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Abstract. K-shell ionizaion cross ®dions measured in the nea-symmetric collision systems Fe
and Co + Cr at 0.2-1.75 MeV/u energies are reported. The aoss ®dion values have been correded for
multiple ionization in the outer (L, M) shells by using the energy and yield shift method. Mean ionizaion
probabiliti es per eledron in the outer shells have been estimated. In the Fano-Lichten model of quasi-
moleaular excitation, 2pc moleaular orbital (MO) ionizaion cross £dions and mean 2po-1sc MO vacancy
sharing probabiliti es were obtained.

The present 2po MO ionizaion cross ®dions could be eplained at higher (= 1 MeV/u)
bombarding energies by an one-step process (Briggs model using SCA cdculations with relativistic
hydrogenic wave functions and hinding corredion). The remaining discrepancy between experiment and
dired ionization model at lower energies could not be reduced by considering the contribution of single
colli sion two step or multiple alli sion processes.

The vacancy sharing results show that an exponential dependence of the vacaicy sharing in
function of redprocd velocity islessfulfill ed at higher (=1.5 MeV/u) energies.

Concerning the present multi ple ionization data, the Cr M-shell probability is comparable with that
of the Cr L-shell for both colli sion systems, in contrast with the results for the projedil e. In the latter case, a
larger M-shell multiple ionization in comparison with that of the L-shell is found. The result for the target
atom could be qualitatively explained by a rapid pertialy filli ng of the M-shell vacancies within the solid
target.
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1. INTRODUCTION

The gross feaures of K-shell vacancy production medhanism in heavy ion
collisions at low velocities (the projedile velocity v; small compared with the orbital
velocity Ve of the active dedron, v; << V) in the nea of K-K or K-L level matching are
good knavn (see eg. the papers of Meyerhof et al. [1-4]).

In slow callisions, a large enhancement of K-shell ionization cross gdions over
the predictions of the Coulomb excitation theory is explained in the dedron pomotion
model (Fano and Lichten [5]). There ae two main medanisms. (i) the formation d
vacacies in highly promoted moleaular orbitals (MO) at small i nter-nuclear separations,
and (ii) the sharing of these vacancies on the outgoing part of the wllision ketween the
two partners (seeFig. 1for schematic correlation dagrams).
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Figure 1.- Schematic correlation diagrams for (a)
symmetric and (b) for asymmetric oolli sions [1].
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is the ionization d the 2po moleaular orbita (MO) at small inter-nuclea distances
foll owed by sharing of the primary vacancies among the K-shell s of the partners[6].

In the present paper we report K-shell ionization cross dions for bath colli sion
partners, as well as 2pg MO vacancy production cross ctions and mean 2po - 1sc MO
vacaicy sharing probabiliti es, for the nea-symmetric oolli sion systems Fe, Co + Cr at
0.2-1.75MeV/u bambarding energy. The dosssedion values have been corrected for the
eff ects of multi ple ionization in the outer (L, M) shell s by using the energy and yield shift
method [7]. Mean ionization probabiliti es per eledron have been estimated. Comparison
of the experimental data with some model cdculations are dso presented.

2. EXPERIMENT

Beans of *°Fe and *°Co were produced at the Bucharest FN tandem Van de
Graaff accderator (see Fig. 2 for a schematic view of the gparatus). The beam was
directed orto a self-supported target of >°Cr (approximately 1 mg/cm? thick), placed at
45° with resped to the beam diredion. X-rays and scatered projedil es were deteded. An
hyper-pure Ge detedor place at 90° to the beam diredion was used to deted the X-rays.
The projectiles scattered at approximately 10.5’ relative to the beam diredtion have been
registered with a scintill ation foil (50 pum thick).
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The detedors absolute dficiency were determined by using standard X-ray and
alpha particle sources (***Am and >°Fe). Periodically, the energy cdibration of the X-ray
spedrometer was chedked with radioadive sources.

