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The 12-50-MeV '°0O beam-induced K and L x rays of Ag and the L x rays of Au from thin targets
were studied with a Si(Li) detector. Absolute K and L x-ray production cross sections were derived
from measured x-ray yields and compared to available theoretical calculations for inner-shell Coulomb
ionization cross sections. Inclusion of Coulomb repulsion, binding, and (Z,/Z,)* effects in the plane-
wave Born-approximation calculations gives good agreement with experimental values of oxx for Ag.
The agreement between theory and experiment for L -shell ionization is not as good, possibly owing
to the effects of multiple ionization on the fluorescence yield, although the energy dependence of oy
for Au is well reproduced. The energies of the Ag Ka and KB and AuLa, LB, and Ly lines were
observed to change with beam energy as did the intensity ratios of these lines. HFS calculations for the
Ag K a and K B lines indicate that the observed shifts are probably associated with multiple M-, not

L -, shell ionization.

I. INTRODUCTION

Multiple ionization of the target atom by high-
energy heavy ions (Z = 3) and its effects on the en-
ergies of emitted characteristic x rays is now well
established. Using Si(Li) detectors the effect ap-
pears as an upward shift in the energies of K
(Refs. 1-4) and L (Ref. 5) x rays. With crystal
spectrometers, it was possible to resolve struc-
ture in the heavy-ion-induced K x rays that could
be attributed to simultaneous vacancies in the K
and L shells®” (plus M-shell vacancies). Recently,
moreover, multiple ionization effects have also
been observed for low-energy proton bombardment
of N using Auger spectrometers.® Also observed
are changes in the Ka/KB, etc., ratios.

The near-linear dependence of the energy shifts
[observed with a Si(Li) detector] on the stopping
power for the bombarding ion observed by Salt-
marsh, Van der Woude, and Ludemann,® as well
as the agreement obtained by Knudson, Burkhalter,
and Nagel'® with experimental Al K satellite/parent
ratios using a direct Coulomb interaction in the
impact-parameter formulation'*!? for the produc-
tion of simultaneous K- and L-shell vacancies,
indicates that the observed multiple ionization is at
least partly due to projectile-target Coulomb inter-
actions. Recent calculations of multiple ionization
probabilities for Cu by Hansteen and Mosebekk!®
give quantitative agreement with measured satel-
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lite/parent ratios for Fe. However, the effects of
multiple ionization on fluorescence yields, total K
and L x-ray production cross sections, and inten-
sity ratios of characteristic x rays, etc., are still
not well investigated.

II. EXPERIMENTAL PROCEDURES

The experimental arrangement and data-analysis
procedures have been described in detail else-
where.!*"1® The Ag and Au targets [(30.9+3.5)
x10~° cm and (1.50+0.05)X 10~% ¢m, respectively,
the latter evaporated onto a 20-ug/cm? C foil]
were bombarded with nanoamp 0% -%* beams of
12-50 MeV from the TUNL tandem Van de Graaff.
The x rays were detected with two Si(Li) detectors
of 200- and 540-eV resolution for a 5.9-keV line.
Sample spectra produced by a 36-MeV '°0 bombard-
ment of the Au and Ag are shown in Fig. 1 for the
higher -resolution detector. Data points were nor-
malized to the integrated charge, after correcting
for the beam-energy-dependent variation of the
average charge state of the O beam emerging
from the target.”

III. RESULTS AND DISCUSSION

The measured x-ray intensities were converted
to x-ray yields Y, after correcting for absorption
and detector efficiency. These yields are then
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used to find the total x-ray production cross sec-
tion o, or the total ionization cross section o,
where

o=0,w™! (1)

and w is the fluorescence yield. Values of w have
been chosen from the literature, although there is
reason to believe that these are not necessarily
accurate for the case of '®0O beams,'® where there
is clear evidence in the data, as here, of multiple
ionization of the target atoms.

