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The authors have measured the projectile and target L x-ray spectra and cross sections for 41-MeV Ta
projectiles bombarding thin targets between Ag and Th and for 17-60-MeV collisions of Ho on Ho, Au on
Au, Pb on Pb, and U on Th. These cross sections, as well as those measured elsewhere, are examined in
terms of a simple vacancy-sharing model involving the 4fo- and 3d o molecular orbitals (MO). From the
LB,/La x-ray intensity ratios it is found that in symmetric collisions the 4fo- MO correlates to the 2p;,,
level of the collision partners (correlation rule of Barat and Lichten). As the asymmetry of the collision
system increases, there is an increasing tendency for the 4fo MO to correlate to the 2s level of the lower-Z
collision partner (correlation rule of Eichler and collaborators). The physical basis for the shift of the 4fo

MO correlation is discussed.

I. INTRODUCTION

A search of the literature reveals that to date
only a few systematic measurements have been
made of the L x-ray line structure and production
cross sections in near-symmetric collisions with
Z = 35.' Notable is the work of Datz ef al.? and of
Hagmann et al.,® who bombarded a range of tar-
gets between (C and ., U with 6-60-MeV I pro-
jectiles. Datz et al.? found strong variations in
the LB,/L a x-ray intensity ratio as a function of
target Z, which point to quasimolecular effects
involving level matching. Hagmann et al.® have
attempted a quantitative explanation of the varia-
tion in terms of avoided molecular-orbital (MO)
level crossings.

In order to extend the available data and to in-
vestigate the role of quasimolecular effects in
near-symmetric high-Z collisions more fully,
we made various measurements of projectile and
target L x-ray spectra and cross sections. Using
41-MeV ,,Ta projectiles, a variety of targets
between ,,Ag and o, Th were bombarded. Also
some collision systems were studied as a function
of projectile energy between 17 and 60 MeV:
¢7Ho—Ho, ,Au—Au, ,Pb- Pb, ,, U~ Th.*

The thrust of our work in the framework of the
present understanding of L -shell vacancy pro-
duction is as follows. If a series of targets (Z,)
is bombarded with a given projectile (Z,) at a
fixed bombarding energy (E,), regular variations
of the cross-section magnitude with Z, are found
in the target and projectile cross sections, when-
ever the inner-shell binding energies of the two
collision partners happen to match.>” Such level-
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matching effects in L x-ray production have been
investigated by Kavanagh et al.® Using the work
of Barat and Lichten® on electron promotion,
Fortner® has shown also that in near-symmetric
collisions, vacancies are brought into the L levels
of the collision partners via the 4fc MO. This
orbital correlates to the L levels of the lower-Z
collision partner (see Fig. 1, adapted from Ref.
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FIG. 1. Diabatic correlation diagram for an asymme-
tric collision (3Kr+;,Xe) according to Eichler ef al.
(Ref. 11), The vertical dashed line indicates the vacan-
cy-sharing process examined in this paper. The vacan-
cy-sharing probability w; is discussed in Sec. IITA.
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11). From the L-vacancy production in the higher-
Z partner, Fortner'® could show that 3do-vacancy
production is at least an order of magnitude
smaller than the 4fo-vacancy production in the
systems investigated by him (E,=15-200 keV,
Z,=15-19, Z,=6,18). Since these systems are
relatively light, fluorescence effects inhibited
accurate determinations of vacancy cross sec-
tions.

As the L levels of the higher-Z and lower-Z
partners approach, one expects vacancy sharing
to take place on the outgoing part of the collision
due to the long-range radial coupling between the
MO’s correlating to the L levels of the two part-
ners, similar to that found for the K levels.!*™**
(L -vacancy sharing on the ingoing part of a col-
lision has already been established by the work
of Lennard and Mitchell.'®) Since six L levels
come into play in the vacancy-sharing process,
the situation is even more complex than in K-L
vacancy sharing which involves four levels.’® For
this reason we have applied a simple model to the
L-L vacancy sharing process, which despite its
schematic nature leads to a reasonable under-
standing of L -vacancy production in near-sym-
metric collisions. The model assumes that the
relevant inner-shell vacancies are formed in the
4fc MO by ionization'” or electron promotion® °
at small internuclear distances in single- or
multiple-collision processes and that on the out-
going part of the collision long-range radial
coupling of the Demkov form?!?:!® distributes the
vacancies between the various MO’s leading to
the separated atom (SA) L levels. (In the K-L
level matching case’ a more flexible model® had
to be used, but such a model would introduce too
many arbitrary parameters here. See also Ref.
20.)

Our model indicates that in symmetric collis-
ions the 4f0 ‘MO correlates to the 2p;/, SA level,
as originally proposed by Barat and Lichten,® and
not to the 2s SA level as suggested by Eichler-
et al.'* for high-Z systems. On the other hand,
if the collision system is asymmetric, the cor-
relation of the 4fc MO seems to shift toward the
2s SA level of the lower-Z collision partner, in
accord with the suggestion of Eichler et al.!

We do not have a model to represent the pri-
mary 4fo-vacancy production, but show that the
cross-section scales in a manner similar to that
found for 2po- and 3do-vacancy production.?2!
Hence, similar mechanisms might operate in all
these cases. As in 3do-vacancy production, there
is no clear evidence for multiple-collision ef-
fects.'6* "

In Sec. II, experimental details are given. Ex-
perimental results are related to our vacancy-

sharing model in Sec. IIl. A scaling law for the
4fo cross section is given in Sec. IV. A physical
basis for the findings of Sec. III is discussed in
Sec. V.

