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The present paper, one of a four-part series, examines K-vacancy cross sections in collisions of symmetric
and near-symmetric systems produced with 12—60-MeV Br, 200—330-MeV Kr, 15—80-MeV I, 326—470-
MeV Xe, 'and 90-110-MeV Pb beams, Cross sections are discussed from the point of view of molecular-
orbital formation during the collision. In that model, the summed K-vacancy cross sections of both collision

partners represents essentially the total 2pcr vacancy cross section in the outgoing part of the collision.
Experimental summed cross sections using solid targets can have appreciable contributions from multiple-

collision effects, which are computed in detail. Proposed single-collision mechanisms of 2pcr vacancy
formation are also examined, but none can be established with certainty. The sharing of 2po. vacancies on

the outgoing part of the collision between the K shells of two collision partners is found to agree well with a
previously derived formula based on the Nikitin-Demkov long-range coupling model.

I. INTRODUCTION

The present series of four. papers attempts to
interpret common features of K-vacancy production
cross sections in heavy-ion reactions (Z~ 10). In
Ref. 1,

'
henceforth called I, experimental results

for projectile (Z, ) and target (Z2) cross sections
were presented. Common trends in the cross sec-
tions for a given Z, and bombarding energy (E,) as
a function of Z, were noted. In the present paper
we discuss the cross section features near sym-
metry, i.e. , regions (ii) and (iii) in Figs. 1-6 of I.
In order to avoid constant reference to I, we show
in Fig. 1 in this paper two sample plots of projec-
tile and target cross sections, which include new
data, as well as interpolations and extrapolations
from other work. '"4

To date innershell vacancy production has been
examin. ed theoretically with models using as basis
sets either atomic or molecular one-electron wave
functions with approximate scr'eening corrections
for the other electrons. For brevity we shall call
these models "atomic" and "molecular, " respec-
tively. Among the former are the plane-wave Born
approximation' (PWBA), the semiclassical approx-
imation' (SCA), and the binary-encounter approxi-
mation' ' (BRA). Among the latter are the Fano-
Lichten promotion model using molecular orbit-
als'0 '~ (MO) and the direct impact ionization theo-
ry of Thorson et al." The perturbed stationary-
state approximation of Basbas et al."tries to
bridge these approaches, but is applicable on.ly to
the excitation of the hi.gher-Z collision partner
(see Paper III"). The approximate regions of ap-
plicability of the various models have been. dis-

. cussed by Madison and Merzbacher. " Other re-
views are given in Hefs. 7 and 19-21.

v(H) = (1 —w) v(ls v) + wo (2Pv),

v(L) =wo(lsv)+ (1—w)v(2Pv)+o„ i

(2)

Here o(iso) and v(2Po) are the cross sections for
exciting 1sa and 2PO vacancies, respectively.
According to the model of Ref. 22, both these va-
cancy cross sections are shared with the same
branching ratio w/(1 —w). In practice, one finds
v(1sv) «v(2pv). This can be seen in Fig. 1, where
regions (i) represent the 1so excitation cross sec-

Roughly speaking, the atomic model and the
Basbas model have been most successful for the
innershell ionization cross section of the higher-Z
partner (usually the target) in very asymmetric
collisions. The molecular model has been suc-
cessfully applied to the innershell vacancy-pro-
duction cross sections of both collision partners in
symmetric or near symmetric collisions for which

v, /v, &1, where e, is the projectile velocity and v,
the velocity of the excited electron, defined by

v, =(2I,/m)' '.
Here I, is the (experimental) separated-atom bind-
ing energy of the excited electron, and m is the
electron mass. Since we are examining K- shel1.
vacancy formation in collisions not far from sym-
metry, for which o, /vr~ 0.3, the molecular model
should be appropriate. As noted in I, within this
model, expressions for the K-vacancy cross sec-
tions of the higher-Z (H) and lower-Z (L) collision
partners can be obtained by reference to the sche-
matic correlation diagrams sketched in Fig. 2(a)
foi symmetric 'and in Fig. 2(b) for asymmetric
collisions. (Levels believed not to be relevant to
K-vacancy production have been omitted. ) From
Fig. 2(b) and the discussion in I, one finds
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ionization or electron promotion. In Sec. III the
K-vacancy sharing ratio (8) is discussed and pos-
sible limitations to Eqs. (9a) and (9b) are explored.

II. SUMMED E-VACANCY CROSS SECTIONS

A. Experimental

As described in I, most of our measurements
were made with thick solid targets. C.ross sections
were extracted from thick-target yields by the
Merzbacher- I,ewis formula, ' since recoil ef-
fects"" were shown to be of the order of one per-
cent or less, which is negligible compared to a
typical experimental error of +30%.

Figure 3 shows the summed K-vacancy cross
section (a) for»Br and „Kr projectiles and (b) for
»I and „Xeprojectiles, as a function of target Z.
The projectile energies in MeV are given adjacent
to the curves drawn to guide the eye. Some data
is taken from Refs. 2 and 27. For Br and Kr dra-
matic increases in the cross section occur for
Z, , & 20 and Z, «65. These are due to K-L level
matching effects, "which form the subject of Paper
IV and which are not discussed further here. For

I and Xe the K-I. level matching effect appears for
Z, ~ 30.

In Figs. 3(a) and 3(b) slight humps can be seen
in the cross- section trends near symmetry, espe-
cially at the lower bombarding energies. %e show
in Sec. IIB that, most likely, these humps are due
to multiple collision effects" " in solid targets.

The bombarding energy dependence of a~" is
illustrated in Fig. 4 for symmetric collisions with

Z, =Z, «10. Gas and solid target data are taken
from our and other work. ""'"".

, Some individ-
ual cross sections have been interpolated from the
crossover of the target and projectile cross sec-
tions at symmetry (e.g. , see Fig. I). If only x-ray
cross sections were determined, they have been
converted to vacancy cross sections using the
fluorescence yieMs of Ref. 59. The bombarding
energy dependence of asymmetric summed cross
sections is similar to that shown in Fig. 4.

B. Multiple-collision effects

1. Thick targets: Theory

For collisions with Z„Z, ~ 10, it has been dem-
onstrated by many experiments that the Fano-
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work; Pb, Ref. 39; Bi, Ref. 38.
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Lichten 2pcr-2pn elect, ron promotion process dom-
inates 2po vacancy formation. "'" For Z„Z, ~ 10,
the 2p~ MO is generally filled. Nevertheless,
electron promotion could operate by means either
of a one-collision two-step process or by a multi-
ple-col'li sion process. In the one- collision two-
step process, the filled 2pn MO could couple to
vacant projectile or target states, e.g. , via the
3pm MO shown in Fig. 2; the resulting 2pw vacan-
cies could be filled by 2pa-2pm electron promo-
tion. " This process, - as well as a proposed one-
collision one-step process of 2po vacancy forma-
tion are examined in Sec. IIC. Hence it is useful
to rewrite Eq. (7) as

o z" o(2po) —= o'„(2Po) +o,(2Po), (10)

n (v) = g kf»(v),
0-1

(12)

where f„(v) is the fraction of projectiles carrying
k vacancies. (Here, we do not distinguish between
2p, &2 and 2p2&2 vacancies; see Appendix C.) The
cross section o„, is the 2pv-2pm rotational coupling
cross section per incident 2pz„vacancy, ' '4' the
factor 3 is a statistical factor derived by Macek
and Briggs" and the 2p-vacancy sharing fraction

where the subscripts sc and mc denote single- and
multiple- collision processes, respectively. Here
we concentrate on the latter.

The multiple-collision process is due to pro-
'jectile 2p vacancies, made in some collision,
which live long enough to be carried into a second
collision, where 2po-2pm promotion can operate.
If target recoil processes" "are negligible, only
the projectile can move from one target atom to
the next and, hence, only projectile 2p vacancies
need to be considered. Multiple- collision effects
are important in solid targets, because the re-
peated excitation of projectile electrons produces
an appreciable steady- state vacancy distribution
among the projectile inner shells. In gas targets
there will also be a steady-state distribution of
vacancies, but the fraction of vacancies in the K
and L shells is generally negligibly small.

It has been shown by Lennard and Mitchell4' that
if a projectile carries 2p vacancies into a collision
these vacancies are shared between the 2pm and3' MO's in a ratio analogous to Eq. (9a) [see Fig.
2(b)]. Combining this with Eq. (5) of Ref. 14, the
multiple-collision contribution to o(2Po) due to
steady-state projectile 2p vacancies is found to be '

o,(2po, v) = ~2(v)w»o„„.

