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As shown in papers I-and II of this series, far from symmetry the K-vacancy production cross section of
the lower-Z (Z;) partner in heavy-ion collisions varies rapidly with the atomic number Zj of the higher-Z
partnér. We examine our and other data for K and L x-ray production with 45-94-MeV Ni, 45-110-MeV
Br, 47- and 62-MeV I projectiles and interpret the Z, K-vacancy production far from symmetry in terms of
the K-L level matching mechanism of Barat and Lichten. Sharing of 3d o vacancies on the outgoing part of
the collision provides a semiquantitative understanding of the dependence of K and L cross sections on Z,
Zy, and bombarding energy. Some remarks about the general role of vacancy sharing in inner-shell vacancy

formation in heavy-ion collisions are made.

I. INTRODUCTION

The first papers'™ in this series, henceforth
called I, II, and III, examine mechanisms of K-
vacancy production in both partners in a heavy-
ion collision, mainly for projectiles with Z, =35
at selected energies between 10 and 500 MeV. We
found it useful to describe the K-vacancy produc-
tion mechanisms in terms of electron excitation
from molecular orbitals (MO) by promotion* and
by direct excitation.f” As shown in I and II, the K-
vacancy production cross sections for the higher
(H)- and lower (L)-Z collision partners can then
be written as

ox(H) = o(1s0) + wo(2p0), (1)
O'K(L)=(1 —w)U(po’)'FO'K-L ’ (2)

where o(1so) and o(2po) are the cross sections for
producing vacancies in the 1so and 2po MO, re-
spectively, and o,.; is the K-L level matching
contribution. In our model the 2po vacancies are
shared on the outgoing part of the collision between
the higher- and lower-Z partners in the ratio®

w/(l —w)=e'2", (3)
where
szﬂ(lil/2_IIL/Z)/(%mUZ)Uz' (4)

Here I, and I, are the experimental K-shell bind-
ing energies of the higher- and lower-Z partners,
respectively, v is the projectile velocity and m the
electronic mass. Close to symmetry o (H) and
ox(L) are dominated by 2po-vacancy sharing (see
II). Far from symmetry o,(H) is dominated by
direct 1so excitation (see III) and o,(L) is domi-
nated by the K-L level matching cross section
Ox.r, as already noted in II and discussed in the
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FIG. 1. Projectile (p) and target (¢) vacancy-produc-
tion cross sections for K, L , and M shells: (a) 43-MeV
4sBr projectiles, (b) 47-MeV g, projectiles. Closed
symbols from our work; in (a) open symbols from Refs.
7-9, 12; in (b) open symbols from Refs. 10—12. Typical
errors are shown. Because single-vacancy fluorescence
yields were used to obtain the cross sections, the L and
M cross sections could be affected by large systematic
errors. Curves are drawn to guide the eye. Dashed
vertical lines indicate symmetric collisions.

108



17 K-VACANCY PRODUCTION IN HEAVY-ION COLLISIONS. 1IV... 109

(b)

[ 3sKr

—3d Xe

= 3p Xe
_—3s Xe

I

F—2p Kr
r— 2s Kr

ELECTRONIC ENERGY (a.u)
) I T W T §

L__2p Xe
1 2s Xe

T— 1sKr

ol 1 1 1

-1000 L~
INTERNUCLEAR DISTANCE (a.u.)

UNSWAPPED

L
05

—4d Xe

—4p Xe
—4s Xe
—2p Ar

’—-Zs Ar

—3d Xe

T 3p Xe
3s Xe

I

—1s Ar

|_2p Xe
{7 2s Xe

-500 Il i 1 1 0‘5 0

INTERNUCLEAR DISTANCE (a.u.)

SWAPPED

FIG. 2. Correlation diagrams for ;Kr +;,Xe and 3Ar +¢,Xe collisions (Ref. 14): (a) unswapped case, (b) swapped
case. The 3do MO is shown as a heavy curve. The dashed lines indicate the proposed vacancy-sharing transitions on

the outgoing part of the collision.

present paper. i

To avoid constant reference to I and II, we show
in Figs. 1(a) and 1(b) typical projectile (p) and tar-
get () K, L, and M cross sections for 43-MeV Br
and 47-MeV I beams, plotted as a function of the
target atomic number Z,. The data is from our
and other work.™? In all cases, x-ray cross sec-
tions from solid targets were converted to vacancy
cross sections using fluorescence yields from Ref.
13. Hence, much of the data shown in Fig. 1 can-
not be interpreted simply in terms of single-col-
lision cross sections.?® We return to this point
below. Here we draw attention only to the rapid
fall of the target K cross section for Z,=< 20 for
43-MeV Br [Fig. 1(a)] and for Z,< 35 for 47-MeV I
[Fig. 1(b)] and to the rise of the projectile K cross
section for Z,= 65 for 43-MeV Br. We ascribe
these cross section trends to K-L level matching
effects and attempt to explain them quantitatively.

In Sec. II a schematic vacancy-sharing model
for K-L level matching is introduced, which is
compared with the data in Sec. III. Some remarks
about the role of vacancy sharing in inner-shell
vacancy production are made in Sec. IV. The data
reduction is discussed in Appendix A. The poten-
tial role of electron capture in the data analysis is
examined in Appendix B.