II. EXPERIMENT

The 6-MV tandem Van de Graaff accelerator
of the Swiss Federal Institute of Technology was
used to produce beams of 17-60-MeV ,,Ho, ,;Ta,
AU, & Pb, and o, U. Targets of 20-50 ug/cm?
thick ;,Sn, 4Sm, Ho, Ta, Au, Pb and 4 ThF,
deposited on 20-Kg/cm? C foils and self-support-
ing targets of 90-ug/cm? ,,Ag and 150-ug/cm? Au
were mounted in a 25-cm-diam target chamber
at 45° to the beam direction. The x rays passed
through 50-300-4m Al absorbers and a 37-um Be
window before entering a 80-mm?X 5-mm Si (Li)
detector placed at 90° to the beam. The particle
current was determined by Rutherford scattering
of the beam by the target foils into a surface-bar-
rier detector at 30°to the beam. Counts due to
recoiling C atoms from the target backing were
eliminated by pulse-height analysis.

X-ray cross sections could be obtained directly
from the x-ray and particle counts, by comparison
with the screened Rutherford cross section in-
tegrated over the face of the detector. Corrections
were made for deadtime, absorption, detection
efficiency and for a continuum background under
the characteristic x-ray lines. For the Ho and Au
beams, separate measurements were made of the
projectile x-ray production by the C backing foil:
this was always less than 2% of the x-ray yield
due to the heavy-atom targets. Typical errors
for the total L x-ray cross sections were between
2% and 10%. A computer program was used to
separate the L x-ray spectra into LI, La, LB(1),
LB(2) and Ly line groups.>3® The relevant
groups are defined in Sec. IIIB. Because of pos-
sible systematic errors introduced in the separa-
tion procedure, we assign a maximum uncertainty
of +30% to the absolute line-group cross sections.
Further experimental details are described in
Ref. 4.

For comparison with a theoretical model it is
necessary to relate the experimental line-group
cross sections to the cross sections for primary
vacancy production in L, L,, and L, subshells
of each collision partner. Details of this pro-
cedure are discussed in Sec. III B below and in
Appendix A of Ref. 16. Here we mention only
that uncertainties in the fluorescence yields and
in the Coster-Kronig transition probabilities
caused by solid-target effects may cause over-
estimates in vacancy-production cross sections
by as much as a factor of 2 (see Ref. 16 and Sec.
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II of Ref. 17). Since we use mainly cross-section
ratios in comparisons with our model, the error
should be considerably smaller. In view of the
fact that our model is schematic, it did not seem
worthwhile to use more refined methods of cross-
section analysis, such as those employed by
Hagmann et al.?

Figure 2 gives an overview of our total L -
vacancy cross sections for the 41-MeV ,,Ta beam*
as a function of target Z and compares these with
43-MeV ,,Br and 47-MeV I cross sections.'®
In-the L-L level matching region, i.e., near sym-
metry, the cross section trends in all three
cases are similar. A quantitative discussion is
given in Sec. IIIA. Results for L -subshell cross-
section ratios are presented and examined in
Secs. IIIB and IIIC.

III. L-L VACANCY-SHARING MODEL
A. Total L cross sections

As mentioned in Sec. II, we assume that vacan-
cies created in the 4fc MO at small internuclear
distances are shared on the outgoing part of the
collision between the MO’s leading to the SA L
levels. If one does not differentiate the SA L
subshells, one can define an overall vacancy-
sharing probability w, indicated in Fig. 1. The
total L-vacancy cross sections of the two col-
lision partners can then be evaluated in terms
of the MO-vacancy cross sections, analogous
to the K-K vacancy sharing case [Eqgs. (2) and (3)

of Ref. 22]:
o,(h)=(1-w.)o(3do)+ w0 (4f0), 1)
()

o.()=wro(3do)+ (1 - wp)o(4fo) +0Ly,

-
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where o, (k) and 0 (I) are the L-vacancy-pro-
duction cross sections of the higher-Z and lower-
Z collision partners, respectively. In Egs. (1)
and (2) we have included the possibility that vacan-
cies created in the 3do MO can also end up in the
SA L levels®'° (see Fig. 1). In analogy with the
K-K vacancy-sharing case?® we have assumed that
the vacancy-sharing probabilities for the 4fo and
3do MO’s are identical. We have also envisaged
the possibility that for sufficiently asymmetric
collision the lower-Z collision partner can obtain
vacancies from the 5go MO (see Fig. 1), produc-
ing an additional cross section o, _,. This cross
section is expected to dominate o, (l), if the L(l)
and M (k) levels overlap,®® leading to a situation
analogous to K-L level matching.'6:2

For near-symmetric collisions one finds ex-
perimentally!:16

0(3do) <o (4f0), op_y<o(4fo), (3)
so that Egs. (1) and (2) then yield

o (k) +oL()=0(4f0), 4)

or()/o,W)=w,/(1-wp).

(5)

These equations allow one to test experimentally
model calculations of 6(4fo) and of w,. The 4fc
cross section is discussed in Sec. IV. Here we
concentrate on wy.

It is tempting to apply the model calculation
of the K-K vacancy-sharing probability*? to L-L
vacancy sharing, since in both cases one deals
with near-symmetric collisions. Such a step
would be particularly justified, if L -vacancy
sharing takes place mainly between identical sub-
shells of the collision partners: L,(I)~—L,(k),
etc. (It turns out that this is not the case.) Then

(c) 41-MeV Ta
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FIG. 2. Vacancy cross
sections plotted as a func-
tion of target atomic num-
ber for (a) 43-MeV 3;Br
(Ref. 16), (b) 47-MeV 531
(Ref, 16), and (c) 41-MeV
13Ta (Ref. 4). Capital
letters refer to the shells
(subshells are not distin-
guished) and the subscripts
to projectile (p) and target
(#). Dashed vertical lines
indicate symmetric collis-
ions.
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one finds fro.m Ref. 12,

wy/(1-wg)=exp(-2x;), (6)
where
2, =m( ¥ =1}/ (Gmvd) 2. )