A. K- and L-shell ionization cross sections for Ag

The values of 0,y derived from the measured K
x-ray yields, averaged for the two detectors, are
given in Table I. These measurements are com-
pared with the plane-wave Born-approximation'®
(PWBA), binary-encounter approximation®® (BEA),
and semiclassical approximation!!'? (SCA) predic-
tions [theoretical values corrected for fluorescence
yield, w,=0.830+0.025 (Ref. 21)] in Fig. 2. There
are three PWBA curves shown in Fig. 2: (i) from
a presently available tabulation®® of K-shell ioniza-
tion cross sections with a screening constant 6
=0.86, (ii)the sameas (i) but corrected for Coulomb-
repulsion and binding-energy effects,?® and (iii) as
in (ii) but with terms in the plane-wave expansion
to (Z,/Z,)%,%* where Z, and Z, are the projectile and
target atomic numbers, respectively. The added
corrections in (iii) give improved agreement with
the experimental values of oy, although there ap-
pears to be systematic deviations between theory
and experiment at the lowest and highest projectile
energies.
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FIG. 1. Pulse-height spectra for 36-MeV 0 bombard-
ment of Ag and Au.

TABLE I. Ag K and L x-ray production cross sections
for 60 bombardment.

Average b Oxx Orx
b) (kb)

Incident E®
energy (MeV) (MeV) charge state

12.0 11.4 5.99 0.27+£0.04 5.3=+1.1
18.0 17.4 6.53 1.89+0.20 194
24.0 23 .4 6.86 4.90+£0.53 418
30.0 29.4 7.08 11.1+1.6 75+15
36.0 35.5 7.24 19.8£2.2 102+20
42.0 41.5 7.39 33.2+3.6 12525
50.0 49.5 7.50 52.1+7.9

3 Corrected for energy loss in target using tables in
L. C. Northcliffe and R. F. Schilling, Nucl. Data A 7,
233 (1970).

b Reference 17.

Since the Ag L lines could not be resolved, a
mean fluorescence yield w, was used to calculate
theoretical values of o,y for Ag. The value used
here was w; =0.0659 +0.0037.25 Although it is ex-
pected that the various subshell contributions to the
observed Ag L line will vary with beam energy, and
the value of w; used here was measured for only
one subshell vacancy distribution, Bambynek et al.?"
note that even drastic variations in these distribu-
tions do not strongly affect the values of w;. The
experimental values for 0,4 are listed in Table I.
The cross-section data are compared with PWBA
theoretical predictions® in Fig. 3. Clearly, there
are large discrepancies between experimental re-
sults and theory, with experimental values of o, 4
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FIG. 2. Comparison of theoretical predictions of oxy
(wg=0.830) with experimental results obtained for 16
bombardment of Ag.
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falling below theoretical predictions at 12 MeV and
rising above predictions for higher beam energies.
The latter behavior is probably due to increases
in the fluorescence yield associated with multiple
ionization.

B. AuL x-ray production cross section

With relatively low-resolution spectra, as here,
it is very difficult to extract reliable subshell ion-
ization cross sections; hence, theoretical values?®
for o.,, 0;,, and 0,, were used to calculate o,y
for comparison with experiment. In Fig. 4 the ex-
perimental values of oy (also listed in Table II)are
compared with those calculated from PWBA. The
subshell fluorescence yields and Coster -Kronig
fractions employed in the calculations are from
Ref. 26. The measured energy dependence of 0,
is well reproduced by the PWBA values for o,y but
the agreement in magnitude is not quite as good,
possibly owing to inaccurate fluorescence-yield
values.” However, these same values were used
in an earlier study® of proton-induced Au L x rays
and gave quite good agreement with experiment
there, implying possible fluorescence-yield varia-

~ tions associated with the projectile.

C. AgKa/KB and KB, ; /K@, intensity ratios

In 2-30-MeV proton bombardment of Ag, the
Ka/KB ratio did not vary with beam energy.!® This
is not the case for 0 beams, where variations
over 50% are seen in the energy range of 12—50
MeV. The values observed in this work at low '°O
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FIG. 4. Comparison of theoretical predictions of o,
(fluorescence yields and Coster-Kronig fractions from
Ref. 26) with experimental results obtained for 0 bom-
bardment of Au.

energies are higher than those observed in proton
bombardment, while at the highest '°0 energies
they are lower. This is shown in Fig. 5(a). No
significant variation with beam energy is seen in
the KB, ,/KB, ratio [Fig. 5(b)], which lies below the
theoretical value®” of 6.01. The KB, ; and KB, com-
ponents are expected to comprise 99% of the KB in-
tensity.?”