II. VACANCY-SHARING MODEL

It is convenient to discuss our model for K-L
level matching with the aid of Fig. 2, taken from
Ref. 14. Barat and Lichten* note that in an asym-
metric collision, such as illustrated in Fig. 2(a),
L electrons from the higher-Z partner (Xe) would
be promoted along the 3do MO. [Their exact cor-
relation scheme is slightly different from the one
shown in Fig. 2(a). For a detailed discussion see
Ref. 14.] I Z, is decreased, the K level of the
lower-Z partner passes through the L levels of
the higher-Z partner and the correlation of the
3do MO is “swapped” to the 1s(L) level [Fig. 2(b)].
Consequently there should be a large rise in the
K x-ray production of the lower-Z partner, and
a marked decrease in the L x-ray production of
the higher-Z partner, as the swapping point is
passed. Barat and Lichten* show that these ideas
are in qualitative agreement with experiment (Z,
=6-13 bombardment of Z,=18; see Ref. 15 for
new data and interpretation). Armbruster et al.'®
give further evidence on this point.

An ab initio treatment of this problem is very
complicated, since it involves the four MO’s cor-
relating to the 1s(L), 2s(H), 2p,,,(H) and 2p,,,(H)
states. (From now on we omit the designations H
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and L, since in this paper the 1s level always re-
fers to the lower-Z partner and the 2s,p levels
always refer to the higher-Z partner). To make
the problem tractable we follow the suggestion of
Foster et al.'” that vacancy-sharing concepts® may
be applicable here. We assume that on the outgo-
ing part of the collision the 3do vacancies, how-
ever created, are shared between the above-men-
tioned four states and thatdirectexcitation and ion-
ization of the individual levels may be neglected:

0(3d0) =0+ 0, +0,+ 05, (5)

where o, is the vacancy-production cross section
in the 1s level and o, (=1, 2,3) is the vacancy-
production cross section in the L; subshell, as
yetunaltered by Coster-Kronig transitions.® We
write, for the 3do-vacancy transfer probabilities,

Py+P,+ P+ P, =1, (6)

where we set, in accordance with the correlations
on Fig. 2, for the unswapped case: '

P,=0,/0(3do) , _ (7a)
P,=04/0(3do) , (7b)
~ P,=0,/0(3do) , (Te)
P,=¢,/0(3do) ; : (7d)
for the swapped case: ‘
P,=0,/0(3do) , (8a)
P,=¢,/0(3do) , ' (8b)
P,=0,/0(3do) , (8¢c)
P,=0,/0(3do). (8d)

Unfortunately, vacancy-sharing models have
been worked out only for the two-state problem.
Therefore, we break down the four-state problem
into a set of two-state problems. We attempt to
use a two-level model to compute the individual
ratios P,/P,, P,/P,, P,/P,. If there is relatively
weak coupling between the MO’s represented by
a, b, and ¢, such a procedure may be justifiable.
To calculate each ratio we use the exponential
coupling model of Nikitin,'® which has sufficient
flexibility to accomodate a variety of functional
forms for the dependence of level separation on
internuclear distance.’® (The Demkov model® 2
for constant level separation is a special case
of the Nikitin model.)

Following our procedure, we set

P/Py=P,/(1-P,), k=u,b,c, 9)

where P, is the vacancy-transfer fraction from
the 3do MO to level &, as given by the two-state
model of Nikitin'®:

_exp[22,(1+cosf,)] -1
- exp(4r,) -1

P,, (10)

The parameter 2), is identical to the parameter
2x of Eq. (4), so that we set®
2, =m|IY/2 1Y/ 2|/ Gmo?)/ 2 (11)

and use 0, as a free parameter. For 6,=90°, Eq.
(9) reduces to the vacancy-sharing ratio w/(1 —w),

- Eq. (3), based on the Demkov model. . In principle,

a less ambiguous approach would be to adjust the
parameters available in the Nikitin model*® to the
actual MO energy-separation dependence on inter-
nuclear distance.'® This would require extensive
many -electron MO energy computations. To ob-
tain the individual vacancy-sharing probabilities,
we combine Egs. (6) and (9),

Py

)3
Pon/(l"POn)] ’

P,=
1 =Pyl 2 nantc
k=a,b,c, (12)

Py= <1+ > rf—}0J>-l, (13)

n=aybeC

and substitute Eq. (10).
III. COMPARISON WITH EXPERIMENT

A. Vacancy fractions

As discussed in Appendix A, one can experimens
tally determine the cross section o, for K-vacancy
production in the lower-Z partner [Eq. (A12)] and
the total L-vacancy production cross section
0.(= 0, + 0,+ 0,) in the higher-Z partner [Eq. (A13)].
In the spirit of our model we then set

o(3de)=0,+0,. , (14)

‘From most of the data available to us, it was not
possible to extract the individual primary vacancy
cross sections ¢,, 0,, and o,, but only certain
combinations [Egs. (A8),(A10)]:

07 =0,+(f+ 7)oy, (15)
0= 03+ 030, + (f12f 23+ f15)0; (16)

Here f; is the Coster-Kronig transition probabil-
ity from subshell L, to subshell L; and 7 is a
complicated ratio [Eq. (A11)] which, fortunately,
has a nearly constant value of 0.45 (Appendix A 2)
in the region where it is of importance (i.e., if

0, ~0,). Therefore, from experiment one can ob-
tain the vacancy ratios [Egs. (A15)-(A17)]

vK=c‘K/(oK+0'L),‘ 1
vi=0l/(ox+0y), (18)

vl =ol/(og+0y). (19)
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FIG. 3. Comparison of experimental and computed vacancy fractions for collisions of y,4Ni projectiles with various
targets. The vacancy fractions are defined in Eqs. (17)—(19). The K -vacancy fraction v, refers to the lower-Z partner
(Ni), the L -vacancy fractions vy and v; refer to the higher-Z partner. Data from Refs. 7-9. A few points have been
interpolated. Systematic errors up to 50% may be expected (Appendix A). Curves are computed vacancy fractions [Egs.
(20)—(25)]. The K -L swapping region is indicated on the Z, axis by the hashing. The computed curves are connected by
dashed lines across the swapping region. The unswapped region is on the left of each figure, the swapped region on the

right.