Here n(v) is the total number of 2p vacancies car-
ried by the projectiles moving with velocity v in-
side the target material divided by the number of
projectiles:

w» is given by an equation similar to Eq. (9a):

w2»=(1+e'"') ',
2ll2p(Ill 2 fl/2)

2x' = 0.89 (14)

o'~u'(2po, v, ) = 2 f (v, )w2»o„,l, (16)

where f is the equilibrium value of the steady-
state projectile fraction carrying one 2p vacan-
cy.""Therefore, to a high degree of accuracy
(in our case, approximately 1%) the thick-target
expression for a",' is identical to the thin-target
expression (11), appiied to a thin target
of sufficient thickness so that the steady-state
projectile 2p-vacancy fraction has reached its
equilibrium value. ' ' Because the complete sys-
tem of rate equations for f»(v) is difficult to solve, 44

we assume, as seems reasonable, that for the
other vacancy fractions f» with k') 1, a thin-target
expression analogous to Eq. (16) will also be valid
for a thick target:

o +'(2po, v, ) = —,'kf»'(v, )w2»o„, .
Adding the contributions from all the vacancy
fractions, and using Eq. (12), we then arrive at
the final expression

I

where I, and I, are the 2p ionization energies of
the projectile and target atoms, respectively. The
factor 0.89 in Eq. (14) has been determined em-
pirically. " If the projectile is the higher-Z part-
ner, x' —x' and w»- 1 —w», so that Eqs. (11)-
(13) are applicable for Z, & Z„as weil as for Z,
~Z .

For a thick target, expression (11) has to be in-
tegrated over the projectile path. We have ex-
tended a formulation developed by Garcia and
Fortner, "'" in order to separ'ate the single- and
multiple-collision contributions to the thick-target
yield and in order to include the possibility of pro-
jectile 2p-vacancy quenching, ' ' as well as 2p-
vacancy decay. From Ref. 44 one finds that the
projectile vacancy fraction f, in Eq. (12) i~s of order
(f,), if f, «1. With this assumption, which im-
plies n(v) =f,(v), Garcia" develops a relation be-
tween cross-section and thick-target yield. Gen-
eralizing this relation, we show in Appendix A
that to a high degree of accuracy the following
equation holds at the incident projectile velocity
V) '.

oz" (MI. , v, ) =o„(2Po,v, )+o~'(2Po, v,),
as suggested in Eq. (10). Here ag (MI. , v, ) is the
summed target and projectile K-vacancy cross
section extracted from the thick-target yields by
the Merzbacher-Lewis formula. ' In Eq. (15) the
multiple collision cross section due to the vacancy
fraction f, is found to be [Eqs. (A8), (A17), (A18)]
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(7 (2po, v'~) = »»» (v~)s&»»(T~ g, (17)

where n'»(v, ) is the equilibrium value of the steady-
state 2P-vacancy number per projectile [Eq. (12)j.
Correspondingly, Eq. (15) is changed to

I

gz" (ML, v, ) = c'„(2Po', v, ) + c',(2Po', v, ) . (18)

In Appendix B we show that the value off (e,)
in Eq. (16) can be obtained experimentally from the
projectile 2P(L, +L,) x-way cross section o,P", „
(ML, v, ) extracted from the thick-target yield by
the Merzbacher- Lewis formula. ' Again quenching,
as well as decay, of projectile 2P vacancies is
included and, again, the assumption f»(k&1) «f, is
made. Under these conditions. , the relation be-
tween o'P", „(ML,v, ) and fP(v, ) for an elemental
target of atomic density n, is [Eq. (B9), but ob-
serve slightly different notation j:

where 7;„' is the decay constant for x- ray emission
from a projectile with one 2P vacancy. This equa-
tion is very similar to the thin-foil expression in
Ref. 45, assuming all the yield comes from inside
the foil. Assuming again that equations similar to
(19) exist for the contributions from the other
vacancy fractions f», one obtains for the total pro-
jectile 2P x-ray cross section:

6 e»&
n, v, c',»„„(ML,v, ) = Q (20)

where 7„'„ is the decay constant for (single) photon
emission from a projectile with k 2P vacancies.
This equation is consistent, with Eq. (1) of Ref. 44.
Now we assume that the radiative decay constant
of a projectile. with k 2P vacancies is approximately
equal to k times the radiative decay constant of a
projectile with a single 2p vacancy, an approxima-
tion similar to one made in Ref. 4V:

determined experimentally from the 2P x-ray
cross section and not from expressions for the
production, quenching, and decay mean free
paths, 4' essentially by combining Eqs. (A18) and
(B6). In Appendix C we also show that, with rela-
tively minor assumptions, the Coster-. Kronig
transitions from the L, to the L, and L, subshells
and between the L, and L, subshells do not affect
Eq. (19), nor, presumably, Eq. (21).

In Sec. IIB2 we apply Eqs. (17), (21), and (22).
Therefore, the determinations of ~,„and of 0„,
need some discussion. Since the main contribu-
tions to 7",„arise from electronic transitions orig-
inating in the M4 and M5 subshells, "one would
expect that stripping of projectile M electrons in
the solid target should have a major effect on

Nevertheless, Kauffman et a/. "have found
the effective number of M electrons in 45-MeV C1
projectiles traversing solid Si to be much higher
than simple stripping ideas would lead one to sus-
pect. Therefore, tentatively, we have used tabu-
lated single-2 p-vacancy values for r, '„ in Eq. (21),
for Br and I projectiles. By comparing n"(v, )
from Eq. (21) with n"(v~) computed from Eq. (17)
we can check exPeximenta//y. whether our tenta-
tive values for v, '„are reasonable (see Sec. IIB2).

For a„„in Eqs. (17) and (22) we have used the
scaling procedure of Taulbjerg et a/. "- Put, since
in some of our collision systems the united-atom
atomic number exceeds 100, we felt it necessary
to investigate the possible effect on 0„,of spin-
orbit splitting at small internuclear separations. "
We found that for 19-43-MeV Br collisions the
spin-orbit effect is only minor, but that for 15-62-
Me& I collisions the spin-orbit effect can decrease
o, appreciably. An approximate spin- orbit cor-
rection factor is obtained in Ref. 50, which could
be applied to 0 „,computed from Ref. 42.

2. Thick targets: Experiment

Substitution into Eq. (20) then yields, using Eq.
(12),

(21)

For a compound target one needs only to replace
n, c',~„,„by expression (B8). Equation (21) can be
substituted into Eq. (17) to obtain the multiple-
collision cross section o,(2po, v, ) in Eq. (18) in
terms of known quantities:

71

+ma( p+~ x) = 3 2 z xx yroj x( & t)»» rot

We wish to stress the generality of Eqs. (17),
(21), and (22). In particular we emphasize that
2P-vacancy quenching is taken fully into account.
The 2p- vacancy number per projectile n"(v, ) is

We now apply Eqs. (17) and (21) in two different
ways. First, using Br projectiles on solid KBr and
I projectiles on solid NaI targets we compare the
values of n"(v, ) obtained from Eq. (17) with those
computed from Eq. (21). For this purpose we h'ad

to determine o,(2 po, v, ) from experiment through
the use of Eq. (18). Second, by eliminating n"(v, )

, between Eqs. (17) and (21) to obtain Eq. (22), we
compute the multiple collision contributions to the
Br and I summed K-vaeh, ncy cross sections shown
in Fig. 3.

For reference we show in Fig. 5 our measure-
ments of total projectile L x-ray cross sections
with Br and I beams as a function of target Z.
Also shown are the sparse cross section. s mea-
sured elsewhere. "'"'~ In the case of I agree-
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cate symmetric collisions.

ment is satisfactory to within the +30% error we
assign to our cross sections. ' In the ca,se of Br
there exists the possibility of multiple- collision
thin-target effects in. the work of Ref. 54, which
may influence the Merzbacher-Lewis L x-ray
cross section, as they do the K cross section
(see Sec. IIB3). To obtain the 2P x-ray section
needed in Eqs. (21) and (22) from the total I. x-ray
cross section, we multiplied the latter by 0.9,""
which is a minor correction compared to the error
on the cross sections.

Figures 6(a) and 6(b) give comparisons of n"(v, )
extracted from Eq. (1V) (data points) with those
calculated from Eq. (21) (lines), for Br+ Br and
I+ I collisions, respectively. To obtain o,(2 po; v, )
we assumed that in Eq. (18) the single collision-
cross section o„(2po, v, ) in a solid target is equal
to the single-collision cross section in a gas tar-
get, which should be reasonable for innershell ex-
citations. For Br+Br, we used the Br+Kr and
Kr+Kr gas-target cross sections shown in Fig. 4.
For I+I we used the gas-target scaled cross sec-
tion plot of Fig. 10(a) discussed in Sec. IIC (note
that a measured point for Xe+Xe lies on this plot).
Figure 4 shows that at the lower bombarding en-
ergies the single-collision contribution to v~ in
a solid is sma, l1.