The energy dependence of the Ag K o/KB ratio is
not fully understood. It is nol due to differential
absorption in the target as the KB line(s) is shifted
at increased stages of ionization above the K edge
in Ag. Self-absorption in the target is so small
that this effect is not a significant contribution. In
any case, the effect observed is opposite to that
expected from self-absorption. Multiple ionization
of the M shell is a possible explanation since the

TABLE II. Au L x-ray production cross sections for
60 bombardment.

5F .
2t 80 ON Ag T
103 $ Experimental points ]
5F — PWBA 1
2 - ~
102} .

1 L | | 1 1
10 20 30 40 50 60 70
Eisg (MeV)

_FIG. 3. Comparison of theoretical predictions of o x
(wy =0.0659) with experimental results obtained for %0
bombardment of Ag.

Incident 2 Orx

energy MeV) (b)
12 71+5
18 203+14
24 390+28
30 680+ 70
36 1190+ 85
42 1810+130
50 2420+ 240

a Total projectile energy loss in target ranged from
59 to 73 keV and has been disregarded.



peak in o, lies below the projectile energy range

covered here. Also to be considered are possible
relative variations of w, for various members of
the K series.

D. AuLa/LB and La/Ly intensity ratios

The 0.5-30-MeV proton-induced Au L x-ray in-
tensity ratios®*® showed noticeable variations,
particularly from 0.5-5-MeV, which is the approx-
imate %0 beam velocity region covered here. In
Figs. 6(a) and 6(b) the energy dependences of
La/ILB and La/Ly are displayed for 12-50-MeV
%0 beams, along with the 0.5-3.0-MeV proton-
beam (8—48-MeV ®0 velocity equivalent) results
for comparison. At E('®0) =24 MeV, the results
for the two projectiles agree within error, while
below this energy the proton ratios lie above the
%0 ratios. This discrepancy increases with de-
creasing projectile velocity.

E. Energy shifts in Ag Ko and K lines

Although the resolution of the Si(Li) detector is
not sufficient to resolve the Ko, ,-Ka, and KB,-
KB, doublets, still there is useful information in
even relatively low-resolution data since the ob-
served centroid shifts can be partially interpreted
with the aid of Hartree-Fock-Slater (HFS) calcula-
tions.?® These have been performed for the case of
Ag Ko and KB for many ionization configurations.
To reduce relativistic effects in the HFS calculated
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FIG. 5. (a) AgKa/Kp ratio vs E(0). (b) AgKB, /KB,
ratio vs E(€0). The shaded regions indicate the results
of Bissinger etal. (Ref. 15) for 2-30-MeV proton bom-
bardment of Ag. The arrows labeled theory are taken
from Scofield (Ref. 27) and are ratios of radiative widths.
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binding energies, only the differences 6Ka=Ka
(multiply ionized configuration) - K« (single K
vacancy) and 8K (similar definition) are shown

in Figs. 7(a) and 7(b). The calculated values of
0K, B are to be compared to the equivalent experi-
mental quantities in Fig. 8, i.e., 6K a=Ka(**0)
-Ka('°°Cd). The experimental values of 6K a
hover around 20-~30 eV, while 6K increases from
~50 eV at 12 MeV to ~140 eV at 50 MeV. This re-
sult, which was somewhat surprising initially, can
be explained by observing that multiple ionization
of the M shell could easily cause the observed 6Ka,
O0Kj values, without requiring any additional L
vacancies. It is also worth noting that the HFS cal-
culations of 6K a show no significant variation (<3
eV) in the K & energy for up to at least six 3d
vacancies.