The model predictions (Sec. II) for the same
ratios are, in the unswapped case,

vg=P,, (20)

v§= P+ fo3Py+ (f1af 03+ f19)Po s (21)

v =P+ (f1p+7)P,, (22)
and, for the swapped case,

V=P, (23)

V4= P+ f33Py+ (frof ss+ F12) Py s (24)

v =P +(f1,+7)P,. (25)

Following the discussion in Appendix A 2 we use
single-vacancy values for the Coster-Kronig tran-
sition probabilities,'® fluorescence yields,'® and

45-MeV Br

60-MeV Br

radiative widths,* even though systematic errors
as large as 50% may then be expected in the va-
cancy fractions. The actual errors are probably
smaller, because we form cross section ratios,
so that there is some error cancellation. In the
swapped case one finds P, < P,; hence the exact
value of 7 plays no role in that case [Eq. (25)].
Figures 3-5 give a comparison of the experi-
mental vacancy fractions, Egs. (17)-(19), with
the vacancy fractions of Egs. (20) —(25) computed
by our model, based on Egs.' (10)-(13). For the
Ni and Br beams, we made use of unpublished data
from Refs. 7-9; for the I beam we used our own
data. In the spirit of the simple model we are us-
ing, we assumed that for a given projectile the
parameters 6, 6,, and 6, in Eq. (10) are indepen-

(ZZ|
10 L \ ) .

1 ZZ]

50 30 50

90 50 70 90 2,

FIG. 4. Same as Fig. 3, for ;;Br projectiles.
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FIG. 5. Same as Fig. 3, for ;I projectiles. Here the
target atom is the lower-Z partner; to keep the un-
swapped case on the left side of each figure, Z, is
plotted increasing to the left. Data from our work.

dent of projectile energy or target Z, except that
in the swapped and unswapped cases different val-
ues of 0 were permitted, because of the different
level correlations (Fig. 2). By trial and error a
set of 9 values was found which produced a good
overall fit of the model to the data. These 6 val-
ues are listed in Table 1> The value of 6, in the

swapped case cannot be determined, since P, << P,,

Hence, we set 6,=90° in that case. We have re-
frained from using our model in the target-Z re-
gion where the lower-Z 1s level lies between the
higher-Z 2s and 2p,,, levels. In Figs. 3-5, the
curves calculated for the swapped and unswapped
regions are simply connected by dashed lines.

The work of Tanis®*® on Br collisions with rare-
earth targets allows the extraction of the L-sub-
shell cross sections o, and o} [Eq. (A7)], as well
as o} [Eq. (16)], where

03=03+ 1207 - (26) ‘

Therefore, in addition to the vacancy fraction v/
given by Eq. (18), one can obtain, experimentally,
the fractions

v,=0,/(0g+0)), ‘ (27

TABLE I. Overall best fit values of 6 parameters.

Unswapped case Swapped case

Projectile ® 6, 0y 6, B, 04 0
Ni 119° 72° 54° 90° 72° 54°
Br 119° 72° 54° 90° 72° 54°
I 94° 85° 76° 90° 85° 76°

2The 6 parameters are assumed te be independent of
bombarding energy or target-Z.

VACANCY FRACTION
o
(3,4
/»

I ol | vy

1

1 1 1
20 60 100 E(MeV)
PROJECTILE ENERGY

FIG. 6. Comparison of experimental and computed
vacancy fractions for 40—140-MeV 4Br +¢,Sm colli-
sions. Data from Ref. 23. The L -vacancy ratios v,

v and vy for Sm are defined in Egs. (27), (28), and (18),
respectively. In the case of vy, figure (c), the cross
section o; has been obtained in two different ways: from
Oagt+0py (circles), using Eq. (A3), and from 0y, +0y3
(triangles), using Eq. (A6).

vi=0}/(op+0y). g (28)

These fractions can be compared with our model
through the relations, for the unswapped case,

v, =R, v (29)
v3=Py+ 1P, (30)

as well as Eq. (21). The results of this more
stringent, independent test of our model are shown
in Fig. 6 for 40-140-MeV Br+Sm collisions, us-
ing the 6 values from Table I. ‘The overall agree-
ment between experiment and our model is sat-
isfactory, although some finer variations found

by Tanis in certain cross section ratios,” such as
031y 04, cannot be reproduced by the model.

B. Discussion

It is remarkable that with so few bombarding-
energy- and Z,-independent values of the ¢ pa-
rameters (Table I) the trends of the vacancy frac-
tions with target Z and bombarding energy are

' quantitatively reproduced (Figs. 3-6). Thisisrem-

iniscent of the fact that the Demkov formula is so
successful for 2po-vacancy sharing between the 1s
levels of the collision partners.*® (Also the good



quantitative agreement may be an a posteriori
justification for representing a four-level problem
by a series of two-level problems.)

The angles 6 in the Nikitin model'® are asso-

' ciated with the expansion coefficients of an MO
wave function into atomic wave functions of the two
partners. In the Demkov formulation, 6=90°.
This corresponds to a representation of the (2p0)
MO as an antisymmetric linear combination of two
‘identical atomic states. In the present case, the
vacancy sharing takes place between levels of dis-
similar configurations, namely 1s and 2s, 2p. If
we try again to associate the angles 6 with expan-
sion coefficients of the feeding 3do MO into atomic
orbitals we will, in general, expect 6#90°
Hence, 6 appears as an additional parameter. We
have attempted to cast the MO wave function (us-
ing the formulation of Helfrich and Hartmann® for
the two-center Coulomb problem) into an atomic
orbital form appropriate to the Nikitin model,*®
but we were unable to reproduce the empirieal
values of the 6 parameters. However, we believe
that the empirical constancy of the 6 parameter
across the entire level matching region (similarly
as in the Demkov case) is connected with a re-
markable constancy of the inner part of the MO
wave function as the ratio Z,/Z, is varied. ,

For the theoretical determination of the 6, an
approach similar to that of Béving'® may be more
successful, although at the expense of giving up a
simple interpretation of the 6,.

