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Target K x-ray production cross sections have been determined for 20—80-MeV ;,Cl¢+
(g =3—10) ions incident on vanishingly thin ( ~ 10 ,ug/cmz) targets of oK, »,Ti, ,sMn, and 35Br. In
addition, intensity ratios Ixg/Ix, and Ka,Kf3 x-ray energy shifts were measured. Using Hartree-
Fock-Slater calculations and statistical scaling methods for multiple ionization, the number of 2p
and 3p vacancies at x-ray emission is deduced from the Ka energy shifts and Ixg/Ik,, respectively.
From the number of 2p and 3p vacancies at x-ray emission the fluorescence yield wg in the presence
of this multiple ionization is then determined. The modified values of wg, which are as much as
40% larger than the single-vacancy fluorescence yields, were used to compare the measured x-ray
cross sections with theoretical predictions of ionization from the perturbed-stationary-state (PSS)
theory with energy loss (E), Coulomb deflection (C), and relativistic (R) corrections, i.e., the
ECPSSR theory of Brandt and Lapicki. Reasonable agreement with theory is obtained for
17Cl 4 3sBr (Z,/Z,~ %) with the agreement becoming progressively worse, as expected, for

Z,/Z,—1. The results provide evidence for the validity of the ECPSSR theory for collision sys-
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tems with Zl/Zzg% even when v /v,x~0.3.

I. INTRODUCTION

In the collision of a heavy ion with a thin solid target,
an ion with a K vacancy produces a large enhancement in
the measured K x-ray yields of both the projectile! and
the target.”> This enhancement is due to electron transfer
from the target K shell to the projectile K shell. This K-
to-K electron transfer manifests itself by giving rise to x-
ray yields which depend on target thickness due to the
changing fraction of ions with K vacancies as the ions
move through the foil. This target-thickness dependence
of measured K x-ray yields has been observed in several
experiments®~® and is found to occur for all incident
charge states.

In order to obtain physically meaningful x-ray cross
sections from such collisions, it is imperative that target-
thickness effects be taken into account before comparing
heavy-ion induced x-ray production cross sections with
theoretical calculations. Specifically, to extract the single
collision cross sections, the x-ray yields must be deter-
mined for vanishing thickness of the material in which
they are produced. In the case of target x rays this can be
done in a straightforward manner since target thicknesses
as small as desired may be achieved by evaporating the
target material onto a backing. If the target material of
interest is positioned to face the incident beam, then the
backing material will have no effect on the measured tar-
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get x-ray yields. In the case of projectile x-ray yields,
self-supporting foils must be used and the measured yield
must be extrapolated to vanishing target thickness. We
have previously reported® measurements of both target
and projectile K x-ray production as a function of target
thickness for 20—80-MeV Cl ions incident on self-
supporting Cu targets.

In this work we report measurments of target K x-ray
yields for 20—80-MeV Cl?+ (g=23—10) incident on van-
ishingly thin targets of K, Ti, Mn, and Br. Projectile x-
ray yields were not obtained due to the difficulty in mak-
ing self-supporting foils for these target species. The
measured x-ray cross sections, after their conversion with
fluorescence yields modified for multiple ionization, are
compared with theoretical predictions of ionization.’~!2

II. EXPERIMENTAL PROCEDURE

The experimental setup used in this work has been
described in detail previously® and hence only a brief out-
line will be given here. Chlorine ions obtained from the
Triangle Universities Nuclear Laboratory FN tandem Van
de Graaff were incident on thin targets of KBr, Ti, and
Mn. (The K and Br data were collected simultaneously.)
X rays were detected in -air at 90° to the beam with a
Si(Li) detector having a 25.4-um Be window. The detec-
tor viewed the target through a 25.4-um Mylar window
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and, in addition, a 12.7-um aluminum absorber was used
to attenuate the x rays in order to minimize pileup and
dead-time effects. Counting rates were generally <400/s.
Absolute normalization of the incident-beam intensity was
accomplished by detecting elastically scattered Cl ions in
a silicon surface barrier detector mounted at 60° to the
incident-beam direction.