The experimental values for 6K« and 0KB imply
that even at the highest projectile energies no
major portion of K -shell ionization events are ac-
companied by simultaneous L-shell ionization,

i.e., K}, M™ configurations dominate. At low
projectile energies, the large variation in the
Ka/KB ratio and the small values of 6K a, 8 both
are strong evidence for multiple ionization of the
M shell. 1t is possible to estimate the probability
of simultaneous K- and L-shell ionization from re-
cent work of Hansteen and Mosebekk®® and McGuire
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FIG. 6. (a) Au La/LB ratio vs E(%0). (b) Au La/Ly
ratio vs EA60) [equivalent-velocity proton-beam results
from previous work are shown in both (a) and (b)].
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FIG. 7. (a) HFS calculations of 6Ka =Ko (multiply
ionized configuration) —Ka (single K vacancy) for suc-
cessive removal of two electrons (maximum of six re-
moved). (b) HFS calculations of 6Kp.

and Richard.®* Using an impact-parameter repre-
sentation for inner-shell ionization, but with dif-
ferent approaches, both predict simultaneous K -
and L-shell ionization less than 1% of the time in
the projectile energy range of this experiment.
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FIG. 8. Experimental energy shifts of AgKa and K8
for 10 bombardment of Ag (in eV).
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F. Energy shifts in Au La, L83, and L7 lines

A facile interpretation of observed centroid
shifts in the Au LB and Ly lines (shown in Fig. 9,
along with La) is not possible owing to independent
and simultaneous centroid shifts associated with
(a) multiple ionization, (b) relative variations in
the various L-subshell ionization cross sections,
and (c) possible relative variations in fluorescence
yields and Coster-Kronig fractions implied by (a).
Even La can be affected by (c). It is still informa-
tive to compare the observed centroid shifts with
those obtained for incident protons?® with the same
velocities, however. In all cases the La and LS
centroid energies are higher for 0 bombardment,
and in the case of LB and Ly there are definite up-
ward shifts as the ®0 energy is increased. The
latter shifts are almost certainly due to multiple
ionization. Also included in Fig. 9 are centroid
energies for LB and Ly calculated from PWBA L-
subshell cross sections.?®

Calculations by Mokler® have shown that simulta-
neous L- and M-shell ionization in the case of Au
will lead to upward shifts in the L« line of ~20 eV
for each M vacancy. This is approximately the
shift observed in La going from 12- to 50-MeV
oxygen beams.

= T T T T T T

E 9.750|-

o E i & ¢ f i

a 3 ¢
9.700F

"” s
11.600

> PR

2 n.550 3 @ s i

hry ]

w500 /x

3

——PWBA

Ejgo(MeV)

FIG. 9. Experimental centroid energies for the AuLa,
LB, and Lv lines for !¥0 bombardment of Au. Also shown
are the PWBA prediction for the LB and Lvy centroid
energies.



10 BISSINGER, NETTLES, SHAFROTH, AND WALTNER 1937

IV. SUMMARY

The Ag K and Au L x-ray production cross-sec-
tion measurements are observed to be in reason-
ably good agreement with theoretical PWBA pre-
dictions, particularly in the case of Ag, where
corrections for binding, Coulomb deflection, and
inclusion of (Z,/Z,) in the plane-wave expansion
have been applied. This is somewhat surprising
in view of the fact that multiple ionization can
strongly affect'® the value of wy. If it is presumed
that the principal effect of multiple ionization is .
to increase wy, as observed in the case of '°0 on
Ne,'8 then for Ag w, can only increase by ~20%
and the agreement between experiment and theory
is understandable. Correction for recoil contribu-
tions®! to the measured x-ray yields is not expected
to be of any importance for these measurements.
Considerably poorer agreement between measured
Ag L x-ray yields and PWBA predictions is ob-
served, particularly at higher projectile energies.
Possibly this is due to multiple ionization and its
concomitant effects on fluorescence yields.

The observed Ag Ka/Kp ratios varied quite
markedly with energy, the highest values occurring

at the lowest beam energies. Similar behavior3?
has been observed on *0O beam bombardment of
lower-Z targets. This behavior, combined with
observed energy shifts in the Ag Ko and K8 lines
at low projectile energies, would seem to imply
that multiple ionization of the M shell is occurring.
Observed energy shifts in the Au La line indicate
multiple M -shell ionization is the dominant factor
in 12-50-MeV ®0 bombardment of Au also. Sur-
prisingly, the Au La/LB and La/Ly ratios con-
verge to proton-induced results at projectile veloc-
ities corresponding to 1.5 MeV/amu or greater,
even though the L x rays of Au still indicate con-
siderable multiple ionization is occurring in this
energy region.
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