We close this section by commenting on the cor-
relation schemes of Refs. 4 and 14. In the swapped
case, the schemes are identical, but in the un-
swapped case the Barat-Lichten* scheme corre-
lates the 3do MO to the 2p,,, level, whereas the
scheme of Eichler ef al.,** shown in Fig. 2a, cor-
relates the 3do MO to the 2s,,, level of the high-
er-Z partner. Originally we had hoped that the
experimental vacancy fractions would distinguish

between the two schemes.?® Unfortunately, it turns

out that after suitable redefinition of the probabil-
ities in Eq. (7) (i.e., interchanging P, and P,), the
0 parameters can be adjusted to make the Barat-

Lichten scheme® fit equally well to the data shown
in Figs. 3-6, as the scheme of Ref. 14 used in the
present paper. Therefore, other means will have

to be employed to distinguish between the two cor-

relation schemes. .

C. 3do-vacancy cross section

In our model the 3do-vacancy cross section can
be obtained from experiment by simply adding the
K- and L-vacancy production cross sections [Eq.
(14)]. Figures 7-9 show these cross sections for
Ni, .Br, and I projectiles of selected energies.
The Ni and Br data are from Refs. 7-9; the I data
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FIG. 7. Summed lower-Z, K-, and higher-Z, L -vac-
ancy production cross sections for ,Ni beam as a func-
tion of target Z. Data from Refs. 7-9. According to
the present model, the sum cross section represents
the 3do-vacancy production cross section. Swapping
region is indicated by hashing. Curves, modified BEA
proposal of Ref. 17, normalized as discussed in text.
Bombarding energy in MeV is indicated next to each
curve. Minimum (statistical) error is shown.
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FIG. 8. Same as Fig. 7, for ;Br beam.
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108

10 20 30 40 Z,

FIG. 9. Same as Fig. 7, for 53] beam. Data from our
work.

are from our work. The most noteworthy feature
of these data is their smooth behavior across the
K-L swapping region (hashed lines along Z, axis).
This is characteristic of vacancy sharing, since
in the generation of the primary (3do) vacancies
resonance effects due to level matching between
outgoing collision partners play no role.

Looking at Fig. 2 and recalling the discussion in
I1,% there are at least!! three different ways of
producing 3do vacancies: (1) by direct (Coulomb)
excitation from the 3do MO,'” (2) by multistep pro-
cesses such as 3do-3dr electron promotion* fol-
lowed by 3dm coupling to vacant states in a single
collision, analogous to the 2po-2pm-3pm coupling
discussed by Fastrup,? and (3) by coupling pro-
jectile L or M vacancies produced in prior colli-
sions to the 3dr MO, followed by 3do-3drm electron
promotion. Hagmann has drawn attention also to
possible radial-coupling processes between the
3do MO and other ¢ orbitals which it crosses at
small internuclear distances.!

Process (3) is quite similar to the multiple-col-
lision process examined in IL? In the present
case, though, one must carefully distinguish
whether the projectile is the lower-Z or the high-
er-Z collision partner. If the projectile is the
lower-Z partner, projectile 2p vacancies corre-
late to the 3dr MO only if the projectile 2p levels
lie below the target M levels [Fig. 2(a)], but not if
they lie above the target M levels [Fig. 2(b)].
Hence, as the L-M swapping region is crossed,

a sharp drop in the 3do vacancy production cross
section is expected. For Ni and Br, the L-M
swapping regions correspond to Z,~52-58 and
Z,~62-T1, respectively. In Figs. 7 and 8 no

marked decrease in 3do-vacancy production above
these Z, ranges is apparent, suggesting that multi-
ple-collision effects are not important here.

If the projectile is the higher-Z partner, as for
the I projectile data shown in Fig. 9, projectile
M vacancies have many possibilities to couple into
the 3do MO at small internuclear distances!'! [Figs.
2(a) and (b)]. Therefore, a smooth Z, dependence
is expected for 3do-vacancy production across the
L-M swapping region (Z,=25-29). This is found
(Fig. 9), but leads to no special conclusion.

To distinguish between the single-collision pro-
cesses (1) and (2) mentioned above, i.e., direct
excitation or multiple-step promotion, one would
need to perform experiments with gas targets, us-
ing projectiles with different charge states. In the
absence of such work and for general orientation
we show in Figs. 7-9 curves obtained from the
proposals of Hansen®” and of Foster et al.,'” that
one should substitute the united-atom (UA) binding
energy into the binary-encounter épproximation
(BEA) formula in order to simulate the binding-
energy effect in inner-shell ionization. Since we
have no evidence for important multiple-collision
effects, the application of these “theoretical” sin-
gle-collision cross section estimates to 3do-vacan-
cy production should be justified. Therefore we
substituted the UA 3d binding energy in the equa-
tion on page 1947 of Ref. 17, using the BEA 2p
function from Hansen.”” But we had to divide the
resulting cross sections by 20, 7, and 5 in order
to obtain the curves in Figs. 7, 8, and 9, respec-
tively. One sees that the Z, and bombarding-en-
ergy dependence of the 3do cross section is quali-
tatively reproduced by this prescription. Clearly,

“no meaningful conclusion about the importance of

direct ionization in 3do-vacancy production can be
drawn, in view of the arbitrary scaling which had
to be applied to computed cross sections.