3. RESULTS AND DISCUSSION

3.1.MULTIPLE IONIZATION

An inevitably ingredient of the inner-shell ionization studiesin heavy ion - atom
collisions is the nead for an adequate treatment of the multiple ionization eff ects on the
X-ray or Auger eledron spedra. The presence of spedator vacancies in the outer shells
during de-excitation d the inner-shell vacancies dter the deay rates and determines
satellit e lines emisgon. In X-ray spectra obtained with arelatively low energy resolution,
as given by semicondwtor detedors, the X-ray lines are shifted in energy and have
enlarged widths, while their relative intensities are modified. In Fig. 3, the measured
dependence in function d bombarding energy of the X-ray energy and yield shifts is
given.
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Figure 3.- Ka X-ray energy shifts (a and b frames in the figure) and K3 / Ka X-ray yield ratios (c and d),
measured for the ollisions Fe, Co + Cr, in dependence of colli sion energy.
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Being a many-body problem, an exad treament of the multiple ionization is not
possible. Still, an approximate treament under reasonable asumptions could give
valuable results. Such calculations in the independent eledron approximation have been
dore in the present paper, and couded with the measurements of energy and yield shifts
of the X-ray lines, they were used: (i) to extrad information abou the average numbers
of outer-shell spedator vacancies, or equivaently, the multiple ionization probabiliti es
(defined as the ratio between the average number of vacaicies created in the collisionin
the shell and the occupancy number of that shell, see Fig. 4a, c), and (ii) to corred
approximately the inner-shell vacancy decay parameters (partial widths) (Fig. 4b, 9.

Although this method das not have inherently a high predsion and systematic
errors could ocaur, it permitted us to oltain average dharge states of 0.1-1.5 MeV/u Mn,
Fe, Co, Ni, andCuionsin solid (Au and Bi) targets[8] in goodagreament with ather data
obtained by more @mnwventional methods. This successencouraged us in using these mean
probabiliti es together with the inner-shell cross ®dions in an urified interpretation o
inner shell vacancy production, as given by the statisticd model [9].
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Figure 4.- Mean multiple ionization probabiliti es per eledron (a and ¢ frames in the figure) and the Ka X-
ray yield corredion fadors (b and d), determined for the wlli sions Fe, Co + Cr, in dependence of collision
energy.

Concerning the present multiple ionization chta, it is interesting that the multiple
ionization probabili ty of the Cr M-shell i s comparable with that of the Cr L-shell for bath
collision systems, in contrast with the results for the projedil e. In the latter case, alarger
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M-shell multiple ionizationin comparison with that of the L-shell isfound.The result for
the target atom could be qualitatively explained by arapid partialy filli ng of the M-shell
vacancies within the solid target.

3.2.10NIZATION CROSS ECTIONS

By normalizing the X-ray yields to the dasticdly scatered projediles, the
absolute ionization cross sdions of the K-shells of both collison partners were
determined (Fig. 5a, ). Typica experimental errors of these data ae in the range 15% -
30%.
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Figure 5. lonizdion cross ®dions of the K-shell of both collision partners and of the 2po MO, in
dependence of callision energy (frames a and c in the figure), as well as the vacancy sharing probabili ty
between the 2pa-1so MOs (b and d frames) in function of the redprocd colli sion velocity, determined for
the allisions Fe, Co + Cr.

3.3. 20 - VACANCY PRODUCTION AND SHARING

The moleallar model [1-6] has been successfully applied to the inner-shell
vacancy production d both colli sion partners in symmetric or nea symmetric colli sions
for which vygifve < 1. Sincewe ae examining K-shell vacancy formationin colli sions not
far from symmetry, for which vjyq/Ve < 0.35,the moleaular model shoud be gpropriate.
Within this model, the K-vacancy cross fctions of the higher-Z (H) and the lower-Z (L)
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collision partner can be obtained by reference to the schematic diagram sketched in Fig.
1(b) for asymmetric collisions. One finds[2]:

o(H) = (1-w) a(1s0) + w a(2po), D
o(L) = wo(1so) + (1-w) o(2po) + Oi.L . )

Here o(1s0) and o(2po) are the aoss gdions for exciting 1so and 2po moleaular
orbital vacancies, respedively. These vacancies are shared with the branching ratio w/(1-
w). In practice, ore finds o(1so) << o(2po), and the K-shell vacancies arise principally
from 2po MO vacaicy formation. The doss dion ox. arises from K-L level matching
effects, which are not important here. In these condtions, the summed K-shell cross
sedion gx™™ = gy(L) + ok(H) gives the 2po vacancy production cross ction (Fig. 5a,
c). The lines in the Fig. 5a represent some model predictions for 2po MO ionization
which are discussed below.
A simple two-state model of sharing (Meyerhof-Demkov model [6]) gives the
following expressonfor this sharing ratio:
W _ _—2x
Tow © ©)
21/2
2x =

2 _, U2
)

(M2 -1
mllzvl (4)

Here I and Iy are the K-binding energies of the lower- and higher-Z collision
partners, respectively, vi is the projedile velocity; tabulated, non-perturbed hinding
energies were used in cdculation. The present experimental vacancy sharing probabiliti es
w are presented in Fig. 5b, dand the &owve prediction for the wllision Fe + Cr is fairly
good at lower energies. The results $how that an exporential dependence of the vacancy
sharing in function d redproca velocity [6] is less fulfilled at higher (=1.5 MeV/u)
energies.