The targets were prepared by vacuum evaporation onto
~20-ug/cm? carbon backings. Absolute target thick-
nesses were determined to about 5% by measuring the
Coulomb-scattered chlorine ions emerging from the tar-
get. This of course requires knowledge of the average
equilibrium charge of the ions emerging from the target.
The thicknesses of the targets so obtained are given in
Table I. As a check on the thicknesses so determined,
Rutherford scattering by 10-MeV oxygen ions and 3-MeV
protons were used in some cases. Absolute values of the
thicknesses obtained with all three ions generally agreed to
better than 10%.

Sufficient counting statistics were obtained for each x-
ray and particle yield so that statistical errors were <3%.
Measured x-ray yields were corrected for detector efficien-
cy which was calculated from tabulated photon-
absorption cross sections!® for the various absorbers.

III. RESULTS

X-ray production cross sections deduced from the
present measurements are listed in Table II. All cross sec-
tions were generally reproducible to better than +10%,
while the absolute uncertainties due to all sources (includ-
ing nonzero target thickness) are estimated to be -+ 40%
and —20%. Also shown in the table are previous results®
obtained for copper. All data were obtained using ions
with incident charge states g <Z;—2 (=15). Use of
these charge states minimizes the possibility of target K-
electron transfer to the projectile K shell (except for a
small contribution due to finite target thickness). Thus,
very little of the target K x-ray yield is due to this K-to-K
transfer. Such enhancement is known to be large.>~® For
projectiles incident with a full K shell, target K x-ray pro-
duction has been shown? to be nearly insensitive to the
precise charge state of the projectile.

In Fig. 1 we show the intensity ratios Ixg/Ig, for each
of the targets. For oK this ratio could not be reliably ob-
tained for energies less than 50 MeV due to overlap of the
projectile radiative electron-capture (REC) peak with the
potassium K x rays. Likewise, overlap of the REC with

TABLE 1. Thicknesses of the targets used in this work.
Values were obtained from the Coulomb-scattered chlorine ions
emerging from the target.

Thickness
Target (ug/cm?) (10'® atoms/cm?)
10K? 7.6+0.4 11.740.6
»Ti 3.9+0.2 4.8+0.2
2sMn 7.3+£0.4 8.0+0.4
3sBr? 15.5+0.8 11.7+0.6

2K Br used for this target.

TABLE II. Target K x-ray production cross sections result-
ing from ;;CI?* ion bombardment. The copper data are from
Ref. 8. All cross sections were measured for vanishingly thin
targets (see Table I). Relative uncertainties are +10%; absolute
uncertainties are estimated to be between -+ 40% and —20%
except for ,yCu for which the absolute uncertainty is +20%.
The larger positive uncertainty ( 4 40%) results from the error
due to nonzero target thickness for K, Ti, Mn, and Br.

Cross section (b)

E Charge
(MeV) state ¢q ]9K 22Ti 2sMn 29Cu? ° 35Br
20 3 10 800 1590 205 7.0
30 6 26 100 4800 938
40 7 44600 11700 2930 190 20.1
50 7 57300 14700 5340 56.5
60 8 103000 32500 10100 1100 145
80 10 164 000 3500 419
From Ref. 8.

the Ti K x rays prevented the ,,Ti Ixg/Ik, from being ac-
curately determined for energies greater than 60 MeV.
Qualitatively, the increasing Ixg/Ik, ratio indicates that
the degree of 3p subshell ionization relative to 2p subshell
ionization at the time of x-ray emission decreases with
beam energy. On the right side of the figure are shown
the Ixp/Ik, ratios calculated by Scofield'* for ions having
only a single vacancy.