Here I, and I; are the L-ionization energies of the
higher-Z and lower-Z collision partners, m is
the electron mass and v, the projectile velocity.
In Fig. 3, we compare Eq. (6) with our* and
other*®'® data for ,,Ag, I, ,sTa, and o, U pro-
jectiles bombarding various targets near sym-
metry. We have made two different assumptions
for I, and I,. In Fig. 3(a), I, and I, were chosen
to be the L,-subshell binding energies of each
partner (L, or L, could have been used equally
well), corresponding to the assumption that vac-
ancy sharing takes place mainly between identical
subshells. In Fig. 3(b), I, and I, were chosen to
be equal to the L, binding energy of the higher-Z
partner and the L, binding energy of the lower-Z
partner, respectively, corrésponding to the as-
sumption that vacancy sharing depends primarily
on the energy separation of the MO’s leading to the
SA levels and less on their electronic configura-
tions. One sees from Fig. 3(b), that the latter
choice for I, and I; gives a much better agree-
ment with Eq. (6), than the former. This leads
to two conclusions. First, energy separation be-
tween MO’s appears to be the most important
quantity determining vacancy sharing. Second,
in near-symmetric collisions the Demkov mod-
el'>1® may be used to estimate vacancy-sharing
ratios. This model takes into account, albeit
schematically, the energy separation between
levels which couple.

B. L-subshell cross sections
1. Symmetric collisions

We were able to obtain experimentally cross
sections for LI, La, LB(1), LA(2), and Ly line
groups for various symmetric collision systems.
As discussed in Appendix A of Ref. 16, the LI,
La, and LB(2) cross sections all reflect transi-
tion probabilities to the L; subshell, so that only
one of these cross sections, e.g., La is suffi-
cient to examine L;-vacancy production. The
LB(1) and Ly x-ray cross sections reflect com-
binations of transitions to the L; and L, subshells,
unfortunately with similar relative transition
probabilities. Therefore, one cannot extract the
individual L ;- and L,-vacancy production cross
section from these groups.?* But it is sufficient
to examine one of these line groups, e.g., LB(1),
in order to obtain information on the combination
of L,- and L,-vacancy production cross sections.

(a)

T T T

PR TR N |
-2 0 2 4 6

FIG. 3. Target-to-projectile L-vacancy cross-section
ratio for near-symmetric collisions vs scaling param-
eter 2x; defined in Eq. (7). See text (Sec. II1A) for dif-
ference between (a) and (b). Line is model prediction of
Eq. (6). Symbols have the following meaning: @23-58-
MeV gU+g,Pb (Ref. 4); 4,4, ¥, W, 41-MeV ;3Ta+qHo,
194U, gPb, oTh (Ref. 4), O 47-MeV ;I projectiles on
various targets (Ref. 16), O 15-MeV ,;Ag projectiles on
various targets (Ref. 23).

Calling 0,, 0,, and 04 the primary L,-, L,-, and
L ,-subshell vacancy-production cross sections,
and 0, and o} the Coster-Kronig altered cross
sections, one finds for the La and LB(1) line

group x-ray cross sections.316:25
0o =05ws(T'3, pra+ Fs,Ms)/rs ’ (8)
’ 1" 1‘\
O = OaWa oma 9y W (T w2+ Ty ys) , )
T, r,
Eongrz.Mq/rz . (10)
Here
05=05+ 2005+ (f1afaa+f13)0 1 (11)
ol =0h+ro,=0,+ (fi,+7)o,, (12)
= W (T o+ T 42)/ T (13)
wzrz,u4/rz ’

In Egs. (8)-(13), w; and I'; are the fluorescence
yield®® and total radiative width® of the subshell
L;, Ty, is the partial radiative width® for the
transition from a higher subshell & to the subshell
L;, and fj; is the Coster-Kronig transition prob-
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ability?® from subshell L; to subshell L;. The
B(1)/a x-ray intensity ration, which turns out to
be useful for our purposes, is given by

B(1)/a=00y /04 (14)
- 0,+ (flat+7)o,
03+ 2505+ (fi2/es +f1v3)01 ’ 15)
where
Q= wzrz.fm/rz ] (16)

- WL s+ Ta, )/ T3 *

The consequences of substituting tabulated single-
vacancy fluorescence yields,?® Coster-Kronig
transition probabilities®® and radiative widths?¢
in Egs. (8)—(16) has been discussed extensively
in Appendix A of Ref. 16 and in Ref. 17 and com-
parisons with experiment are presented in Refs.
16 and 24. One may expect up to a “factor of
three” systematic errors in computed cross sec-
tions, but considerably smaller errors in com-
puted cross ratios, such as Eq. (14). We con-
sider such systematic errors acceptable, since
we shall be interested often in trends with atomic
number or bombarding energy rather than in ab-
solute values. Hence, in view of the great con-
venience of using the tabulations,?>2¢ gingle-
vacancy values for w, f and I are used through-
out this paper. With these values one finds that in
the Z region of interest here (47<2<92), »
=~0.45 [Eq. (13)] and @ = 1.0 [Eq. (16)].

For comparison with the model calculations,
discussed below, we introduce the experimentally
determined vacancy fractions

vy=04/0, , 1
v,=04/0y . (18)

Here o; is obtained from o, o, is obtained from
0g(y and o, is the total L-vacancy production

cross section
0L=0,+0,+0, (19)
=(0’;+0a+0'3(1) +GB(2) +0’.},)/(:)L- (20)

One finds'® that w; = w,.

