in Figs. 3 and 4 are platted in Fig. 5 as R

function of 4c, the difference in the neutral-atom
A'- and L -binding energies of the partners in the

where I~ and I~ are the ionization energies, re-
spectively, of the L subshell of the heavy target
and the K shell of the light projectile, m is the
mass of the electron, and e is the velocity of the
incident projectile. We then varied 8 to obtain the
most reasonable fits of our data, to Eg. (2). Re-
sults of these comparisons are shown in Figs. 6(a)
and 6(b). The solid curves are plots of Eg. (2)
for the values of 8 indicated.

As can be seen in Fig. 6(b), ratios of vacancies
in L,(2P, &,) levels of the target atoms to those in
the-K shells of the projectiles are reasonably mell
described by Eq. (2), with values of 8= 60' and 70 .
Meyerhof et al. s fit their L,(2P», ) data with val-
ues of 8=72' and 85 . The Ls(2Ps&, ) to K-vacancy
ratios illustrated in Fig. 6(a) are only poorly de-
scribed. Data for argon on xenon, and chlorine on
xenon, antimony and tin are mainly between the
curves for 0=50 and 60 . However, no value of
8 fits the curves. for argon on tin and antimony.
In fact, no reasonable values of x Rnd 6 could be
found which wouM fit the argoD on tin RDd anti-
mony L,(2P», ) data. Qualitatively, it appears
that, our data are progressively less well fit as
4c, the separated-atom energy difference between
the sharing levels, becomes smaller. Meyerhof
et al. ' obtain results of 8= 54' and 76 from their
L,(2P„,) data.

This lack of agreement for small 4a may indi-
cate a weakness in the theory, or perhaps more
likely, may show that a two-level theory such as
that of ¹ikitin, cannot be expected accurately to
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FIG. 6. Measured vacancy-sharing ratios R versus the parameter (x( discussed in the text. The solid curves are
plots of the ratios calculated from the two-state theory of Nikitin. Curve {a) gives the 2P3~2 data, and curve (b), the
2P g]2 data

describe results obtained with a system, such as
those used. in this experiment, where at least
three states can be participating in the physical
processes.
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