IV. SUMMARY

A. K-L level matching

The model we have used to describe the K cross
section of the lower-Z partner and the L cross
sections of the higher-Z partner in the K-L level
matching region assumes that vacancies are in-
itially formed in the 3do MO and then shared be-
tween the collision partners on the outgoing part
of the collision. A breakdown of the four-state
problem into two-state problems using the model
of Nikitin'® appears to give a good representation
of the target-Z and bombarding-energy dependence
of the various sharing ratios (Figs. 3-6). It would
be desirable to make an ab initio four-state calcu-
lation of the sharing ratios along the lines of the
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calculations by Taulbjerg and Briggs for 2po-va-
cancy sharing.?®

In our model the steep target-Z dependence of
the K-vacancy cross section for the lower-Z part-
ner far from symmetry, illustrated in Fig. 1, can
be understood in terms of the exponential depen-
dence of the 3do-vacancy transfer probability on
the energy separation between the 1s(L) and
2s, p(H) levels [Egs. (10) and (11)]. The Z,-de-
pendence of the 3do cross section (Figs. 7-9)
plays only a minor role.

We have not been able to pinpoint the dominant
process of 3do-vacancy formation, although we
present evidence which appears to indicate that
multiple-collision effects do not play a dominant
role.

B. Role of vacancy sharing in inner-shell vacancy formation

The general trends of K, L, and M cross sec-
tions shown in Fig. 1 are discussed by Armbruster
et al.'® on the basis of the promotion model of
Barat and Lichten.* If one supplements their ideas
with the concept of vacancy sharing, one can ob-
tain a more quantitative explanation of the cross
section trends for inner-shell vacancy forma-
tion.!* It appears that near each level matching
region the dominant process consists of the (pri-
mary) vacancy formation in a highly promoted MO,
followed by the (secondary) sharing of these va-
cancies between the levels of the two collision
partners. The primary MO’s are*'* 2po, 4f0,
and 6x0, for K-K, L-L, and M-M level matching,
respectively, 3do and 5go for K-L and L-M level
matching, respectively, and 4 fo for K-M level
matching. By summing the vacancy cross sec-
tions for both collision partners near each level
matching region one can obtain the primary va-
cancy cross sections. This has been done in Figs.
10(a) and 10(b) for the data shown in Figs. 1(a) and
1(b). The heavy lines give the primary cross sec-
tions. The thin lines give the vacancy-shared
cross sections of the two collision partners, with-
out taking into account subshell branching. Since
only single-vacancy values of the fluorescence
yields have been used,'® the L and M cross sec-
tion trends must be taken as qualitative, rather
than quantitative. (There is also considerable
scatter in some of the higher-shell x-ray data.)
Nevertheless, it is pleasing that the cross sec-
tions for primary 3do formation, obtained from
the target-K-projectile-L and target-L-projectile-
K level matching regions, appear to lie on a co-
herent curve, shown by the heavy dashed line in
Fig. 10.

From Fig, 10 it is apparent that in between the
various level matching regions each collision

Iv... 115

(b) |

1 1 1 1

T R I SR -
0O 20 40 60 80 O 20 40 60 80 z,
) TARGET ATOMIC NO.

Fig. 10.. Primary vacancy-production cross section
for (a) 43-MeV 5Br and (b) 47-MeV 4,1 projectiles.
Near each level-matching region the summed projectile
(p) and target (¢) vacancy cross section is given in
heavy lines. The two regions of 3do excitation have
been atbitrarily connected. The thin lines give the
individual cross sections. See Fig. 1 for data points.
Vertical dashed lines indicate symmetric collisions.
Curves are drawn to guide the eye.

partner can obtain vacancies from more than one
primary process. [This feature is incorporated
in Egs. (1) and (2).] Other coupling processes
may then also become important.

In very asymmetric collisions, i.e., Z,s7, Z,
= 30, the vacancy-sharing model may break down
for the higher-Z collision partner. It seems then
more appropriate to use Coulomb excitation from
atomic orbitals, with appropriate corrections for
molecular influences.?*3° No doubt it will be pos-
sible eventually to incorporate into the theory a
smooth transition from the atomic-orbital to the
molecular-orbital model.?
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APPENDIX A: DATA REDUCTION

1. Vacancy fractions

In order to interpret available K- and L-x-ray
cross section data with our model (Sec. II), it is
convenient to extract, as far as possible, infor-
mation about the initial vacancy formation in the
L, L, and L, subshells of the higher-Z collision
partner. Although for projectiles with Z, < 3 quite
detailed L spectra can be obtained and analyzed
(see, e.g., Ref. 31), if higher-Z projectiles are
used, the spectral lines are broadened by multi-
ple-ionization effects.®3% For Ni, Br, and I pro-
jectiles, one finds partially resolved groups of .
lines,”™*! called here LI, Lo, LB(1),LB(2), L1,
Ly(2). 1t is not difficult to express the x-ray
cross sections for the major components-of each
group in terms of the primary L-subshell vacan-
cy-production cross sections 0, 0,, 0, or the Cos-
ter-Kronig altered cross sections o} and ¢/, de-
fined below?!!s13:32;

0= 0§w31"3',,,1/1"3 ’ (A1)
0q= Uéwé(rs,m"“ FS,MS)/FS ’ (A2)
Op(1)= Opy + Opg + Opg

= Uéwzrz,m/rz“” olwl(rl,MZ + rl,MS)/rl , (A3)

(
Op(2) = Oga + Oy5 = 04wl Ty, et ra.Ns)/rs s (A4)
C 0= Uéwzrz,m/rz ’ (A5)
0-r(z)E‘:r'rz*'Uys_:01““1(1—‘1,1\72’*‘ F1,N3)/F1 . (A6)

Heré w; and I'; are the fluorescence yield and total
radiative width of the subshell L; and T'; , is the
partial radiative width for the transition from a
higher subshell % to the subshell L,. The Coster-
Kronig altered cross Sections are defined by