Using a model similar to that applied in Ref.
16, we now assume that in a symmetric collision,
vacancies produced in the 4fc MO at small inter-
nuclear distances are shared between the L sub-
shells of the collision partners in ratios predicted
by the two-state Demkov vacancy-sharing model
of Ref. 12. The application of a two-state model
to a many-level situation is justifiable only, if
the ignored couplings, e.g., in the Barat-Lichten
scheme [Fig. 4(a)] between the MO’s correlating
to the L, and L, levels, are indeed small. This
is difficult to know a p7io7ri. It may also be

FIG. 4. Schematic 4fo-
correlation proposals con-
sidered in the model calcu-
o LfG L 1:.1t?ons for syfnmetric col-

_L L3 lisions. Vertical arrows
[ -2 indicate vacancy-sharing
— transitions considered in the
model. Subsequent Coster-
Kronig transitions are not
_ Ly shown, but are taken into
L, account. (a) Proposal of
olfe T L Barat and Lichten (Ref. 9).
' () Proposal of Eichler ef al.
(Ref. 11),

(a) BL correlation

(b) EWFT correlation

questioned whether the Demkov model is applicable
at all to couplings between MO’s which lead to
subshells of the same collision partner, -although
a similar model was applied successfully in this
manner in Ref. 16. One reason for the success
may be that, as Nikitin has shown,!® many dif-
ferent forms of radial coupling lead to a vacancy-
sharing ratio close in form to that of Demkov’s
model. In each case a characteristic energy gap
between the MO’s enters into an exponential fac-
tor. As a result, the MO energy separation turns
out to be the most critical quantity for the vac-
ancy-sharing ratio, in accord with the findings

of Sec. IIIA. ‘

We distinguish two possible correlations of the
4fo MO to the L subshells, as sketched in Fig. 4:
the Barat-Lichten (BL) proposal,® that the 4fc MO
correlates to the L, subshell [Fig. 4(a)], and the
Eichler-Wille-Fastrup-Taulbjerg (EWFT) pro-
posal,'! thatthe 4fc MO correlates to the L, sub-
shell [Fig. 4(b)]. For the BL correlation, the
model then gives

0,/ = exp(-2x,)]/Z5, (21)

05/0., = [exp(-2x,.)]/Z5, " (22)

03/0,=1/Z5, . (23)
where

Zp=1+exp(-2x,,)+exp(—2x,,) . (24)
Similarly, for the EWFT proposal,

0,/o,=1/Z¢, (25)

0,/0r = [exp(-2x,,)]/Zg, (26)

05/01 = [exp(-2x,,)]/Zz, (27
where

Zp=1+exp(-2x,,)+exp(-2x,,). (28)

In these equations,

2y =m/|112 =1}2|/Gmo?) V2, (29)
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where I; and I; are the L; and L; subshell ioniza-
tion energies, respectively.

To compare the model with experiment, Eqgs.
(21)—(24) or (25)-(28) must be substituted into
Egs. (15) or (17) and (18). One then finds for the
BL proposal

BU)|_ o exp(=2x3) + (f5+7)exp(=2xg)
a 1 '*‘fzsexP(_ Zxaz) + (fmfza +f13)eXP(— 29631) ’
(30)
and for the EWFT proposal
B(1) _ exp(—2x,)+fi,+7 (31)

Q .
o exp(— 2¢3,) + f53€XP(= 2%5)) + f15fo5+ f1s

In Fig. 5 expressions (30) and (31) are com-
pared with experimental values of 8(1)/a from
our* and other? work, as a function of Z, for a
projectile energy of 41 MeV. In Fig. 6 a com-
parison is made as a function of projectile ener-
gy, for Z=47, 67 and 82 (Refs. 4, 23 and 27).
Despite the uncertainties caused by the use of
single-vacancy values of w, f and I" in Egs. (30)

Lﬁ(l) T T T l+ T T
Lo + EWFT
X BL +
20 - 1
+
+
1.5} »++ ,
o
'—
<
[+ 4
>
= 10r 5
(V2]
& +
[
Zz
§
05 .
¥y i
oy
0 1 1 1 1 1 X

40 50 60 70 80 90 z
ATOMIC NUMBER

FIG. 5. B(1)/a x-ray intensity ratio for symme-
tric collisions as a function of the atomic number of the
collision partners, for 41-MeV projectiles. Experimen-
tal points: B interpolated from Ref. 2, @ from Ref. 4.
The large fluctuations in the EWFT model points are due
to the use of single-vacancy Coster-Kronig transition
probabilities.

and (31), it is clear from Figs. 5 and 6 that our
model is consistent only with the BL correlation
scheme. To check whether the good agreement
between the model calculation for the BL and ex-
periment is fortuitous, we have varied the values
of f and w in accordance with the suggestions of
Hagmann ef al.> Although the EW-model values
are quite sensitive to f and w, the BL model val-
ues are very insensitive. This can also be seen
in Fig. 5. Hence we can conclude that in sym-
metric collisions with Z = 47 the 4fc MO corre--
lates to the L, subshell [Fig. 4(a)].

2. Asymmetric collisions

In asymmetric collisions, one can obtain the
cross sections g, and 0g(;) for each collision

10} 47A9 +Ag E
EwW
BL
05 E
0 10 20 30
r 67Ho»Ho 7
K] L
5 20 . EW i
—
2 L 4
a
c
[
T lor b
5
= i M BL b
=
.| 0 1 1 1 il 1 ] 1 1
20 40 60
g2Pb+Pb
1.5F /—& EW
1.0 B
5t d
0 1 1 1
0 10 200 300

Projectile energy (MeV)

FIG. 6. B(1)/@ x-ray intensity ratios for symme-
tric collisions as a function of the projectile energy.
Experimental points: 4, Ag+ Ag from Ref. 23, ¢;;Ho+Ho
from Ref. 4, g, Pb+Pb @ from Ref. 4, B from Ref. 27.
Curves marked BL and EW are the model results for the
4fo-correlation proposals of Ref. 9 and 11, respectively.
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partner, but with considerable uncertainty, if
the L spectra of the collision partners overlap.
In Fig. 7 we show the target-Z (Z,) dependence
of the B(1)/a ratios for the projectile (p) and
the target (t) for four different projectiles, each
at a fixed bombarding energy.?~*2%27 QOnly the
near-symmetric range of Z, is presented. For
convenience the symmetric values of Z; have been
lined up vertically. This makes it easy to recog-
nize the qualitatively common trends in the Z,
dependence of the projectile and target ratios.
We have also obtained experimental vacancy frac-
tions from Eqs. (17) and (18). These are dis-
cussed below.