In collisions with Z;, Z, < 10, the 2po- 2pmr eledron promotion process (by
rotational-couding) dominates 2po vacaicy formation. For Z;, Z, > 10, which isthe cae
here, the 2prt MO is generaly fill ed. Nevertheless, eledron promotion could operate by
means either of one-colli sion two-step processor by a multi ple-colli sion process

The one step dired ionization d 2po MO has been estimated in the present work
by using the Briggs united-atom (UA) ionization model [10]. In an approximation die to
Meyerhof [11], and wsing the UA semi-classcal calculations (SCA) [12], we can write:

o(2po.v) = (Jo,(@v) la + o, (Bv) 1 B) (5)

where gi1(a v) and g,(B V) are orrespondng to excitation d an UA state by the nuclei Z;
and Z, (projedile andtarget), respectively. Here a=2,/(Z1+2Z,) , B=1-a .

In Fig. 5a, the experimenta o(2po) for the wllision system Fe + Cr is compared
with these cdculations, taking into acoourt the tabulated binding energies for the UA-2p
state (dash-dot line). As expeded, the one-step process — dired ionization - could na
explain the experimental cross ®dions. A much better estimation at higher (= 1 MeV/u)
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energies could be obtained if we take into consideration the @rrection to the binding
energy, oltained from non-relativistic cdculations [13] (the straight line in the Fig. 5d).
But at lower energies, as can be seen in the figure, the predictions are much lower than
the experiment, and the ratio experiment/caculation is increasing when the bombarding
energy is decreasing. Qualitative mnsiderations of other promotion processes are given
below.

Thus, in the one-colli sion two-step process the 2prr MO could coude to vacant
projedile or target states, e.g., viathe 3ditMO (seeFig. 1); the resulting 2prr vacaicies
could betransferred in 2po MO by eledron promotion. One might write for this process

0(2po) = N(V1) Orot - (6)

Here g, IS the 2po - 2prrrotational -couding cross sedion per incident 2prrvacaicy [14],
and N(v;) is a fador which describes the long-range couding. One finds that an
expresson like

N(v;) OC e " (7)

could be used, where C [J1 and « is proportional to AE, the energy splitting; this
expresson is typical for a large dassof nonadiabatic transitions [15]. In the two-step
process the 2prrorbital would be radially couded to many vacant rrorbitals. Because this
mean hinding energy would be wnsiderably smaler than 2p(H) binding, in first
approximation we could negled it, and set [6]

a /vy 0272 1] 155(H)] Y4m 2 vy (8)

where |,p(H) is the 2p binding energy of the higher-Z partner. Estimations using egs. (6-
8) shoud give increasing contribution when the bombarding energy increase. Therefore,
the one-colli sion two-step processcould na explain the large 2po MO ionization cross
sedion oliained at low energies.

The multiple-collision processis due to projedile 2p vacancies, made in some
collision, which live long enough to be caried into a second colli sion, where the 2po -
2prt promotion can operate. If target recoil processes are negligible, only projedile 2p
vacancies need to be @mnsidered. Multiple alli sion effeds are important in solid targets,
because the repeaed excitation d the projedile eledrons could produce an appredable
steady-state vacancy distribution in the projedil e inner-shells. The multiple contribution
to 0(2po) dueto steady-state projedil e 2p vacanciesis foundto be

1
Omc(2po,v) = §n(V)W2par0t 9)

Here n(v) is the number of 2p vacancies carried by the projedil es moving with velocity v
inside the target material; w., is the 2p-vacancy sharing probability, given by an
expresson as before [6], by considering the 2p ionization energies of the projedile and
target atoms. The eguilibrium fradion o projediles carrying one 2p-vacacy f;™
dominates, then n(v) Of;™ .

Hencewe can write [2]:

0(2p0) = 0x(2p0) + Omc(2p0) , (10
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where both ore- and two-step processes contribute to single-collision cross dion
O<(2po) .

However, estimations using egs. (6-10) give increasing contribution to the 2po

MO ionization when the bombarding energy increases. Therefore, the one-colli sion two-

step process and the multiple wllison pocess ®em not to be important for 2po
ionization in the present heavy ion— atom colli sions.
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