‘7; =0+ f150i (AT)
04=03+ S 2302+ (frafas+ f13)0y (A8)

where f;; is the Coster-Kronig transition proba-
bility from subshell L; to L,. In Eq. (A3) the
LB3,4 contribution is included in the group LB(1)
because it cannot be resolved from LB1 for high-
Z projectiles,'®!! except by a very careful analysis
of line shapes.? '

In principle, it should be possible to solve three
equations, e.g. Eqs. (A2), (A3), and (A6), for o,,
‘o, and ¢}, if the fluorescence yields*® and radia-
tive widths® are known. In practice, in most of
the data available to us,’ the Ly2, 3 lines are not
resolved from Ly1, so that it is not possible to
make useé of Eq. (A6). Hence, we introduce a
mixed, altered subshell cross section o), de-
fined by

0'8(1)=°ngr2.m4/rzy (A9)
where .
ol =0+ 70,=0,+(f1,+7)0y (A10)
_w(Ty yp+ T M3)/Fl
= = 2 . (A11)
wzrz.fﬂ/rz

For comparison with our model, for the higher-
Z partner the altered cross sections ¢f and ¢} can
be extracted from the experimental x-ray cross
sections oy, and o,, using Egs. (A9) and (A2).
For the lower-Z partner we can obtain the K-va-
cancy cross section o, from

Ox=0e/ W (A12)

where oy, is the experimental K x-ray cross sec-
tion and w, the K fluorescence yield.*

The model of Sec. II provides only the cross
section ratios, Eqs. (7) and (8), of the subshell
cross sections to the total 3do cross section.
Therefore, we need to extract also a total L-va-
cancy cross section ¢, from the total experimen-
tal L x-ray cross section oy,

0L=0,+0,+0,=0,,/0y, (A13)
where
0= 01+ 0+ 030y 03y + Oy + Opzy s (A14)

and @ . is a suitably defined average fluorescence
yield.!®* We have been able to show that for the
collision systems of interest here &, can be set
equal to the L,-subshell fluorescence yield w,

with less than 10% error.
Finally, for coniparison with the model we de-

fine the experimentally extracted vacancy frac-
tions

v=0,/(Op+0y), (A15)
vl=0/(op+0y), (A16)
v =0 /(og+0y), (A17)

where ¢}, ¢f, and o, refer to the higher-Z colli-
sion partner and o, refers to the lower-Z part-
ner. Due to the particular definitions of o} and
o/ [Egs. (A8) and (A10)], the sum vg+v+0f does
not add to unity.

2. Cross section ratios

Because of the difficulty of estimating fluores-
cence yields, Coster-Kronig transition probabil-
ities and radiative widths for projectile and target

 atoms in solid targets,® for sake of definitiveness

we prefer to use tabulated single-vacancy val-
ues*®?! for these qudntities, rather than to make
estimates of thé true values.'' A partial check
on the accuracy of this procedure can be obtained
by comparing x-ray cross section ratios!®:2%32
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FIG. 11. L cross section ratios for ,4Ni projectiles.
Data from Ref. 9. (a) 0pyy/0y and 0,/0,. ®) loy +0y,]/
gg(y. For definition of cross sections see Eqs. (A1)-(A6).
Typical errors are shown. Curves in (a) use single-vac-
ancy branching ratios of Scofield (Ref. 21).

with the tabulations. For example, from Eqgs.
(A1), (A2), and (A4) one obtains

ol/ca = Fa,m/(rs,m"' FS,MS) y (A18)
Ua(z)/Ua =(Ty, yat rs,Ns)/(ra,M4+ Ty, us) - (A19)
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FIG. 12. L cross section ratios for ;Br +:,Sm colli-
sions as a function of Br projectile energy. Data from
Ref. 23. (a) 0p(;)/04. ®) 0,1/00a5. () Oyp/(Op3+0p,).
@) 0y¢)/0y;. In (), (), and (c) single-vacancy branch-
ing ratios of Scofield (Ref. 21) are given.
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Figure 11(a) compares experimental and single-
vacancy? values of various farget ratios (A18)
and (A19) produced in collisions with 45-94-MeV
Ni beams.? For a given target, there is relatively
little bombarding -energy dependence of the
branching ratios to a given L subshell. This
agrees with careful measurements by Tanis,?
samples of which are shown in Fig. 12(a)-(c).
Datz et al.'° find for the 15-60-MeV I projectile
ratios (A18) and (A19) the values 0.07+0.01 and
0.165+0.02, respectively, independent of Z,,
compared to the single-vacancy values® 0.038
and 0.14. Therefore, it appears that experimen-
tal branching ratios to a given L subshell lie with-
in 50% of the single-vacancy values, despite defi-
nite systematic deviations. Using single-vacancy
values for the radiative widths, one must then
count on possible systematic errors up to 50% for
the experimental vacancy fractions. Considering
though, that we wish to explain trends of vacancy
fractions extending over factors 10% to 10° (Sec.
III), such an accuracy should be acceptable.

One can also examine cross section ratios to
different L subshells. Datz et al.'° find for the
15-60-MeV I projectile ratio o,/ 0,, the value
1.1+0.4, independent of Z,. Tanis® finds for the
same farvget ratio in 40-140-MeV Br+ Sm colli-
sions a similar magnitude, but some variation
with bombarding energy [Fig. 12(d)]. There-
fore, from Eqgs. (A5) and (A6) we conclude that
the ratio o,w,/(0}w,) is only slightly dependent on
Zy and bombarding energy. The same conclusion
can be drawn from the Z, independence of the far-
get ratio [0, +0,(]/ 05, for 45-94-MeV Ni
beams,’ shown in Fig. 11(b).

The approximate constancy of the ratios (A18)
and (A19) and the preceding conclusions lead us
also to use single-vacancy values for the fluores-
cence yields'® and widths® in Eq. (A11). This re-
sults in an approximately constant value » ~0.45
in Eq. (A10) over most of the region of interest
in our work.