In Fig. 6(a), a thin-target correction, discussed
in Sec. III B3, was applied to cr, (2 pa, v, ) for the
Br+Br data obtained from Ref. 2. In Fig. 6(b),
we show the data points for n"(v, ) without and
with the correction for spin-orbit effect on 0.„,."
We suspect that at low bombarding energies the
spin-orbit. correction factor for o„, is too large,
making the n"(v, ) values computed from Eq. (17)

too small. "
It turns out that Eq. (21) can be represented by

a straight line on a log-log plot, because over the
limited range of energies used here the L x-ray
cross section has a power law dependence on E,
(compare Refs. 52 and 54). Of course a +30%
error is attached to the lines shown in Figs. 6(a)
and 6(b). The agreement between the two ways
to obtain n"(v, ) is satisfactory and indicates the
basic correctness of Eqs. (17) and (21), as well as
the apparent validity of using for T,„' the single 2 p-
vacancy values of Ref. 48. This must indicate an
appreciable presence of M electrons in Br and I
projectiles in solids, similar to the findings of
Ref. 49 for Cl.

In Fig. 6(c) we present an independent check of
Eq. (17) using Ni+ Ni cross-section measurements
of Refs. 33 and 56. To obtain o,(2po, v, ) we again
use Eq. (18) and estimate o„(2pa, v, ) from Fig.
10(a). The values of n"(v, ) so obtained from Eq.
(17) are shown by the data points in Fig. 6(c) which
reflect an inconsistency in the cross section mea-
surements of Refs. 33 and 56 at higher bombarding
energies. Here, projectile L x-ray cross sections
were not determined, but an estimate of the aver-
age number of L-shell vacancies per projectile was
made in Ref. 33 from the Xn x-ray energy shift.
This estimate is represented in Fig. 6(b) by the
straight line and its associated error. Taking into
account the possible contribution of 2s vacancies
to the average Kn x-ray energy shift, there is
reasonable agreement with the values of n"(v, )
computed from Eq. (17).

Figure 6 gives us confidence that Eq. (22) should
yield the correct multiple collision contribution
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o,(2Po) to the o'z" plots of Fig. 3, some of which
are repeated in Figs. 7 and 8. Using the I. x-ray
cross sections from Fig. 5, Eq. (22) yields the
curves shown in Figs. 7 and 8. The solid lines as-
sume no spin-orbit effect on o„„the dashed lines
use the correction factor of Ref. 50. For sake of
clarity, individual points have been omitted and
smooth curves have been drawn through them.
Because of uncertainties in the measured I. x-ray
cross sections, a +30%%uo error is attached to these
curves, along the ordinate. Qne can see that in a
fairly wide-Z, region near symmetry, o~ appears,
to be dominated by multiple-collision effects. Also
one can see that the peculiar humps in o~", noted
in Fig. 3, reflect the behavior of o,(2Pcr), which in

iO'-

0 0
0

0

IO

20 40 20 40 60

I

I
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I I I I I
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n(v, ),
(a) Br+ KBr II

iiw

I & & 'f I I

FIG. 7. Summed X-vacancy cross sections for Br as
a function of target Z. Curves represent computed
multiple-collision contribution to 2po cross section
[Eq. {22)]. Spin-orbit effect on 0~« lowers curves by
less than 20% at highest Z2 values. Errors on data and
on computed curves are +30%, each. Vertical dashed
lines indicate symmetry. At low and high values of Z2,
K-L level matching effect is apparent in the data.

I
-2

tb) I+Nat

turn reflects level matching effects in the pro-
jectile L x-ray cross section" (Fig. 5), as well as
the strong-Z, dependence of io» [Eqs. (13) and (14)]
for Z, & Z, .

The computed curves for a,(2Po) could be af-
fected by a variety of effects which we have not
included, . such as vacancy transfer to the 2Pw MQ
from higher MO's than the 3' MO and changes in
the values of I, in Eq. (14) due to projectile ioniza-
tion in the target material. These effects would

(
-5

(c) Ni+ Ni
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FIG. 6. Equilibrium number of projectile 2p vacancies
(a) in Br+ KBr collisions, {b) in I+NaI collisions, and

(c) in Ni+ Ni collisions. Experimental points extracted
with the use of Eqs. (17), (18) and (25). (a) Data: o,
from present work, using Eq. (17); i, from Ref. 2, us-
ing Eqs. (25) and (17). Line: Eq. (21), using data from
Fig. 5(a) and Bef. 54. {b) Data: from present work, 0,
not corrected; o, corrected for spin-orbit effect on

O„t. Line: Eq. (21), using data from Fig. 5(b) and
Ref. 52. (c) Data: ~, Ref. 33;,k, Ref. 56, using Eq.
(17). Line represents total L vacancy number per pro-
jectile estimated in Ref. 33 from K~ energy shift. Typi-
cal errors are shown.

IO

40 60 80 40 60 80 z2

FIG. 8. Summed K-vacancy cross sections for I as a
function of target Z. Same caption as for Fig. 7, except
that spin-orbit effect on O~t is included in dashed
curves.
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tend to increase o,(2Po, v,). It is also possible
that the scaling relations of Ref. 42 are not valid
at large asymmetry. 4' Nevertheless, we feel that
the overall agreement of o,(2 po, v, ) with oz" in
regions (ii) of Fig. 1 supports our interpretation of
these cross sections.

oz" (thin) =o„(2Po;v,)+c,(2Po, thin),

where

oz™(thin) = F/n,'t

(23)

(24)

o,(2Po, thin) =o,(2Po, thick)

X ]
n' (U,) 1- exp(-urn, t)
n"(v, ) 0' ~Ã2t

Thin targets

If the formalism of Appendixes A-C is applied
to sufficiently thin targets, the energy variation
of the beam within the target foil can be ne-
glected. '~' In Appendix D we consider a target
foil of atomic density ri, and of thickness t traver-
sed by the beam. If the foil is mounted on a back-
ing of thickness b, such that the beam first traver-
ses the backing, Eq. (18) is replaced by

X
1- exp(-a rn, t)

0'~S 2t
(28)

Kubo et al. 2 used targets 10-20 pg/cm' thick
mounted on 40- pg/cm'-thick C (these are the thick-
nesses traversed by the beam). Their Br cross
sections are up to a factor —,

' smaller than our
thick-target cross sections [Figs. 4 and 9(a)] and
their Ni+Ni cross sections are up to a factor 3

smaller than those of Refs. 33 and 56. In the latter

es U fYl

K

(b)

I I I & I I & l l

(Q}

DD

thick foils or thick targets. From Eqs. (18) and
(23) we see that there exists a difference between
a thick-target and a thin-target sum cross section
due to the multiple-collision effect:

oz (thick) —o»" (thin)

= o,(2Po', thick)-o', (2Po, thin)

=rr, (2pa, thick) (1—
1

In Eq. (24), F is the summed yield per projectile
of projectile and target K vacancies. In Eq. (25),
o,(2Po', thick) is given by Eqs. (17) or (22), n"(v, )
is given by Eq. (21), n (v,) is the projectile 2p-
vacancy number emerging from the backing foil
of atomic density n~ [compare Eq. (D1)]""

n' (v, ) =n'"(v, ) [1—exp(-o'~n, b)], (28)

where n~'"(v, ) is given by Eq. (21) applied to the
backing foil, and or (and, similarly, a'r) is given
by

IO

2
IO

IO

l
D
qO

I'
I D
I

I

I

I

I

I

(b)

=or' co'+(n+,v, r) '. (27)

In Eq. (27), o is the projectile 2P-vacancy pro-
duction cross section in the target foil [of which

o,'~„,. „, introduced in Eq. (20), is the radiative
part], o' is the cross section for projectile 2p-
vacancy quenching by target-electron capture"
or other quenching mechanisms" and v ' is the
total (radiative plus Auger) decay constant of pro-
jectile 2p vacancies. If n~(v, ) «n"(v, ) and am, t
» 1, Eq. (25) gives o, (2Po, thin) =o, (2Po, thick),
as it should. If n'=0 and em, t « I, o,(2po, thin)
=0, and o z (thin) gives the single-collision cross
section.