In addition to the K x-ray cross sections and the
Ixp/Ig, ratios, we determined the average Ka and KB
x-ray energy shifts for each target at x-ray emission.
These results are shown in Fig. 2 (KB x-ray shifts were
not obtained for Br.) The increase in both the Ka and
KB energy shifts indicate that the L-shell ionization in-
creases with increasing beam energy. The Ixg/Ik, ratios
and the x-ray energy shifts can be used to estimate the de-
gree of 2p and 3p ionization at the time of x-ray emission
as discussed in the next section.
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FIG. 1. Target intensity ratios Ixg/Ix, for 20—80-MeV
Cl + K, Ti, Mn, Cu, and Br. Uncertainties in these values are
about the size of the data points. - Measurements of Ixg/Ix,
were not obtained for K for E <50 MeV and for ,,Ti for
E > 60 MeV due to overlap of the radiative electron capture
(REC) with the characteristic x-rays. Lines are drawn to guide
the eye. The Ixg/Ik, ratios labeled Scofield on the right side of
the figure are from Ref. 14 and are the theoretical Ixg/Ik, ra-
tios for a single vacancy.
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FIG. 2. Target Ka and Kf x-ray energy shifts for 20—80-

MeV Cl ions. Kp shifts were not obtained for Br. Lines are
drawn to guide the eye.

IV. DISCUSSION

A. Fluorescence yields for multiply ionized atoms

As mentioned above, the shifts in the measured Ko and
KB x-ray energies are due primarily to multiple L-shell
vacancies at K x-ray emission, while the variation in
Ixg/Ik, reflects changes in the relative amount of 2p and
3p subshell ionization simultaneous with K x-ray emis-
sion.

These changes in 2p and 3p subshell ionization can be
quantified. Since the shift in the Ka and K x-ray ener-
gies are primarily due to L-shell vacancies, Hartree-Fock-
Slater'> (HFS) calculations can be used to correlate the
number of 2p vacancies with a given energy shift. The re-
sults of these calculations for both Ka and Kp3 x rays are
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FIG. 3. Theoretical Ka and KfB x-ray energy shifts as a
function of 2p vacancies obtained from Hartree-Fock-Slater cal-
culations (Ref. 15).

shown in Fig. 3. It should be noted that even though K3
involves a transition from the M shell, the shift in this K
x-ray energy is due mostly to L vacancies since the shifts
due to M vacancies are generally about an order-of-
magnitude smaller than those due to L vacancies.

From Figs. 2 and 3 the average number of 2p vacancies,
Vp, at x-ray emission can be determined for each beam
energy. The results are shown in Table III for both Ka
and KJ3 x rays. One notes that the average number of 2p
vacancies determined from the Kf x-ray energies is gen-
erally higher than that determined from the Ka x-ray en-
ergies. Qualitatively, this result might be expected since
the presence of more 2p vacancies would enhance K3 rel-
ative to Ka. This is consistent with the fact that the
Ixg/Ig, ratio is enhanced over that for a single K vacan-
cy.

By knowing the average number of 2p vacancies at x-
ray emission, the average number of 3p vacancies, V3,
can be estimated from the measured Ixg/Ig,. Using the
statistical scaling procedure of Larkins,'® I kp/Ikq In
the presence of 2p and 3p vacancies is given by

o 1=
Ixkg  Igp |n3/6 | Ikg 6 W
Ixa IRy | M2p/6 IR, 1— Yy |’
6

TABLE III. Average number of 2p vacancies, V,,, present at x-ray emission for Ka and Kf rays.
These values were determined from Hartree-Fock-Slater calculations (Ref. 15) using Figs. 2 and 3.

Number of 2p vacancies

K Ti Mn Cu Br

E (MeV) Ka KB Ka KB Ka Kp Ka KB Ka
20 3 33 2.5 2.9 2.0 2.8 1.7 2.8

30 3.8 3.8 29 3.7 2.6 3.6 2.0 3.5 1.7

40 4 4.3 3.3 4.0 3.1 4.1 24 4.0 2.0

50 4.2 4.3 35 4.2 3.3 4.4 2.7 4.3 2.3

60 4.2 4.4 3.6 4.3 35 4.5 2.9 4.5 2.5

70 4.2 4.4 3.7 4.3 3.6 4.6 3.0 4.6 2.7

80 4.2 4.4 3.6 4.6 3.1 4.7 29
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FIG. 4. Calculated number of 2p and 3p vacancies at x-ray
emission as a function of beam energy. Number of 2p vacancies
(see Table III) was obtained from Ka energy shifts using Figs. 2
and 3. The number of 3p vacancies was calculated from Eq. (1).

where n,, and nj, are the number of 2p and 3p electrons
present at x-ray emission and I 133/1 2. is the ratio for an
atom having only a single vacancy. Using the value of
I 23 /I3, from Scofield,'* the values of V), from Table IIT
for Ka and the value of Ixg/Ix, from Fig. 1, the average
number of 3p vacancies V3, can be calculated. (Note that
Vop=6—ny, and V3, =6—n3,.)