The model calculations for vacancy sharing in
the asymmetric case are considerably more com-
plicated than in the symmetric case. As Fig. 8

LB(1)
L | (@) 15-MeV Ag
1o}
05}
0
(b) 15-MeV |
10 -
o
E 05|
o
> 1
£ 0 20
& (c) 4l-MeV Ta
]
z
10k
05}
0 1
40
(d) 291-MeV Pb
1o}
05| ‘/W\\ P
0 1 1 1 1 11 1

40 60 80 o0z,
TARGET ATOMIC NUMBER

FIG. 7. B(1)/@ x-ray intensity ratios for projec-
tile (p) and target (#) atoms for various projectiles, as a
function of the target atomic number. The abscissa in
each case has been shifted so that the symmetric col-
lisions are lined up with the dashed vertical line. Curves
have been drawn to guide the eye. (a) 15-MeV ,Ag (Ref.
23), (b) A 15-MeV ;I data from Ref. 2, A and @ 17-MeV
I data from Ref. 3, (c) 41-MeV ;;Ta (Ref. 4), (d) 291-
MeV gPb (Ref. 27).

shows, one has to consider six subshells and, in
our model, five vacancy-sharing ratios analogous
to Eq. (6). Also, for sufficiently asymmetric
collisions, vacancy feeding into the higher-Z L
subshells from the 3do MO has to be taken into
account. Eventually, vacancy feeding into the
lower-Z L subshells due to L-M level matching
would have to be included [see Egs. (1) and (2)],
but in the present work we avoid consideration
of collisions which are so asymmetric that L-M
level matching effects become appreciable.
Figure 8(a) sketches our model for the correla-
tions and couplings according to the BL scheme,®
and Fig. 8(b), according to the EWFT scheme.!!
In principle it is also possible for the 4foc MO to
correlate according to the BL scheme, and the
3do MO to correlate according to the EWFT
scheme, and vice versa. With the help of Fig. 8,
it is not difficult to write down the cross-section
ratios for Z; and Z, analogous to Egs. (21)-(23)
and (25)-(27). As illustration we write down the
cross-section ratio, 0,(k)/0,(sum) in the BL
scheme, where o, (sum) is the summed L-vacancy
production cross section of both collision part-
ners:

o (sum) =0 (4f) +0(3do) . . (32)
Let ‘
€=0(3do)/o(4fc) . (33)
Then
0,(k) _ 1 (eXP(- 2%50) 2 ()
oz(sum) 1l+e Z p(4fo)
‘e —ALLLeXP(Z‘:(’;%)Z i )>, (39)

(a) BL correlation (b) EWFT correlation

olfe T — L4(1) —_—
L) — Ly(1)

G ode T L

03¢ 5 Ls(h) . La(h)
4 o Ly(h)

ICS QS — N (A

FIG. 8. Schematic correlation proposals used in the
model calculations for asymmetric collisions. Vertical
arrows indicate vacancy-sharing transitions considered
in the model. Coster-Kronig transitions are not shown,
but are taken into account, Symbols I and % refer to the
lower-and higher-Z partners, respectively. (a) Pro-
posal of Barat and Lichten (Ref, 9). (b)Proposal of
Eichler et al. (Ref. 11),



20 L-VACANCY PRODUCTION IN NEAR-SYMMETRIC HEAVY-ION... 161

(a) BL correlation (b) Experiment

(c) EWFT correlation
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T T shell vacancy fractions,
defined by Egs. (17) and
(18), for 41-MeV 3Ta pro-
jectiles, plotted as a func-
1 tion of target atomic num-
ber. Vertical dashed lines
indicate symmetric colli-
sions. The symbols z and
! denote the regions where
the projectile is the higher-
and lower-Z partner, re-
spectively. (a) Model cal-
culation using the proposal
of Barat and Lichten [Fig.
8(a)l, (b) experimental
points (Ref. 4; typical
errors +30%), (c) model
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where
Z5(3do) =1+ exp(- 2":;(h) 2(h)) + exp(= 23y 1(h)) ’ \(35)

Z5(4/0) =1+ exp(=2x;3()50)) +** * +eXP(~ 2¥5() 1)) -
(36)

Each quantity 2x,; is of the form of Eq. (29). Sub-
stitution of the ratios similar to Eq. (34) into
equations analogous to Egs. (15), (17) and (18)
allows model estimates of 8(1)/a ratios and

of the vacancy fractions for each collision part-
ner. From Fig. 2 one can éstimate, by compari-
son with Fig. 10 of Ref. 16, that €=0.03, 0.01
and 0.001 for 43-MeV Br, 47-MeV I, and 41-MeV

(a) BL correlation (b) Experiment

calculation using proposal
of Eichler et al. [Fig. 8
®)1.

80 907

Ta projectile-induced collisions, respectively.

In Fig. 9(b) we present the experimentally ex-
tracted projectile-vacancy fractions v, and v,,
Eqgs. (17) and (18), with o, replaced by o (sum),
for 41-MeV Ta projectiles bombarding various
targets.? In Figs. 9(a) and 9(c) we give the BL-
and EWFT-model results, assuming € =0. Figure
10 gives the experimental and model results for
the target-vacancy fractions. In Figs. 9 and 10,
triangles represent v, and circles v,. The symbols
h and ! indicate the Z, regions, separated by the
vertical dashed symmetry line, where the par-
ticular atom, projectile or target, is the higher-
or lower-Z partner. We have not applied the

(c) EWFT correlation

TARGET VACANCY FRACTION

FIG. 10, Target L-shell
vacancy fractions, defined
by Egs. (17) and (18) for
41-MeV 3Ta projectiles.
The symbols %z and I de-
note the region where the
target is the higher-lower-
Z partner respectively.
Otherwise, caption is iden-
tical to that of Fig. 9.