APPENDIX B: 'ELECTRON CAPTURE

Betz® and Bell®* have drawn attention to the fact
that capture of target electrons into projectile va-
cancies may affect projectile and target x-ray
yields. In the present context, electron capture
can make itself felt in two different ways. First,
it ean influence the production of 3do vacancies,
if these vacancies are produced mainly by multi-

. ple-collision processes. The effect would be

quite similar to the influence of electron capture
on 2po-vacancy production, examined in Appen-
dices A and D of II. In Sec. IIIC we present evi-
dence, though, which appears to indicate that
multiple-collision processes do not play an im-
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vortant role in 3do-vacancy formation. Hence,
electron capture cannot be important in this for-
mation either.

The second effect of electron capture is poten-
tially more serious, because it could disturb the
production of projectile x-rays after the 3do-va-
cancy sharing between the collision partners has
occurred (Sec. II). As shown in Ref. 35 and in
Appendix B of II, the projectile x-ray cross sec-
tion in a thick target is given by

opr(,”:Fwo’, (B1)
where
F=[1+nvt(c°+0?)]™. (B2)

Here o? is the vacancy production cross section,
o°¢ is the electron capture cross section (including
other possible quenching processes), w is the
fluorescence yield, » is the target density and 7
is the total radiative and Auger lifetime of the
projectile vacancy. In solid targets it is difficult
to evaluate 7 because of uncertainties about the
state of projectile ionization.** Also, the evalua-
tion of ¢¢ is uncertain, because even the recently
refined electron-capture theory for slow colli-
sion®” loses its validity if Z,/Z,2 0.3. Neverthe-
less, we present two evaluations of the factor F
which indicate that F must be very close to unity
in the cases of interest here: L x-ray emission
from 47-62-MeV I projectiles traversing solid
targets with Z,=13-40, and K x-ray emission
from 45-110-MeV Ni and Br projectiles travers-
ing solid targets with Z,=50-90.

First, following Ref. 38, we assume that for ¢°
one can use the Brinkman-Kramers®® (BK) cross
section, modified by Nikolaev*® and scaled by a
constant factor of 0.1, Guffy*' has shown that such
a scaling factor brings the BK electron-capture
cross section into approximate agreement with
experiment. Using single-vacancy values for va-
cancy lifetime 7 (calculated from the radiative
lifetime® and fluorescence yield'®), we then com-
pute F. Figure 13(a) shows Oyroj x fOr L X rays
from 47-MeV I projectiles traversing various
solid targets. Figure 13(b) gives F. The same
level-matching effects which enhance ¢? give
sharp decreases to F. Hence, if F is correctly
evaluated, one would expect to see dips in o, ,
at the level-matching values of Z,, similar to
those seen in Ref. 36. The absence of the dips in
Ouroj « 1S @n indication that the calculated values of

GLx (b)
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T T T T
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1 L 1

0 20 40 60 80 2,

FIG. 13. (a) Total L -x-ray cross sections for 47-MeV
531 projectiles. Data from our work. (b) Expected at-
tenuation factor F [Eq. (B2)] for the observed cross sec-
tion, if capture cross section is computed by scaled
Brinkmann-Kramers formula. See Appendix B for de-
tails.

0° are much too high (e.g., for 47-MeV I+ Ti,1.44
% 107 b) and that F is actually close to unity.

A second possibility, also used in Ref. 38, is to
estimate ¢¢ by the Demkov model.?° In this mod-
el, which is based on a molecular-orbital ap-
proach, the cross section is equal to the product
of a geometrical cross section ma® and the proba-
bility that a vacancy is transferred from the pro-
jectile to the target. At the level matching point
the latter probability has its maximum value of the
order of unity. Therefore, according to this mod-
el 0°< ma?, where a should be close to the larger
of the matching shell radii. For capture of Ti K
electrons into the I L shell ma®~2x 10° b. This
is two orders of magnitude smaller than the scaled
BK cross section and gives a value for F very
close to unity. Similarly, one finds for the K-x-
ray emission cross section from 45-110-MeV Ni
and Br projectiles that F is very close to unity
(see also Sec. IIB3 in II). We conclude, that in
the slow collisions of interest here, electron cap-
ture does not play an important role, as already
suggested by Bell.*

tPermanent address: Hahn-Meitner Institut fiir Kern-
forschung Berlin, Bereich Kern-und-Strahlenphysik,
and Freie Universitat Berlin, Fachbereich Physik,
D-1000 Berlin 39, West Germany.

!W. E. Meyerhof, R. Anholt, T. K. Saylor, S. M.
Lazarus, A. Little, and L. F. Chase, Jr., Phys.
Rev. A 14, 1653 (1976) (Paper I).

W. E. Meyerhof, R. Anholt, and T. K. Sayldr, Phys.



Rev. A 16, 169 (1977) (Paper II).

’R. Anholt and W. E. Meyerhof, Phys. Rev. A 16, 190
(1977) (Paper III).

‘M. Barat and W. Lichten, Phys. Rev. A 6, 211 (1972).
References to prior experiments on K-L level matching
can be found here.

SW. R. Thorson, Phys. Rev. A 12, 1365 (1975).

fW. E. Meyerhof, Phys. Rev. Lett. 31, 1341 (1973).

"F. C. Jundt, H. Kubo, and K. H. Purser, in Proceedings
of the Intevnational Confevence on Innev-Shell Ioniza-
tion Phenomena and Futuve Applications, Oak Ridge,
1973, edited by R. W. Fink ef al. (U.S. ERDA, Oak
Ridge, 1973), p. 1450.

8H. Kubo, F. C. Jundt, and K. H. Purser, Phys. Rev.
Lett. 31, 674 (1973).