The results of this calculation are shown in Fig. 4.
Also shown in the figure is the number of 2p vacancies
V,p associated with Ka as listed in Table IIL. It is seen
that V,, increases over the energy range investigated
while V73, slowly decreases. These variations in ¥, and
V3, are qualitatively consistent with the measured trends
in the Ka and K energy shifts and the Ixg/Ix, ratios.

The variation in ¥V, and V3, with beam energy can
then be used to calculate the change in the fluorescence
yield wg for each target (due to multiple 2p and 3p sub-

Table IV shows the modified values of wx obtained from
the statistical scaling. The modified wg exhibit little
beam-energy dependence ( < 8% in all cases) and so the
average value of wx was used for each target. These
values of wg will be used below to convert the measured
x-ray production cross sections to ionization cross sec-
tions.

B. Target ionization cross sections

Experimental K-shell ionization cross sections are ob-
tained after division of the K-x-ray production cross sec-
tions of Table II by the fluorescence yields of Table IV.
These cross sections are plotted in Figs. 5—9.

These measured ionization cross sections are compared
with the predictions (solid curves) of the ECPSSR
theory®!? which accounts for the effects of the projectile
energy loss (E) and Coulomb deflection (C) and goes
beyond the unperturbed and nonrelativistic treatment of
the K-shell electron in perturbed-stationary-state (PSS)
and relativistic (R) ways. The ECPSSR curves represent
ionization cross sections calculated as the cross-section
sum of electron capture to unoccupied bound states of the
projectile’ and of direct ionization to the target continu-
um.!® The states into which the target K-shell electron
can be captured are defined by the charge states of
chlorine ions that, in targets of nearly zero thickness (see
Table I), are taken as the incident charge states g of the
bombarding Cl?* beam (see Table II). With capture to
the K shell of such projectiles being impossible and with
the transfer to the L shell allowed only partially at the
highest available charge states of g > 8, electron capture’
contributes to the total ionization”!® merely ~1—23 %
for all collision systems in our study. As expected, this
contribution decreases with increasing Z,; it is in the
14—23 % range for ;K and barely 1—4 % of the total
ionization in 3sBr. In this sense, our ionization data test
primarily direct ionization theories.

To illustrate how the ECPSSR approach differs from
the first Born approximation, we show (dashed curves in
Figs. 5—9) the sum of the cross sections calculated in the
plane-wave Born approximation (PWBA) for direct ioni-

shell ionization) using the statistical scaling procedure of
This calculation is described in the Appendix.

Larkins.!®

zation!! and the Oppenheimer-Brinkman-Kramers (OBK)
treatment of Nikolaev'? for electron capture. While the

- TABLE IV. Fluorescence yields modified for multiple ionization according to Eq. (ASa). Vacancy
numbers V,, and V3, were obtained from Fig. 4. For each target a single arithmetic average @ was

obtained since wg /w% is nearly independent ( < 8% variation) of the projectile energy.

Target P I —F%CLL Thiw 2K @k
Tka ry r ok

1K 0.140 0.116 0.75 0.25 1.40 0.20
2Ti 0.214 0.130 0.72 0.28 1.26 0.27
2sMn 0.308 0.134 0.72 0.28 1.22 0.38
20Cu 0.440 0.134 0.72 0.28 1.14 0.50
3sBr 0.618 0.152 0.69 0.31 1.10 0.68
2Ref. 26.

"Ref. 14.

°Ref. 27.
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FIG. 5. Target K-shell ionization cross sections for Cl + K
collisions. The dashed curve represents the first Born approxi-
mation of Refs. 11 and 12. The solid curve is based on Refs. 9
and 10.

first Born approximation overestimates the data by an or-
der of magnitude, the ECPSSR theory converges to exper-
iment as Z,/Z, decreases from 0.89 to 0.49 (going from
Fig. 5 to Fig. 9). For (;Cl+ 4K (see Fig. 5), the first Born
approximation overestimates the data to an equally disas-
trous extent as the predictions of ECPSSR theory un-
derestimate these experimental points.