TARGET ATOMIC NUMBER
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model in the region where the L levels of the two
partners overlap. The symmetric points for v,
and v, are simply connected by dashed lines with
the sufficiently asymmetric points.

Before discussing Figs. 9 and 10, we note from
Egs. (8)-(12) and (15)—(18) that, for each part-
ner,

B(1)/a=Quv,/v,. (37)

Hence, the experimental points in Figs. 9(b) and
10(b) are directly related to the data shown in
Fig. (c). )

From Figs. 9 and 10 one can see that the model
predictions are qualitatively different for the BL
and the EWFT proposals. In the BL scheme,
v,/v, is always less than unity, or 8(1)/a<1
(since © = 1.0), both for Z, and Z,. In the EWFT
scheme, v,/v, is less than unity for Z,, but
greater than unity for Z;. The experimental

fractions cannot distinguish between two schemes .

on the Z, side, but on the Z, side there is a clear
trend from v,/v;<1 to v,/v;2 1, as the asymmetry
of the collision increases. Figure 7 shows that
this trend occurs not only for 41-MeV Ta, but is
quite general (in this figure the projectile is the
lower-Z partner for Z,>Z, and the target for
Z<Z,).

Keeping in mind the limitations of our model,
it appears then that with increasing asymmetry of
the collision, the diabatic correlation of the 4fo
MO moves from the L, level in the symmetric
situation (Sec. IIIA) toward the lower-Z L, level,
i.e., toward the EWFT proposal (Fig. 1). In Sec.
V we attempt to explain this shift in the correla-
tion in terms of physical features of avoided
crossings of the adiabatic MO’s correlating to
the lower-Z L, and L, levels. This is similar
to the treatment of Hagmann et al.,® but they did
not take into account any long-range radial coupl-
ing between the MO’s represented here by “vac-
ancy sharing.”

If avoided crossings enter the picture, one would
expect the crossing probability to be velocity de-
pendent and to increase with increasing projectile
velocity. Figure 11 shows the projectile energy
dependence of the lower-Z B(1)/a ratio for
sAg+ ;La (Ref. 23) and for I+ .,Gd, ,,Y (Refs.

2 and 3). It appears that at least at higher pro-
jectile velocities, the correlation approaches
the EWFT scheme.

We return to Figs. 9 and 10 and consider the
higher-Z partner. The model calculations with
€=0 [Eq. (33)] predict that v, and v, should de-
crease rapidly with increasing asymmetry of the
collision. Experimentally one finds that for 41-
MeV Ta, v, and v, do not decrease below ~1073
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FIG. 11. B(1)/a x-ray intensity ratio for the lower-
Z partner as a function of the atomic number. (a) 4Ag
+gLa (Ref. 23), (b) g3I+4,Gd, ;Y (@ from Ref. 2, W
from Ref. 3). The curves marked BL and EW are the
model results for the correlation proposals of Refs. 9
and 11, respectively.

[Fig. 9(b)]. Furthermore, the model predicts
that (v,/v,),=[B(1)/a],< 0.3, whereas experi-
mentally [8(1)/a], reaches values close to unity,
as the asymmetry increases (Fig. 7). These
facts can be explained only, if one assumes €

+0, i.e., vacancy feeding from the 3do MO into
the higher-Z L levels' (Figs. 1 and 8). One can
then apply the model calculations in order to
check whether the 3do MO correlates according
to the BL proposal® [Fig. 8(a)] or according to the
EWFT proposal! [Fig. 8(b)]. The available

data® %27 gre shown in Fig. 12. There is no con-
sistent trend in the data, but one notes that the
energy dependence of the 8(1)/a ratio appears
to follow that of the computed EW curves [Figs.
12(b) and 12(d)]. Contrary to the BL curves, the
absolute magnitudes of the EW curves are quite
sensitive to the f and w values used in Eq. (15).
As shown by Hagmann et al.,® there can be major
deviations of these values from the tabulated
ones,?® because of excitation or stripping in the

L and M shells of the projectile and target atoms.
Hence we can only tentatively conclude from Fig.
12 that the 3do MO may correlate according to
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the EWFT scheme.!’ More experimental evidence
is needed to establish the correlation.

IV. 4f0-VACANCY-PRODUCTION CROSS SECTION

According to our model, the 4fo-vacancy-pro-
duction cross section near symmetry is given by
the summed L -vacancy-production cross section
of both collision partners [Eq. (4)]. We show in
Fig. 13 that the experimental cross sections?:16:28:29
appear to obey the same kind of united-atom (UA)
scaling law which was found by Behnke ef al.?! for
the 2po-vacancy cross section and subsequently
by Meyerhof'” for the 3do-vacancy cross section:
at a given projectile velocity the cross section
is a nearly unique function of the UA Z(=Z,+Z,),
independent of Z,. (Each different symbol in Fig.
13 represents a different value of Z,.) In Ref. 17
it was shown that a UA ionization model proposed
by Briggs® can produce such a scaling law, but
it could not be demonstrated that ionization alone
is responsible for 3do-vacancy production.” The
semiclassical approximation ionization amplitudes
needed to apply the Briggs model to the 4fo. case
are presently not available, but are being com-
puted.®! In systems considerably lighter than those
considered here, i.e., Z =20, the 4fo-vacancy
production cross section has been successfully
explained solely on the basis of electron pro-
motion.?? Electron promotion is also invoked by
Lutz et al.,*® who examine the threshold behavior
of 6 (I) in Xe+ Ag collisions, but Fortner et al.3*
suggest that 4fo ionization is needed to explain
" the threshold behavior in Kr+ Kr and Kr+ Xe
collisions.