We have attempted to use Eqs. (18) and (23) in
order to explain apparent discrepancies between
cross sections measured with thin foils and with

I I I

IO 20 30 40 50 60 Z&

FEG. 9. Comparison of thick- and thin-target cross
sections for Br as a function of target Z. (a) Solid sym-
bols, thick target-cross sections from our work; open
symbols, thin-target cross sections from Bef. 2. Typi-
cal errors (+30%) are shown. Dashed vertical line indi-
cates symmetric collision. (b) Differences between
thick- and thin-target cross sections. Data points have
errors exceeding cross section differences in most
cases, but trend is significant. Curve is expected dif-
ference due to multiple-collision effect on 2po cross
section fzq. (28)].
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references Ni foils 200 pg/cm' thick were'used-,
which act like thick targets as far a.s 2P multiple-
collision effects are concerned.

In applying Eq. (28) one is faced with the difficulty
that one can measure only projectile L x-say cross
sections but needs to know projectile L vacancy
cross sections in the solid target. For lack of
actual knowledge we assume that the 2P fluor-
escence yield (&u~») in the target is equal to twice
the value listed in Table IV, XV of Ref. 59 con-
sistent with a lengthening of projectile L-hole. life-
times in solid targets. " Also, we find that o'
in Eq. (27) can be neglected within the uncertain
values of capture cross sections. "" Finally, we
assume T=~»v„, where 7„ is taken from Ref. 48,
assuming again that appreciable number of pro-
jectile M electrons are present in the solid target. 4'

In Fig. 9(a) we compare our 43-MeV Br sum
cross sections with those of Kubo et al. ' for a
variety of targets. Although in most cases the
differences between the cross sections lie within
the experimental errors, there appear to be sys-
tematic trends in the differences [Fig. 9(b)],
which are reproduced qualitatively by Eq. (28)
[curve in Fig. 9(b)]. The curve shown assumes a
thickness of 15 pg/cm' for all the targets used in
'Ref. 2. Minor changes in beam current integration
could affect the cross-section differences in a
major way, so that the discrepancy in absolute
magnitude between the curve and the data points
in Fig. 9(b) should not be of major concern.

In Table I we compare thick and thin Ni+Ni
cross-section data from Ref. 2 with that of Refs.
33 and 56. We used the n(v, ) values from Ref. 33,
shown in Fig. 6(c), to estimate the projectile 2P
x-ray cross section with the help of Eq. (21).
Using +~»-—0.016 we deduced the vacancy cross
sections needed for Eq. (28). From columns 5,
6, and 7 of Table I we see that Eq. (28) appears to
provide a reasonable explanation for the difference
between thick- and. thin-target cross sections
within experimental errors and the other uncer-

i

In summary, the present work demonstrates the
importance of multiple-collision effects in solid
targets on summed K-vacancy yields. , Hence any

tainties.

solid-target measurement of the K-vacancy cross
section of the loire~-Z collision partner, and mea-
surements near symmet y of the higher-Z collis-
ion partner must be interpreted with care. One
must also be concerned about the influence of mul-
tiple-collision effects on the impact-parameter de-
pendence of the K x-ray production probability in
the lower-Z partner, if solid targets are used. ~'64

Multiple collision effects in solid targets invalidate
the application of scaling laws to solid-target K-
vacancy cross sections near symmetry. """

, The multiple- collision effects discussed above
are not to be confused with the additional effects
which occur if appreciable steady-state (residual)

C.. Single-collision 2po cross section

For Z„Z, ~ 10 production of 2Po vacancies can
occur by one-step ionization or by a tsvo-steP pro-
cess in which an electron in the initially filled 2Pn
MO is excited to a vacant state, such as the 3Pm
(Fig. 2), and the 2Pv vacancy then couples into the
2 pa MQ later in the collision. " It has also been
suggested that in a given collision both processes
can occur.""Although one might presume that
these processes are coherent, the one-step excita-
tion is largest to final continuum states, similar

K vacancies are present in the projectile. ~"" In
that case capture of target electrons into the pro-
jectile K shell can modify the target and the pro-
jectile K x- ray yie1ds. The equilibrium fraction
of steady-state K vacancies in the projectile can be
estimated from a formula similar to Eq. (A18).
For 43-MeV Br in. KBr the equilibrium fraction of
projectile K vacancies is approximately 10 '.
Hence in our work the summed target and pro-
jectile K cross sections are not affected by K cap-
ture effects.

TABLE I. Comparison of thick- and thin-target summed Ni+Ni E-vacancy cross sections.
I

g('
(MeV)

0' & (thick)
(b) (c)

0 ~ (thin)
(d)

0'& (thick)-0 z (thin)
(t ) (c) Eq. (28)'

45
61
94

4.0 +0.8
6.9 +1.4

2.8
4 4
8.6

1.3+0.2
2.6+0.5
4.5 + 1.0

2.7 +0.8
4.3+1.5

1.5+0.2
1.8 +0.5
4.1 +1.0

2.1 +0.4
3.5 +0.7
7.2+ 1.4

All cross sections in 10 b.
Reference 33 (thickness = 200 pg/cm ).
Reference 56 (thickness= 200 pg/cm ). No errors given.
Reference 2. Assumed target thickness =15 pg/cm on 40 pg/cm C backing', with the

backing facing the beam.
'Values used for 0 ~,&

„at'E& ——45, 61, and 94 MeV are 9, 12, and 18&&10 b (+20%), respec-
tively.
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to 1so ionization, ' whereas the two- step process
should proceed preferentially to the nearest va-
cant bound states. Hence the two processes should
be incoherent and separable.

Experimentally, the single-collision cross sec-
tion o„(2po) can be obtained from gas target mea-
surements or, in principle, from soli.d-target
measurements, if the multiple- collision contribu-
tion is subtracted [Eq. (18) or (23)]. Unfortu-
nately, as shown in Figs. 7 and 8, the multiple
collision contribution. is very large near sym. —.

metry. For ieasons given at the end of Sec. IIB2
we are hesitant to rely on the subtraction o»" (2 pc)
-o', (2 pa') for solid targets, even for asymmetric
collisions, where the difference js quite large at
higher bombarding energies (Fig. 8). Therefore,
in this section we use only gas-target cross sec-
tions for comparison with various theoretical pro-
posals.

1. One-step process

The only ab initio calculation for ionization from
the 2Po MO has been made for H++ H by Thorson
and co-workers. " As pointed out by them, the
ionization really takes place from the 2PO-2pz
manifold which is strongly mixed at small inter-
nuclear distances. ""Despite this strong mixing,
a model calculation has been made, assuming that
the role of the 2pm state is not too important and
that the process proceeds mainly by radial and
rotational coupling from the 2PO state to the con-
ti.nuum. "

If screening and nuclear Coulomb repulsion can
be neglected, the H'+ H calculation should scale to
higher-Z symmetric systems such that Z~o(2Po)
is a unique function of v, /Z. ""Foster et al. ~
remark that in an actual heavy-ion collision the
screening of continuum states is quite different
from that-in H'+-H and, therefore, the scaling of
H'+ H ionization calculations to higher-Z sym-
metric collisions should not be valid. %e would
like to argue, though, that, by using experimental
K binding energies in the scaled H'+-H calculations,
the most important effect of screening is taken into
account. Therefore, we take the viewpoint that Z
scaling from H'+ H does provide a sufficiently
valid comparison with experiment from which the
importance of the 2PO ionization process may be
judged. In Fig. 10(a) we show such a comparison.
Instead of v, /Z or (v,/Z)' we have chosen the
velocity scaling parameter to be [v,/v»(U)]'
=—(&;/~, )/[1»(U)/m], where f»(U) is the (united-
atom) UA 2P«2 binding energy. (The scaling
parameter is practically the same as that pro-
posed in Ref. 39.)

Figure 10(a) shows that for Z = 16 to 54, this
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FIG. 10. Scaled summed K-vacancy single-collision
cross sections for symmetric collisions. Only gas-
target data are used. The cross section and energy
scaling parameters are given in the text. All data from
Fig. 4, where references are given, except for H', +H
see Ref. 39. Typical errors lie-between +15% and 30/p.
(a} Solid line gives scaled H +H 2po. ionization cross
section from Thorson et al. (Ref. 68). Dashed curve is
based on proposal by Briggs (Ref. 73). (b) Curves give
BEA functions E(ls) (solid curve) and E(2p) (dashed
curve) from Hansen (Ref. 8), according to modified-
BEA proposal of Ref. 65.

scaling correlates the data above (v, /v»)' = 2 && 10 '
and that at high velocities it connects with the mea-
sured ionization cross section for H'+H, multi-
plied by 4." The Ne'+Neo (neutral Ne collsion)
cross sections lie considerably above the others,
possibly indicating an additional excitation process
in this case.