Since direct ionization, as argued before, is the main
contributor to ionization (as opposed to electron capture)
in the collision systems of our investigations, we conclude
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FIG. 6. Target K-shell ionization cross sections for Cl + Ti
collisions. See caption for Fig. 5. The point at 35 MeV (open
square) is from Ref. 17 and has been multiplied by 0.25/0.27 to
correct for our estimate of @k vs the @y of Ref. 17.
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FIG. 7. Target K-shell ionization cross sections for Cl + Mn
collisions. See caption for Fig. 5.

that the results of the direct ionization theory of Ref. 10
fall below the experimental points as Z,/Z,—1. As anal-
yses®® of available data taken with fully stripped
projectiles—for which electron capture is an overwhelm-
ing contributor to ionization at large Z,/Z,—indicate,
the electron capture theory of Ref. 9 tends to lie above the
experiment when Z/Z,—1.

These observations signal a possibility of the fortuitous
agreement between the ionization theory based on Refs. 9
and 10 and future experiments in which Z,/Z, will ap-
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FIG. 8. Target K-shell ionization cross sections for Cl + Cu
collisions. See caption for Fig. 5. Open circles are the oy from
Fig. 2 of Ref. 2 (at zero target thickness) and are divided by
@k =0.5 from Table IV of the present work.
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FIG. 9. Target K-shell ionization cross sections for Cl + Br
collisions. See caption for Fig. 5.

proach unity and 1<«<q<<Z,. Electron capture and
direct ionization may then contribute equally to ioniza-
tion; inadequacies, inherent to the perturbative treat-
ment®!° of such a system, will be buried in ionization
studies as large but opposite deviations from the data in
the calculations of electron capture’ and direct ioniza-
tion'® will offset each other.

It cannot be construed from the preceding paragraph,
however, that the ionization cross sections calculated ac-
cording to Refs. 9 and 10 show only accidentally good
agreement with the data when Z,/Z, <+. In such sys-
tems it has been asserted and proven that a good agree-
ment exists for total ionization as well as for electron cap-
ture.%° A 10% agreement of the ionization data with the
theory for Z,/Z, <<1 gives credence to the validity of
the ECPSSR treatment of direct ionization.!? Fair agree-
ment of this theory with the ;ClY* (¢=7,8,10) on ;sBr
(Z,/Z,=0.49) data reported in this work, in conjunction
with insignificant contributions of electron capture for
g <10, seem to extend the range of its validity to all
Z,/Z,< ~;— Thus we conclude that the agreement in to-
tal ionization between the calculations of Refs. 9 and 10
and the data for such collision systems cannot be viewed
as fortuitous.

Recently Hall et al.!” reported K-shell x-ray produc-
tion cross sections in titanium. With wide ranges of pro-
jectile atomic number and velocity, these data cover our
ranges of Z,/Z, and v,/v,x and extend them down to
0.27 in Z,/Z, and up to 0.85 in v;/vyx. The 1-
MeV/amu (35 MeV) {7Cl+,,Ti ¢ross section of Ref. 17 is
in excellent agreement with our data as shown in Fig. 6.
It should be noted, however, that the incident chlorine
charge state (not given) in Ref. 17 may be different from
that of the present work. Since Hall et al. assume that
electron capture occurs into a fully vacant L shell of
chlorine, we infer that the 1-MeV/amu Cl was in the
g =15 charge state. In our experiments a 1-MeV/amu Cl

ion would be at most in the g =7 charge state, i.e., the
electron could be captured only into M,N, ... shells on
the projectile. We calculate, in the ECPSSR theory,”!°
that electron capture would contribute about 7% to the
total ionization as contrasted with a 30% contribution
when the Cl L shell is presumed to be empty; if the L
shell were one-half filled, then the electron-capture contri-
bution would be ~20%. Since the data for ¢ =7 and
g =15 are in near agreement, we conclude that the
electron-capture contribution is, in fact, small.