V. DISCUSSION

We have shown that a simple molecular model
can explain the basic trends of L X-ray cross sec-
tions produced in near-symmetric heavy-ion col-
lision with Z = 35. The model is based on the
proposal’® that inner-shell vacancies are formed
predominantly in highly promoted MO’s (2p0,
3do, 4fo, 5go - + + ) at small internuclear dis-
tances and that, on the outgoing part of the col-
lision, the vacancies are shared between the .
various SA subshells. For L x-ray production
near symmetry the most relevant MO is the 4fo
MO.Q'IO

The projectile velocity region examined by us,
corresponds, for 41-MeV Ta, tov,/v;=0.1,
where v is the Bohr L-electron velocity. There-
fore, the use of a quasimolecular model of the
collision process appears to be appropriate. One
then expects that the long-range coupling between
the 4fc MO and the other MO’s on the outgoing
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FIG. 12 B(1)/a x-ray intensity ratio for the
higher-Z partner as a function of projectile energy. (a)
nAg+3,Ge (Ref, 23), (b) 531+ 4Zr (Ref. 2), () ¢sTa+ »Ag
(Ref. 4), (@) gPb+;,Te, 51 (M from Ref. 27, @ from in-
verse collision, Ref. 3; equivalent Pb projectile energies
are shown). The curves marked BL and EW are the mo-
del results for the correlation proposals of Refs. 9 and
11, respectively.

part of the collision should be influenced strongly
by the level separation and, to a lesser degree,
by the detailed structure of the MO’s. This may
justify use of a vacancy-sharing model such as
that of Refs. 12 and 16.
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Perhaps the most interesting result of the pres-
ent work is the possibility of distinguishing ex-
perimentally between two correlation schemes
proposed, respectively by Barat and Lichten® and
by Eichler ef al.'* In terms of adiabatic level
schemes, the correlations of interest in L x-ray
production are determined by the nature of the
avoided crossings marked 1 and 2 on Figs. 14(a)
and 14(b). These figures, taken from Ref. 11,
can serve as prototypes of a symmetric and an
asymmetric collision system. Appropriate rela-
tivistic diagrams are presented in Refs. 35 and
36.

Our finding that at symmetry the 4fc MO corre-
lates to the 2p,/, level, but that with increasing
asymmetry the correlation moves to the lower-Z
2s level, will now be discussed from two points
of view. First, we show that in region 1 in the
symmetric case the crossing probability from
the 30,(4fc) MO [in the relativistic case®™® called
4(3),] to the 20,(3p0)[3(3),] MO is small, so that

-100

3d —
3p —
3s \

ELECTRONIC ENERGY (a.u.)

/ 1 1 1

-1000 25 l L !

FIG. 14. Adiabatic cor-
relation diagrams accord-
ing to the nonrelativistic
calculations of Eichler
et al. (Ref. 11). (a) ;Xe
+Xe: The boxed region 1
contains the 4fo-3po
B avoided crossing (30,~20,,
4 shown by dashed lines).
The boxed region 2 con-
tains the 3do-2sc avoided
crossing (30,-20,, shown
by solid lines). (b) (on next
page) 3cKr+;Xe. Theboxed
region 1 contains the 4fo-3po
avoided crossing (60-50)
and 2 the 3do-2sc avoided
crossing (4o-30).

— 2p
2s

1
05 ‘
INTERNUCLEAR DISTANCE (a.u.)
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the 4foc MO is expected to follow the adabatic cor-
relation to the SA 2p,/, level.® But for a suf-
ficiently asymmetric system the crossing prob-
ability from the 60 (4fo) to the 50(3ps) MO in-
creases so that the 4fc MO tends to correlate
to the lower-Z 2s level. [In the relativistic
case,®™% two crossings are involved here: 8(3)
- 7(3) and 7(3)~ 6(%), but the latter energy gap
is so narrow that only the former needs to be
considered. Hagmann ef al.? have considered the
crossings in the relativistic case in greater de-
tail.] Second, we show that the nature of the
avoided 4fo-3po crossing 1 changes drastically
with symmetry as the result of a rapidly changing
Stark effect.®’! The situation for the avoided
3do-2s0 crossing 2, which determines the 3do
correlation, seems to be quite different.

A quantitative estimate of the crossing prob-
ability between two adiabatic MO’s can be ob-
tained from the Landau-Zener formula.*” Follow-

ing Eichler ef al.,'* we write the Landau-Zener
crossing probability at a projectle velocity v, as

P=(@)el, (38)
where

27 - |H12|2

Y™ In2 A(ee/3R) (39)

Here H |, is equal to one-half of the minimum-
energy splitting between the adiabatic energy
curves E (R) and E,(R) and A(9¢/3R) is the dif-
ference in slopes between the diabatic curves
€,(R) and €,(R) at the crossing point. I v, is
larger than v, one expects a small transition
probability, i.e., a correlation according to the
BL proposal® in the case considered here.  If v,
is considerably smaller than v,, one expects a
large transition probability, i.e., a correlation
according to the EWFT proposal.

Using information kindly furnished to us by the
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TABLE I. Landau-Zener critical velocity and subshell to Stark splitting ratio.

Avoided Z v, (VSM) v, (HFD) ¢ AW
crossing @ System Z, (a.u.) Reference® (a.u.) AE
4fo-3po Xe-Xe 1 0.15, 1.3 11, 35 cee 0.50

. Kr-Kr 1 0.8 11 ‘e 0.45
(region 1) Ag-Xe 0.87 . . 0.9 0.29
I-Au 0.67 0.2 35 4.1 0.14
Kr-Xe 0.67 0.1 11 e 0.13
3do-2so Xe-Xe 1 0.01, 0.06 11, 35 s 0.09
. Kr-Kr 1 0.02 11 s 0.08
(region 2) Ag-Xe 0.87 e e 1.1 0.12
I-Au 0.67 1.5 35 2.0 0.31

Kr-Xe 0.67 0.04

11 oo 0.20

2See Figs. 14 and 15.