The solid line in Fig. 10(a) is the H'+ H calcu-
lation of Ref. 68, multiplied by four. " (This was
plotted incorrectly in Refs. 39 and 71.) Since the
1so calculation of Ref. 68 has been shown to have



16 E-VACANC Y PRODUCTION IN HEA V Y-ION CO LLISIONS. . . 179

major integration errors, ~ the 2Pa calculation may
also be uncertain. Hence one cannot judge from
Fig. 10(a) whether or not experiment is in agree-
ment with the ab initio theory, even if screening
were properly taken into account. There is the

. additional uncertainty that the experimental cross
sections, except for H'+ H, include transitions to
bound MO's, whereas the theory does not. As
discussed in Ref. 39, excitation to bound MO's
should at most double the cross section.

A different theoretical approach to ionization has
been proposed by Briggs. " He shows that in the
straight-line approximation the ionization prob-
ability for a symmetric collision Z-Z. with a
projectile velocity v, can be related to the SCA
probability for the collision Z 2Z with a pro-
jectile velocity & v, . A symmetry restriction al-
lows electron transitions from a given initial bound
state only to continuum states of equal parity. In-
tegrating the ionization probability over all impact
parameters one then finds for the 2PO ionization
cross section

o(Z-Z, v„2Po ) = 16csc„(Z-2Z, ~ v„2P-P„„).
(29)

Here we assume that the important SCA ionization
amplitudes are those to s, P, and d continuum
states, '4 so that in the restricted SCA cross sec-
tion only transitions from the UA 2P to continuum

p states must be used.
In Fig. 10(a) the dashed curve is the result of

our evaluation of Eq. (29). We have used tabulated
SCA cross sections' with a typical value of 0.6 for
the screening constant 8~. To correct for the pro-
portion of the cross section going to continuum P
states we have used an estimate obtained from Ref.
75 which yields

2
t

1
1+ 0 0516 ' (30)

cac~(2p -s, p,»,)
'

v,

Reference 75 uses the Huus approximation, "'which
is valid only for v, /v»&0. 2, but this is just the re-
gion where the disagreement with experiment is
worst.

The discord between the two 2po ionization esti-
mates shown in Fig. 10(a) is severe. Indeed, the
work of Ref. 75 indicates that for slow collisions
the energy dependence of the 2P-P„„ ionization
cross section is E,', whereas Ref. 15 gives ap-
proximately E,. In view of this situation it appears
premature to draw any conclusion about the rela, -
tive importance of ionization in 2jo vacancy pro-
duction.

Keeping in mind the preceding remark, we draw
attention to a proposal by Hansen' and by Foster
et al." that the binding energy effect on "atomic"

Gsum
K

(b)
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FIG. 11. Summed K-vacancy gas-target cross section
for asymmetric collisions-as a function of target Z.
Data: 18-MeV CI from Ref. 34, 387-MeV Xe from our
work. Curves give modified-BRA proposal of Ref. 65.'

ionization cross sections could be simulated by
substituting the UA binding energy for the SA
binding energy inthe BEA."' This substitution
produces the scaling relation shown in Fig. 10(b),
in which oz" I»(U)'/2Z' is plotted against
[v,/v»(U)]'. Foster et al. suggest that the scaled
cross sections should follow the BEA functi'on

E(1s), but we show also the BEA function E(2p),
both taken from Ref. 8. Omitting the case of Ne'
+Ne', in which an additional process may operate,
the function E(ls) overestimates most cross sec-
tions by nearly an order of magnitude. The func-
tion E(2p) appears to give somewhat better agree-
ment for [v, /v»(U)]'& 10 ', but the energy de-
pendence of the cross section is not well repro-
duced at higher energies with either function.

For asymmetric collisions, ab initio calculations
are not available. We show in Fig. 11(a) compari-
son of the very sparse gas-target cross-section
data with the modified BEA proposal of Ref. 65.
Although the Z, dependence of the cross sections
is well reproduced, the cross sections are again
overestimated by large factors. [In this velocity
range the BEA function E(ls) and and E(2p) have
very similar magnitudes. ]

We conclude from Figs. 10 and 11 that the im-
portance of the one-step 2Pa excitation process
cannot be ascertained without. further theoretical
work.
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2. T~o-step process

Since the two-step process of 2Pa vacancy for-
mation consists of long-range coupling of the
2pm MO to vacant m MO's, followed by 2po-2pm
electron promotion it has been suggested"" that
one might write for this process

o(2Po) =N(v, )o„, . (31)

Here 0„, is the 2pcr-2pm rotational-coupling cross
section per incident 2pm„vacancy"'42 and N(ir, ) is
a factor which describes the long-range coupling.
Equation (31) has to be modified if 2P vacancies
are present in the projectile or the target at the
beginning of the collision. " Empirically one finds
that for Z„Z, & 10 ""'"

N(v, ) =Ce (32)

n = AE/hz,

where x ' characterizes the range of the inter-

(33)

where C =1 and n varies strongly with Z. Figure
12(a) shows logN(v, ) for symmetric-gas cross-
section data (Fig. 4) as a function. of u, /v„where
e, is the Bohr velocity for II. One sees that the
e, ' dependence is only approximate.

From a review by Nikitin" one can show that
the form (32) for N(v, ) is typical for a large class
of nonadiabatic transitions with exponential or
power-law radial coupling between orbitals sepa-
rated by a constant energy gap ~E. If one so iden-
tifies N(U, ), one finds that

~/g 2i i 27/ [I (H) ]
& i ~/ppg

i i &p (34)

where I»(H) is the 2P, i, binding energy of the
higher-Z partner. In Fig. 12(b) we plot the loga-
rithm of oz" /o„, —= N(v, ) versus the parameter (34)
for all the symmetric cross-section data shown in
Fig. 12(a). The data of Fig. 12(a) indeed coalesce
considerably and approximately follow, Eq. (32),
shown by the dashed line.

Figure 13 gives a'z /a„, for asymmetric collis-
ions, as a function of Z, . Here the parameter (34)
is constant for Z, &Z, . Therefore, even if the
parameter is modified by taking into account the
mean binding energy of the vacant P state, N(v, )
should be approximately constant for Z, &Z„ in

action. If the form for I(.
' proposed by Olson" is

used, as in Ref. 22, o./v, would be given by an ex-
pression similar to Eq. (9b), with I„identified as
the 2p(H) binding energy (Fig. 2) and Ii as the bind-
ing energy of the vacant P state to which the 2Pw

MO couples initially. "
In the proposed two-step process the 2Pm orbital

would be radially coupled to many, vacant m orb-
itals. Hence Cocke et al."suggested that one
should identify the binding energy of the vacant m

orbital or P state as a mean energy, to be deter-
mined experimentally through a comparison of
Eq. (32) with Eq. (31). Presumably, except in the
case of Ne'+ Ne', this mean binding energy would
be considerably smaller than the 2P(H) binding
energy, so for purpose of scaling we prefer to
neglect it. Hence we set

N(v, )
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FIG. 12. Single-collision
two-step 2p vacancy factor
N(v&) for symmetric colli-
sions [Kq. (31)]. The same
gas-target data are used,
as in Fig. 10. (a) Abscissa
is the inverse projectile
velocity in a.u. (b) Ab-
scissa is n/v&, defined in
Kq. (34). Line is Eq. (32),
arbitrarily normalized.
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complete disagreement with the data. Hence we
are forced to conclude that the application of Eq.
(31) to collisions with Z, & 17 is not valid. This
conclusion is contrary to the conclusion of Ref.
78, but leaves open the possibility that in Ne'
+Ne' collisions Eq. (32) is applicable. ~' More
studies of asymmetric gas-target collisions'are
needed to settle this question.