Also, in Ref. 17 the ECPSSR theory for electron cap-
ture’ is dismissed as not ab initio calculations'® and yet
for direct ionization these authors rely on Ref. 19, an ear-
ly version of the ECPSSR theory.'® We have to note
again®?° the error in theoretical interpretation that Ref.
17 makes in a manner similar to that previously done in
Refs. 7 and 21. The authors simply scale the OBK cross
sections of Nikolaev'? by a purely empirical factor “to fa-
cilitate comparison with measured cross sections”!” and
they proceed to make a judgment on the validity of Ref.
19 as a function of Z,/Z, and v, /v,x. Could it not be
that the validity of the chosen scaling factor might be in
question? Unless the scaled electron-capture cross sec-
tions are very small by comparison with the direct ioniza-
tion cross sections, there is no basis to assess any direct
ionization theory to within a factor of 2. In Refs. 7, 17,
and 21 the scaled cross sections are often forced to be as
much as an order-of-magnitude larger than the direct ion-
ization calculations. From the total ionization cross sec-
tions, measured with uncertainties that are larger than the
predicted direct ionization cross ‘sections, serious pro-
nouncements are made on the direct ionization theory in
Refs. 7, 17, and 21.

Finally, in Fig. 10 we show the region in which the data
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FIG. 10. Plot showing the region where the data of the
present experiment were taken in comparison with the regions
where the MO model and PWBA are expected to be valid (see
text). Z, and Z, are projectile and target atomic numbers,
respectively. v, and v, are the projectile velocity and mean tar-
get K-electron velocity, respectively. The region below the
dashed curve is where the ECPSSR theory (Refs. 9 and 10) is
considered to be applicable. Symbols represent particular col-
lision systems as follows: (W) ;;Cl+ oK, (M) ;;Cl+,,Ti, (A)
17C14-2sMn, (@) 17Cl+2Cu, (X ) 17C14-35Br.
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of the present experiment were taken in -comparison with
the regions where the molecular-orbital (MO) model and
the PWBA are generally expected to be valid. This figure
is patterned after one by Madison and Merzbacher.??> The
lower shaded area is the region where the PWBA theory!!
is applicable. The upper shaded area (drawn somewhat
arbitrarily?®) is the region where the MO model should be
valid. The region below the dashed curve is where the
ECPSSR theory™ !0 is generally considered to be applic-
able.

It is seen that the present data fall nearer the MO re-
gion. The Cl 4 K data are seen to lie almost entirely in
the MO region while the Cl + Ti data also fall partially in
this region. Only for Cl + Br are the data close to the re-
gion where the ECPSSR is believed to be valid. Figure 10
is in substantial agreement with the results of Figs. 5—9 in
which the present data are compared to the ECPSSR
theory. In Figs. 5—9 only the Cl + Br data and possibly
the Cl 4 Cu data are reasonably well represented by the
ECPSSR theory. For the other data a molecular-orbital
calculation is required. In the region of slow
(v, /vy << 1) and near-symmetric (Z;~Z,) collisions,
the MO model has been very recently reconciled®* with
the atomic description that is anchored on the united
atom model of Briggs.”> A perturbative or a coupled-state
extension of the MO region in Fig. 10 toward the dashed
boundary of the ECPSSR domain is still needed. Analy-
ses of the collision systems, which fall in the gap between
the regions of validity of MO and ECPSSR atomic
theories, become unclear once direct ionization, electron
capture, and molecular-orbital promotion vie in a com-
petitive manner for the same K-shell electron. In particu-
lar, the 2po-2pm rotational coupling might enhance elec-
tron capture by opening additional channels for transfer
to the L shell.