°H. Kubo, Ph.D. thesis (University of Rochester, 1973)
(unpublished); F. C. Jundt (private communication).

103, Datz, C. D. Moak, B. R. Appleton, M. D. Brown,
and T. A. Carlson in Electronic and Atomic Collisions,
edited by L. M. Branscomb et al. (North-Holland,
Amsterdam, 1971), p. 409; S. Datz, C. D. Moak, B. R.
Appleton, and T. A. Carlson, Phys. Rev. Lett. 27, 363
(1971).

(a) S. Hagmann, Ph.D. thesis (University of Cologne,
Germany, 1977) (unpublished); (b) S. Hagmann,

P. Armbruster, and P. H. Mokler, Abstracts of the
Tenth Intevnational Conference on the Physics of
Electronic and Atomic Collisions, edited by M. Barat
and J. Reinhardt (Commisariat 4 1’Energie Atomique
Paris, 1977), p. 898.

2purther references arelisted in Papers I and II.

3W. Bambynek, B. Crasemann, R. W. Fink, H. U,
Freund, H. Mark, C. D. Swift, R. E. Price, and P. V.
Rao, Rev. Mod. Phys. 44, 716 (1972).

43, Eichler, U. Wille, B. Fastrup, and K. Taulbjerg,
Phys. Rev. A 14, 707 (1976).

5N, Stolterfoht, D. Schneider, and D. Brandt, in Ref.
11(b), p. 902. .

6p, Armbruster, P. H. Mokler, and H. J. Stein, in
Ref. 7, p. 396.

’C. Foster, T. P. Hoogkamer, P. Woerlee, and - F. W.
Saris, J. Phys. B 9, 1943 (1976). .

8g. E. Nikitin, Opt. Spektrosk. (USSR) 13, 761 (1962) [Opt.
Spectrosc. (USSR) 13, 431 (1962)]; E. E. Nikitin, Adv.
Quantum Chem. 5, 135 (1970).

YE. G. Bdving, J. Phys. B 10, L63 (1977).

20yu. N. Demkov, Zh. Eksp. Teor. Fiz. 45, 195 (1963)
[Sov. Phys. JETP 18, 138 (1964)].

213, H. Scofield, At. Data Nucl. Data Tables 14, 121(1974).

2There is some evidence that the parameters 6, may
vary with the energy difference I-I, in a regular

17 K-VACANCY PRODUCTION IN HEAVY.-ION COLLISIONS. 1V... 119

manner. E. M. Middlesworth, Ph.D. thesis (University
of Arizona, 1977) (unpublished); E. M. Middlesworth,
Jr., D. J. Donahue, L. C. McIntyre, Jr., and E. M.
Bernstein, Phys. Rev. A (to be published).

BJ, A. Tanis, Ph.D. thesis (New York University, 1976)
(unpublished); J.A. Tanis, B. Budick, J. W. Kast, and
A. M. Rushton (unpublished).

24K, Helfrich and H. Hartmann, Theor. Chim. Acta
(Berlin) 16, 263 (1970).

W, E. Meyerhof, 'in Abstracts of the Second Intevnational
Conference on Innev-Shell Ionization Phenomena,
edited by W. Mehlhorn (University of Freiburg,
Germany, 1976), p. 62; and in Abstracts of the Fifth In-
ternational Conference on Atomic Physics, edited by
R. Marrus, M. H. Prior, and H. A. Shugart (University
of California, Berkeley, 1976), p. 64.

B, Fastrup, in The Physics of Electvonic and Atomic
Collisions, edited by J. S. Risley and R. Geballe
(University of Washington, Seattle, 1975), p. 361.

23, S. Hansen, Phys. Rev. A 8, 822 (1973).

BK. Taulbjerg and J. S. Briggs, J. Phys. B 8, 1895
(1975); J. S. Briggs and K. Taulbjerg, J. Phys. B 8,
1909 (1975); Corrigendum, J. Phys. B 9, 1641 (1976).

D, H. Madison and E. Merzbacher, in Atomic Inner-
Shell Processes, edited by B. Crasemann (Academic,
New York, 1975), Vol. I, p. 1.

30W. Brandt, in Ref. 7, p. 948.

3T, J. Gray, G. M. Light, R. K. Gardner, and F. D.
McDaniel, Phys. Rev. A 12, 2393 (1975).

32T, J. Gray, Proceedings of the Third Conference on
Applications of Small Accelevators, USAEC-CONF-
741040-P1 (U.S. ERDA, Office of Public Affairs )
(National Technical Information Service, U. S. Dept.
of Commerce, Springfield, Va., 1975), Vol. 1, p. 436.

3G, H. Pepper, R. D. Lear, T. J. Gray, R. P. Chatur-
vedi, and C. F. Moore, Phys. Rev. A 12, 1237 (1975).

%S. Data, Nucl. Instrum. Methods 132, 7 (1976).

%H.-D. Betz, F. Bell, H. Panke, G. Kalkoffen, M. Welz,
and D. Evers, Phys. Rev. Lett. 33, 807 (1974).

%F. Bell and H.-D. Betz, J. Phys. B 10, 483 (1977).

"G, Lapicki and W. Losonsky, Phys. Rev. A 15, 896
(1977).

38C, L. Cocke, S. L. Varghese, and B. Curnutte, Phys.
Rev. A 15, 874 (1977).

3%H, C. Brinkman and H. A. Kramers, Proc. Acad. Sci.
(Amsterdam) 33, 973 (1930).

4%y. 8. Nikolaev, Zh. Eksp. Teor. Fiz. 51, 1263 (1966)
[Sov. Phys. JETP 24, 847 (1967)].

43, A. Guffy, M.Sc. thesis (Kansas State University,
1974) (unpublished).