III. E-vacancy sharing

According to the present model (Fig. 2) vac-
ancies produced in the 2Po Mo are shared in the
outgoing part of the collision between the higher-
Z and lower-Z collision partners, regardless
whether the 2Po vacancies are produced by. single-
or multiple-collision processes. Equation (8)
shows that the vacancy sh'aring ratio (9) can be
compared directly with the experimental ratio
o(H)/o(L) only if the Z„Z, region is restricted
to regions (iii) in Fig. 1, in which neither 1so ex-
citation nor K-L level matching are important.
Figure 14 compares the experimental target to
projectile K-vacancy ratio with Eq. (9a). For Z,
& Z, this ratio is given by (1-w)/m, whereas for
Z, &Z, the ratio is given by m/(1 —w). A simple
change of sign of 2x in Eq. (9a) allows for both
situations. The agreement of Eq. (9) with experi-
ment extends over nearly nine decades and is one

zo = (1+ e'") ' . (35)

Jones et al. attempted to corre.ct their results
for target recoil,""using the formulas of Ref.
83 in an approximate manner. If target recoil and
straggling contribute the cross sections o„and o~,
respectively, -to the higher-Z vacancy production,

Br

of the. confirming pieces of evidence for the mole-
cular model of Fig. 2. Very good agreement is also
obtained with gas targets. "' ' ' Therefore, we
restrict the subsequent discussion to situations
where there is an apparent or re31 breakdown of

(9) 41' 80 82

Jones et al. so determined c(H)/o'r„[see Eqs. (2)
and (7)] for a variety of targets between Al and
Ni, bombarded with 0.75- to 16-MeV Ar. Up to Ti
reasonable agreement was found with the vacancy
fraction w computed from Eq. (9), but for the
higher-Z, values and at the lower bombarding en-
ergies major deviations were noted. In Fig. 15 we
present the Ar+ Cr and Ar+ Ni results of Ref. 80,
with the abscissa 2x defined in Eq. (Qb). The solid
line is the calculated value of ze, obtained from
Eq (9a)., /

)
4

Kr
Xe-

l8-MeV CI

387-MeV Xe

I
0~2

I I I I

10 20 30 40 50
2

~ I

0 5 lO

FIG. 13. Single-collision two-step 2p vacancy factor
N(v &) for asymmetric collisions tEq. (31)] as a function
of target Z. The same gas-target data as in Fig. 11 are
used. According to Eqs. (32) and (34), N(v&) should be
approximately constant below symmetry, as shown. .

I'IG. 14. Target to projectile K-vacancy cross section
ratio as a function of K-vacancy sharing parameter 2x
defined in Eq. {9b). Straight line is Eq. (9a). Dashed
vertical line indicates symmetry.

t
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assuming the target to be the higher-Z partner, one
finds from Eqs. (4) and (7),

o»(H)/a»" =w+ [a(1so)+a„+as ]/o(2Po). (36)

This equation applies outside the K-I level match-
ing region, which is the case for Ar+Cr, Ni. We
estimate the various cross sections in Eq. (36)
as follows. For o(iso) we use the formula of
Basbas et al."for Z, + Z, encounters with Z, «Z„
but with a weakened binding-effect correction, as
described in Ref. 84 (see also Paper III). For the
recoil and straggling cross sections o„and as we
use Eqs. (B2) and (Bl) of Ref. 1, which are based
on the thick-target formulas of Ref. 83. We find
that a(Iso) and os are negligible compared to o„.
For a(2Po) we use the prescription of Foster
et al."discussed in Sec. IIC 1, hoping that the
overestimate, illustrated in Fig. 11, approximately
equals the multiple-collision effect in the solid
Cr and Ni targets. The dashed li~es in Fig. 15
give the computed values of o(H)/o» =m+ oz/
o'(2po'). The overall agreement with the experi-
mental values of Jones et al."is sufficiently good,
that we believe the entire deviation from ze to be
due to the recoil effect, even though Jones et al.
attach some significance to the difference between
their calculated recoil corrections and experi-
ment. (Their recoil corrections were made in a
more approximate manner than ours. )

In connection with Figs. 14 and 15 we note that
a theoretical low velocity deviation from Eq. (9)

6 (H)

SUN

K

lo

0.2 0.4 0.6

SK(H)

6K(L)

lO

IO

ZL/Z„=0.9

ZL ZH

+6IO
IO l6

~ IO l7il416
v I6 l7i l6 l8
~ l7 l8

originally found by Taulbjerg and Briggs has been
ascribed to a calculational error. " So far, then,
no significant low-velocity deviation from Eq. (9)
has been established up to i2x = 14.

A high-velocity deviation is predicted theo-
retically by Taulbjerg et al. ' Macdonald" and
we". looked for an experimental verification, using
the Cl cross-section measurements of Winters
et aI." Here, again, Eq. (8) applies. Recoil and
straggling effects are negligible, because gas
targets were used exclusively. For Zi/Z„) 0.8,
the theory of Ref. 42 gives practically the same
prediction as Eq. (9), in agreement with experi-
ment (top of Fig. 16). For Zi/Zs—-0.6, Ref. 42
predicts the high-velocity (low-x) deviation shown

by the dashed line in the lower part of Fig. 16. It
is consistent with experiment, but, unfortunately,
the experimental results are not precise enough
to verify the theory. In view of the results per-
sented in Fig. 14 the low values of o(H)/a(L) in
Fig. 16 in the range 4~2x~7 probably are due to
inaccuracies in the Ne fluorescence yield. ' The
dash-dot line is an evaluation of Eq. (8) for Cl+ Ne
collisions for x)3. Here 0~ i =0 and the esti-
mated values oi'4 o(Isa) and" o(2po) could be nor-
malized to experiment. Qualitatively, the trend

ZL /Z„"-0.
IO

l0

l0

Ar+ Cr

Ar+ Ni

IO

I0

2x

FIG. 15. Fractional K-vacancy cross section of higher-
Z collision partner for Ar+Cr and Ar+ Ni collisions, as
a function of the vacancy sharing parameter 2x [Eq.
(9b)). Data from Ref. 80. Solid line gives the theoretical
vacancy fraction sv defined in Eq. (35), dashed lines in-
clude computed corrections due to target recoil [Eq.
(36)1~

0 2 4 6

FIG. 16. K-vacancy ratio of higher-Z to lower-Z
partner for a variety of collisions as a function of pa-
rameter x [see Eq. (9b)]. Note different abscissa scales
for top and bottom parts of figure. Data from Ref. 34,
except Ne+C point which is from Ref. 93. Top: Data
for Zz, /Zz —-0.9. Solid line is Eq. (9a); prediction of
Ref. 42 would be identical. Bottom: Data for Z&/Z&
=0.6. Solid line is Eq. (9a), dashed line is predicted by
Ref. 42, dash-dot line is for Cl+Ne and includes contri-
bution from 0(lscr) [Eq. (36)].
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of the data in Fig. 16 for x&4 is in agreement with
Eq. (8). A quantitative comparison is not possible,
because the available data is not sufficiently pre-
cise. We conclude that more work is needed to
confirm the predicted high-velocity deviation from
Eq (9a). 86p 87

Finally, we mention. ed that for v'ery low Z„Z,
systems, deviations from Eqs. (9a) and (9b) have
been reported by Stolterfoht et aL."'"and by Fast-
rup et aL." These are attributed to two-electron
effects,"but perhaps ca,n a,iso be explained by a
dynamic relaxation of electronic binding energies
during the collision. , without further modification
of Eq. (9b)."'"

In summary, the K-vacancy sharing concept
embodied in Eqs. (2) and (3) has proved to be very
useful. Equations (9a) and (9b) for the K-vacancy
sha, ring ratio appear to be valid over a very large
domain of E„Z„and Z, . Ab initio calculations
made so far"'" cannot explain the large range of
validity of Eqs. (9a), and (9b), which, therefore,
may be partly fortuitous. 9

IV. CONCLUSIONS

The model of K-vacancy formation sketched in
Fig. 2 and summarized in Eqs. (2) and (3) has
been correlated with a wide variety of data. The
concept of a cross section for vacancy production
in the 2Po Mo with subsequent sharing of these
vacancies between the two col.lision partners is
in accord with experimental findings. In solid
targets 2Po vacancy formation appears to be dom-
inated by multiple-collision effects. Steady-state
projectile 2p vacancies are fed into the 2pv MO
with subsequent rotational coupling to the 2Po MQ
[see Eq. (17)]. Even in thin solid targets, this
multiple- collision production of 2Po vacancies is
very important [Eq. (25)]. Therefore, any inter-
pretations of 2Po vacancy formation in solid tar-
gets, which do not include the consideration of
multiple- collision effects, are subject to doubt.

The single-collision cross sections for 2po
vacancy formation are most cleanly studied with
gas targets. The two proposed mechanisms for
single- collision 2Po vacancy production, namely,
one- step ionization and two- step long- range 2Pw

coupling to vacant z orbitals followed by 2Po-2pn
promotion at present cannot be established with any
certainty. We have presented apparent experi-
mental disagreements w'ith both proposals. More
experimental and theoretical work is needed to
clarify the situation.
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f6+f, = l. (Al)

The extension to higher charge fractions is dis-
cussed in Sec. IIB1.

The solution of the rate equation for f, with no
incoming 2p vacancies is given by Eq. (7) of Ref.

R

f, (R) = exp ( Z(R') dR')

zo R
Z8(R') exp— ( RR) dR") dR ' .