V. CONCLUSION

Target K x-ray production by 20—80-MeV Cl ions in-
cident on thin targets of K, Ti, Mn, and Br has been mea-
sured. Cross sections for K-shell ionization have been
compared with the ECPSSR theory of Brandt and Lap-
icki®!” after modifying the target fluorescence yields to
account for the presence of multiple 2p and 3p vacancies
at x-ray emission. The numbers of 2p and 3p vacancies
were deduced from measurements of the target intensity
ratios Ixg/Ik, and the Ka and Kf3 x-ray energy shifts.
Reasonable agreement of the measured cross sections with
theory is obtained for Cl+ Br (ZI/ZZ~-;—) with the
agreement becoming progressively worse for Z,/Z,—1,
as expected. The present results provide evidence for the
validity of the ECPSSR theory for collision systems with
Zl/Zz~% even when v /v, ~0.3.
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APPENDIX

In order to compare experimental x-ray production
cross sections with theoretical ionization cross sections it
is necessary to know the fluorescence yield wg since
Oxx =wgog. Although the values of wg are well-
known?® in the case where there is only a single vacancy
and no other vacancies present, wg is not well-known
when there are multiple vacancies present at x-ray emis-
sion. When the single-vacancy fluorescence yield is in the
region of ~0.10, multiple 2p and 3p vacancies may in-
crease wg by as much as a factor of 40% or more. Hence,
it is important to account for these changes in wg when
comparing measured x-ray cross sections with ionization
theories.

Changes in wg due to the presence of multiple 2p and
3p vacancies can be calculated using the statistical scaling
procedure of Larkins.!® According to this technique, x-
ray and Auger transition rates are assumed to scale in
proportion to the number of electrons available to make
the transition.

The fluorescence yield wg is given by

'x

== > (A1)
I'x+T4

WDk
where I'y and I', are the x-ray and Auger transition
rates, respectively. Then ,

o%TY =(1—%)T%, (A2)

where the superscript indicates the rates for a single va-
cancy only. Using the statistical scaling technique,'® the

relevant transition rates due to multiple ionization are
given by

n
Tke=T%, —625 , (A3a)
n
Trs=Tks | == | » (A3b)
My, +2 n +1
Pa=Thu |2 ] I 2 }
ny +2 n +2
+T % p8 [ 3p8 ‘-I— e, (A3c)

where 7, is the number of 2p electrons and nj;, is the
number of 3p electrons. It is assumed that only s and p
electrons participate in the Auger transitions. The expres-
sion for I'4 actually contains several more terms corre-
sponding to transitions of the type KMM, KMN, etc.
However, the calculations of Kostroun et al.?’ and
McGuire®® show that the first two terms in Eq. (A3c) ac-
count for more than 95% of all Auger transitions with
the KLL transitions alone accounting for ~75% of all
transitions. Then, from (A1)
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ny, nj
The |7 |+T%8| g
CK= 2 1 2 2 (A4
ny nj3 nop+ nop+ nop+ n3p+
Tka | == [+Tke | =6~ |+ Tk | =g - kew | =g N
[
Rearranging and using Eq. (A2) we get 0
. 1 s 1 |Thu I_Q]I_VZL
1+ Ffﬁ B Y | T% 8 7
g =0% |0 +(1—02) e . (ASa) 6
1+—24
Ka FO %
KLM 2
where + o - ‘S—P 1— —83£ J (A6b)
n
A=->2 (AS5b)
n2p
and
0
B=—£— FKgL ny+2 nypt1 Then, using Egs. (A5a), (A6a), and (A6b), we can calcu-
ny | Ty 8 7 late wg for multiple 2p and 3p vacancies. The results are
» given in Table IV. The values of wx obtained from Eq.
o n 2 n 2 (A5a) show almost no beam-energy dependence ( < 8% in
K{;M 2wt »t (A5c) ‘all cases) and so the average value of wg is used for each
r 8 8 target.

It is seen that 4 and B contain all of the dependence on
the number of 2p and 3p electrons present at x-ray emis-
sion. Putting 4 and B in terms of numbers of vacancies
Vyp=6—n,, and V;,=6—n;, we get

A= , (A6a)
1
6

It should be noted that Eq. (A5a) for wg differs signifi-
cantly from the expression for wyx used by Greenberg
et al.*® These authors used an expression for wg which
only allowed for L-shell vacancies. Furthermore, the x-
ray transitions were assumed to scale as n; /8 even
though only the 2p electrons contribute to K« transitions.
Hence, Eq. (A5a) should provide a better estimate for wg
in the presence of multiple 2p and 3p vacancies than Eq.
(17) in Ref. 29.
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