® Energy curves of Ref. 11 have been computed nonrelativistically; others, relativistically.

¢ Reference 36.

authors of Refs. 11, 35, and 36, we have obtained
v, for the crossing region 1 in Fig. 14. Table I
gives the results. Unfortunately, the variable
screening model (VSM) used in Refs. 11 and 35
are the Hartree-Fock-Dirac model (HFD) used

in Ref. 36 give widely divergent results, so that a
quantitative application of Eq. (38) is not mean-
ingful. Nevertheless, one sees that the VSM is

in qualitative accord with our findings, in that v,
tends to decrease with increasing asymmetry:
this signals a shift toward the EWFT correlation
scheme. Our projectile velocities correspond to
v,=2 -3 a.u. Hence our findings for the shift in
the 4f0 correlation (Sec. III) would require v,

Z 3 a.u. for symmetric collisions and v, < 2 a.u.
for sufficiently asymmetric collisions. We note
that Nikulin and Guschina®® find no evidence for
any 4fo-3po avoided crossing in the Kr+ Kr sys-
tem. In the language of Eq. (38) this would cor-
respond to a very large value for v,.

According to the VSM,!! the 3do-2s0 crossings
in region 2 are all characterized by very small
values of v,, listed in Table I. The HFD model3®
gives much larger values. A similar effect was
found in a comparison of the VSM and HF results
for the same crossing in Ne+ Ne.*®* Nevertheless
the generally smaller values of v, in region 2 as
compared to region 1, suggest a tendency toward
the EWFT scheme. Unfortunately the experimental
evidence (Fig. 12) is not conclusive.

Returning to 4f0-3po avoided crossing regions 1
in Figs. 14(a) and 14(b) one may now inquire which
physical features of the collision system deter-
mine the trend of the 4fo correlation, as the asym-
metry of the system changes. Following sugges-
tions of Barat and Lichten,® Eichler ef al.'* have
explored the competing roles of the Coulombic

one-electron Stark splitting AE and of the 2p-2s
subshell splitting AW, in determining whether a
given correlation follows the BL or EWFT
schemes. Figure 15, adapted from Ref. 11, illus-
trates the argument: as AE increases from small
values (with respect to AW) to large values, the
avoided crossing should become increasingly dia-

ELECTRONIC ENERGY

INTERNUCLEAR DISTANCE

FIG. 15. Schematic diagram for the adiabatic corre-
lations to the L levels of the lower-Z () and higher-Z
() collision partners in a slightly asymmetric system
(adapted from Ref. 11). The Coulombic Stark splitting
is denoted by AE and the 2p-2s subshell splitting by AW.
Dashed curves show the energy levels for a one-electron
system. Solid curves illustrate the situation for a
screened system.
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FIG. 16. Coulombic Stark splitting AE for a one-elec-
tron, two-center system as a function of the asymmetry
ratio Z;/Z,. Points are computed from Ref. 40. Curve

1 applies to the 4fo-3po splitting, curve 2 to the 3do-2s0

splitting (see Fig. 15).

batic, i.e., the correlation should shift increas-
ingly from the BL to the EWFT scheme.

To put this criterion on a quantitative basis we
have calculated the ratio AW/AE as a function of
the asymmetry of the system, for the MO’s cor-
relating to the lower-Z and higher-Z L levels.
To obtain the Coulombic one-electron 4fo-3po
and 3do-2so Stark splittings AE, we have used
the calculations of Hartmann and Helfrich.%
Figure 16 gives their values of AE/Z? as a func-
tion of Z,/Z,, which allow approximate inter-
polation for any collision pair Z;,Z,. The 2p-2s
subshell splittings AW were computed from tabu-
lations.*! Figure 17 shows the resultant values
of AW/AE for Ta projectiles. For other projec-
tiles similar results are obtained. One sees that
for the 4f0-3po case (curve 1), the value of AW/
AE peaks at symmetry and drops rapidly with in-
creasing asymmetry. This is in qualitative ac-
cord with our findings: at symmetry, the large
value of AW/AE leads to the expectation of BL
correlation (4fo - L,); the decreasing values of
AW/AE with increasing asymmetry lead to the
expectation of increasing EWFT correlation
[4fc — L (I)]. The trend appears to be in accord
with the overall trend of v, for region 1 given in
Table I, where we list also the values of AW/AE
for each collision pair.

For the 3do-2so case, curve 2 in Fig. 17, the
ratio AW/AE is small throughout the region near
symmetry. This leads to the expectation of
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FIG. 17. Subshell to Stark splitting ratio for ,3Ta pro-
jectiles bombarding various targets, plotted as a function
of the target atomic number. Vertical dashed line indi-
cates symmetry. Curve 1 applies to the 4fo-3pc MO’s,
curve 2 to the 3do-2poc MO’s (see Fig. 15). According
to Ref. 11, as AW/AE decreases, the MO correlations
are expected to change from adiabatic to diabatic.

EWFT correlation [3do— L,()] in the entire

. region. As discussed above, experimentally this

is not definitely ascertained (Fig. 12).

By comparing the numerical values of AW/AE
and v, one can, for a given model, establish an
approximate one-to-one relationship (Table I).
This simply indicates quantitatively that a weak
Stark splitting leads to a broad avoided crossing
with a large gap (BL correlation), whereas a
strong Stark splitting leads to an avoided cross-
ing with a small gap (EWFT correlation). From

Fig. 16 one can see that our findings for the 4fo

correlation find a natural explanation in terms

of the rapid increase of the Stark splitting as the
asymmetry of the system increases. The experi-
mental features of the 3do correlation must be
investigated further. From a theoretical point

of view there is a need to establish the validity

of various MO calculations and then to compute
the actual couplings between the 4fo MO and the
MO’s leading to the lower-Z subshells. Similarly
the couplings between the 3de MO and the higher-
Z subshells must be calculated, as has been done
in Refs. 42 and 43 for the Ne-Ne system.
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