(A2)

Here all quantities are expressed in terms of the
residual range 8 =Ro- x, instead of the penetra-
tion distance x into the thick target. The total
range is denoted by R,. To take into account com-
posite targets, e.g. , KBr, we define the inverse
mean free path for projectile 2P vacancy produc-
tion:

Z~= n, o~ . (AS)

The atomic target den. sity of species i is denoted
by n, and the corresponding projectile 2P vacancy
production in the solid target by a, . The total in-
verse mean free path is

Z(R) =Z~(R)+ Z'(R)+ [v, (R)7] ', (A4)

where we generalize the treatment of Ref. 43 to
include the possibility of target-electron capture
or other vacancy quenching in the projectile. ""
The corresponding inverse mean free path is

(A5)Z = n)o'

where o', is the capture cross section for pro-
jectile 2P vacancy quenching by target atoms i. In
Eq. (A4), 7 ' is the decay constant of projectile
2P vacancies due to radiative and Auger decay.

Following Eq. (8) of Ref. 43, the thick-target
yield of projectile and target E x rays is given. by

APPENDIX A: ANALYSIS OF THICK TARGET 2po YIELD

1. Derivation

Following the treatment of Garcia" we assume
that in the solid target yrojectiles have either zero
or one 2p vacancy, with relative fractions f6 and
f„such that
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the following equations, assuming for sake of
definiteness that the projectile is the higher-Z
collision partner:

obtains

, , =n", ' +Z'(R, )no, (R,)
0 0

Yz.= , [ o,', (R) +f, (R)&'~(R)]w, (R)&u~»(R)

x exp[—p~»(R, —R)] dR, (A6)

0 n(y

(A13)

Yz'= n, a,', R+, Ro„'R 1 —m, R co+'.

&& exp[-p»(R, —R)] dR. (A7)

In Eq. (A6), v,', is the single-collision cross sec-
tion for 2pcr vacancy production, introduced in Eq.
(10). For convenience we define a double-collision
cross section o~(R) per entering projectile 2p va-
cancy. Using Eq. (11) we find

Except for the presence of o„, Eq. (A13) is equi-
valent to Eq. (11) of Ref. 43. Whereas Garcia4'
was interested to solve for o~, we have a model
for o„, namely, Eq. (A8), and wish to solve fore„:

o„(R,) =—

Z'(R, )o~(R,)+ Bo„/sR, —n 'O'Y/BR, '
Z(RO) —s inZ'/BRO

o,(R) = 3m,~(r„, . (A8)
(A14)

n[~..(R)+y, (R)v„(R)] dR. (Alo)
0

Following Ref. 43 we compute the first and sec-
ond derivatives of Y with- respect to R, and finally
obtain an expression for o„(2po). Noting that

f, (R) is a function of Roaswell as of R [Eq. (A2)],
we find

In Eqs. (A6) and (A7), ao, (R) is the K-vacancy
sharing ratio evaluated in Eqs. (9a) and (9b) and
discussed in Sec. III. Assuming that the target
is placed at 45' with respect to the beam, p~~ is
the absorpti6n coefficient of projectile K x rays
in the ta.rget materiaL Equation (A7) is the K x-
ray yield for species i in the target and &~~ arid
p»" are defined similarly as for Eq. (A6). In the
following we make the simplifying assumptions that
one target species i is dominant in producing 2pa
vacancies, that the K fluorescence yields ~~~ and
co~~' vary only negligibly with projectile energy, and
that absorption of K x rays inthe target can be
neglected, which is valid for Z„Z, o 20. Dropping
the subscript i, we then find for the 2pa vacancy
yield [compare Eq. (7)]:

Y=—Y,/ +Y'„/(d' (A9)

The total range Ro 'can be replaced by the bombard-
ing energy E, using the transformations4'

9 8

sR ='"'sZ
0

(A15)

where S(R,) =S(E,) = dE, /dRO is the energy loss of
the projectile in the target material. [The second
term on the right-hand side of Eq. (A16) is errone-
ously omitted in Ref. 43.] Hence the first term
on the right-hand side of Eq. (A14) is just the
Merzbacher-Lewis cross section o» (ML, v, ) for
the summed projectile and target K-vacancy pro-
duction. ' Below we examine the relative magni-
tudes of the various terms on the right-hand side
of Eq. (A14). We show that in our situation, with
less than 1% error, we can rewrite Eq. (A14) as

g„(v,) =a»" (ML, v, ) —o''~(v, )Z'(v, )/Z(v, ). (A17)

This is the expression one would obtain immedi-
ately if the energy variation of the projectile in
the target could be neglected. Indeed, Z'(v, )/
Z(v, ) is the equilibrium 2P-vacancy fraction f
of the beam, which can be seen from Eq. (3) of
Ref. 44 or by solving Eq. (A2) for R, —R «R, :

=n[(r„(RO)+f~(Ro)(t~(RO)]+ na„(R) 'dR, fP =Z'(v, )/Z(v, ). (A18)

where

=z (R)exp(—
O

Ro
E(R')dB'}.

(All)

(A12)

Also, f o~ is just the multiple-collision contribu-
tion to 2Po vacancy formation [see Eqs. (11) and
(A8)]. In Appendix B we show that the ratio Z'/Z
in Eq. (A17) can be evaluated directly from the
projectile 2p x-ray cross section.

Since by our assumption the entering beam con-
tains no 2p vacancies, f,(R,) =0. Substituting Eq.
(A12) into (All) and differentiating once more, one

2. Estimation of magnitudes

It is convenient to use the fact that over limited
ranges of bombarding energy E„K- and L-
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vacancy yields and cross sections are simple
power laws of E, (see Fig. 4 and Refs. 1, 2, 52,
and 54). Writing

y'cc E& g& oc ge ~ oc E& ~

1 ~ 1 & sc 1& (A19)

and using Eqs. (A15) and (A16), Eq. (A14) be-
comes

(y —1)S+E,dd/dE,
)

1+~g,Z' PS
E1Z- O.S ' E1Z —nS (A20)

In this notation, the Merzbacher-Lewis cross
section is

o»" (ML, v, ) = (Y/n)(y/E, )S . (A21)

We use our measurements for 30-Me& Br+ KBr
to make estimates of the va, rious terms in Eq.
(A20), The Br+Br collisions are dominant in pro-
ducing A' x rays. We find o»" (ML, v, ) =10'b(+30%%uo)

and y -—2.0. prom our measurements Z~ = 1.7
x 10' cm ' and from Ref. 48 (v, v) ' =2.5 x 10' cm ',
where we have used a 2P fluorescence yieM &~»

=0.02. Settin. g Z'= 0 we obtain a lower limit for
E~Z =7.5 x 10' Me&/cm. Using the energy-loss
tables of Ref. 91, corrected as suggested in Ref.
92, we find S=6x 104 MeV/cm and E,dS/dE,
=2 x 10~ Me&/cm. Hence

E,Z» S, E,dS/dE, , (A22)

APPENDIX B: ANALYSIS OF THICK-TARGET
PROJECTILE L X-RAY YIELD

To evaluate the multiple-collision contribution in
Eq. (A17) the ratio (A18) must be determined ex-
perimentally. We show that this ratio is directly
related to the Merzbacher-Lewis value of the pro-
jectile 2p x- ray production cross section.

By defining a dynamic fluorescence yield ' to in-
clude the possible quenching of projectile 2P
vacan, cies as the projectile traverses the target,
we could use directly Eq. (15) of Ref. 43. Never-
theless, we prefer to rederive this equation by
using the fact that projectiles with single 2p
vacancies have a mean free path for radiative de-
cay given by v, ~„, where 7 „' is the radiative de-
cay constant for a single 2p vacancy [this is called
r, '„ in Eq. (19)]. In Appendix C we examine the
inftuence of Coster-Kronig transitions to and be-
tween the projectile L, and L, subshells. Here
we do not distinguish between. the two subshells.

and Eq. (A17) is obtained from Eq. (A20), since
all the exponents y, o. , and P are smaller than 10
(see Refs. 52 and 54 and Fig. 9 of I). The in-
equality (A22) is found for all collision systems ex-
amined by us.

The extension to projectiles containing multiple
2p vacancies is made in Sec. IIB1.

Denoting the projecti. le thick-target 2P x-ray
yieM per incident projectile by P, and following
as much as possible the notation of Ref. 43 we
have instead of Eq. (13) of Ref. 43:

Bp
P„= '

dR f,(R) [v(R) 7„]'exp[-p~(R, R)—] . (Bl)
I

Here p~ is the absorption coefficient for projectile
2p x rays in the target material. 'Contrary to the
situation in Appendix A which deals with'K x rays,
absorption cannot be neglected here. ' Equation
(Bl) essentially expresses the fact that whenever
a projectile 2P vacancy within the residual range
R to R+dR decays radiatively, an x ra,y i.s
emitted. The quantity (v7„)"' is the radiative mean
free path. vacancy quenching enters into f, (R)
[Eq. (A2)], but does not affect the probability dR/
(v, ~„) of radiative decay with a distance dR;"

Differentiating Eq. (Bl) with respect to R, we
obtain an equation similar to Eq. (14) of Ref. 43,

»„ f,(R.)

~0 ef, exp[- p~(R, R)]—

Z'(R, )
eRO v, v'„

8 InZ~
+ —E(E,) —2 Sy)

'
( E) SE,*E+,(E,),

BRO

(B3)

where we use the quant. ity introduced in Ref. 43:
P„'= BP„/8RO+ p„P—„.

Equation (B3) is identical to Eq. (15) of Ref. 43,
if the inverse mean free path X in that reference
is identified with the total inverse mean free path
Z which includes quenching [Eq. (A4)].

We can now extract from Eq. (B3) the ratio Z~/
Z needed in Eq. (A17):

2p «91nZ~
«+ ~'-~ P

t 8R

1 8'P„p,'P„,
Z sR', Z (B5)

Using an evaluation of the various terms similar to
that in Appendix A 2,' one can show that for g~
& 5 & 10 cm"' all the fractions on the right-hand
side of Eq. (B5) proportional to Z ' are less than

(B2)

Using the condition f,(R,) = 0 and substituting Eq.
(A12) into Eq. (B2), a second differentiation yields
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1% in our work. Hence, within this accuracy

Z'/Z = v, ~„P„(Z,)
= v, 7.„[S(E,)sP„/sZ, + q, P„(E,)],

(86)

(87)

sf &'&/ex=no&'(I f «& f &'& f &»)

n(P f (1& (vg ) lf &1&

Sf &2&/&&x no»(1 f &&& f &2& f &3&)

(C2)

P,'(E,) =Qn, am~„,.„,(ML, .v,).
i

(88)

For an elemental target of atomic density n, Eqs.
(86), (88), and (A18) give

where we have used Eqs. (84) and (A15). The
quantity in square brackets, i.e. , P„' (E,), can be
evaluated experimentally from the thick-target
projectile 2P x-ray yield, independent whether the
target is elemental or a compound. This quantity
is related directly to the Merzbacher-Lewis cross
section' for the projectile 2p x rays:

-no'f"' (v~) 'f"'+f (v7 ) 'f"'

Bf /&&x =no+(I f & f f ) no'f &

(C3)

(v~) 'f"'+f (») 'f"'+f (») 'f"'
(C4)

Here a~ and o', denote the production and quenching
'cross sections, respectively, for subshell L„7., '
is the radiative plus Auger decay constant for sub-
shell L, :

o~~„»(ML, v, ) =f /(nvp„). (89)
7~7g+T (C5)

4P„=no 2~„&„(ML,v&) ARO (810)

(BP„/sRo)&RO = f;~(v, &.„) '&&Ro. (811)

APPENDIX C: EFFECT GF COSTER-KRONIG TRANSITIONS

In Appendix A we show that o, (2Po) can be re-
lated directly to the equilibrium value fP of the
projectile 2P vacancy fraction, and in Appendix
B we show that the latter can be obtained from the
experimental Merzbacher- Lewis 2p x- ray cross
section via Eq. (89). Here we investigate whether
Eq. (89) is affected by Coster-Kronig transitions
between the various projectile I. subshells. To
simplify the notation and the equations, we con-
sider an elemental target of atomic density n. As
in Appendix A and B, we assume that projectiles
have either zero or one vacancy in any subshell
at a given time, so that

The advantage of this equation is that it yields di-
rectly fP in terms of an experimental cross sec-
tion. This bypasses the need to know the various
cross sections entering into the ratio Z /Z. Ex-
cept for the effect of absorption, Eq. (89) couM
have been obtained directly from Eq. (81) by real-
izing that the Merzbacher-Lewis cross section is
related to the in&cremental yield 4P„when the
range (i.e. , energy) of the projectile is changed
from Rp to Bp+ ~B„where ~Rp is large enough to
equilibrate the 2P vacancy fraction:

f&'(2P) = [Z'(2P)+ &]/[Z(2P)+ &],
where

(CV)

and f, &
is the Coster-Kronig probability" of shifting

a vacancy from the subshell L, to the subshell L,-.
Despite the complicated nature of Eqs. (C2)-(C4),

the discussion following Eq. (81) indicates that the
projectile 2p (L, and L,) x-ray yield is given by

Bp

(f "&(v~..) 'em[- u,.(R.-R)]
0

+f &3&(vT„,) &e xp[- p (R, —R)]fdR, (C6)

where p» and p» are the effective absorption co-
efficients for L, and L, x rays, respectively. Since
the single-vacancy x-ray decay constants for the
L, and L, subshells have very similar magni-
tudes, 4' we can replace Eq. (C6) by Eq. (81) if a
suitable mean absorption coefficient p~ is -defined,
and if we set f &2&+f"' equal to the 2P single-va-
cancy fraction f, used in Eq. (81). Within these
approximations result (89) is again obtained [see
Eqs. (810) and (811)].

Coster-Kronig transitions do affect Eq. (A18).
Although it is not of interest to us to relate the
projectile 2p single-vacancy fraction f;&(2p) to the
vacancy production and quenching cross sections, '

for completeness we give the altered equation. It
is not difficult to show, by using Eq. (C2) and by
adding Eqs. (C3) and (G4), that under equilibrium
conditions (&&f &'&/&&x= 0) the following, approximate,
equation is obtained, instead of Eq. (A18):

f +f &z&+f &2&+f &3&

where f 0 is the fraction of projectiles with zero
L vacancies and f"' is the fraction of projectiles
with one vacancy in the subshellL, -. Analogous to
Eq. (5) of Ref. 43, the rate equations for the va-
cancy fractions can be written

[(f,.+f&3)(v, &,) '- Z'(2P)].Z~(2s)

In these equations

Z~(2P) =—n(o~2+ of) .
We have assumed o,'=a,', 7,'=v, ', and set

(C8)

(C9)
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Z(2P) =-n((x~2+ o,)+no, +(v, ~,) '

=n(o, +o~)+n(rs+ (v, v, ) ',
Z~(2s) —=no f,
Z(2s) = nrr~—~+no,'+ (v, v, ) '.

(C10)

(C11)

(C12)

(C13) f~(x) =f~~ —(fP -f f) exp(-Zx) . (D2)

backing foils are so thick that the 2p vacancies
have equilibriated: ff=ff'". From Ref. 45 one
can obtain the 2P vacancy fraction of the beam at a
penetration distance x in the target foil

Finally, the assumption f» —-0 has been made to
obtain Eqs. (C7) and. (C8).

APPENDIX D: MULTICOLLISION EFFECTS IN

THIN-TARGET YIELDS

We compute the multicollision contribution to the
2Po cross section in a thin target which is mounted
on a backing foil, such that the beam first tra-
verses the backing foil. We neglect the energy
change of the beam in the foils. ""-' Assuming
that no projectile 2p vacancies are present before
entering the backing foil, the fraction of the beam
carrying 2P vacancies upon leaving the backing
foil is4'

ff =ff'"[I—exp(-Z~b)]. (D1)

Here ff'" is the equilibrium fraction of 2P vacan-
cies in the backing foil, defined as in Eq. (A18),
Z is given by an equation similar to Eq. (A4), and
b is the thickness of the backing foil traversed by
the beam. In the cases we have examined, the

- x [1-exp(-Zt)]/Zf . (D4)

This equation is similar to Eq. (3) of Ref. 60. If
no backing foil is present, one sets f f = 0.

where f,'~ and Z are given by Eqs. (A18) and (A4),
respectively, and refer to the target foil. We
stress that in Refs. 45 and 57 this equation has
been applied to K x-ray production, whereas we
use it for 2P vacancies in order to compute 2Pcr

vacancy formation. Here, in particular, it is not
possible to form 2po vacancies behind the target
foil..

We follow Eqs. (A6)—(A8) and use Eq. (A10) to
compute the yield of 2Po vacancies in the target
foil of atomic density n:

t
Y= n[o'„(x)+f,(x)v~(x)]dx, (D3)

0

where t is the thickness of target foil traversed
by the beam. Upon substitution of Eq. (D2), Eq.
(D3) is readily integrated to give

Y/(nt) = a„+fPo~ - (f -f ~)v„
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