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L-shell and individual x-ray production cross sections for 8-36-MeV oxygen ions on thin
solid targets of Ce, Pr, Sm, Eu, Dy, and Ho are measured and compared with predictions of
theories of direct Coulomb ionization. In comparing theory and experiment, we use, with
reasonable justification, fluorescence yields, Coster-Kronig yields, and radiative widths ob-
tained from single-hole initial configurations. The theoretical treatment which provides the
best overall fit to the data is the plane-wave Born approximation with corrections for Cou-
lomb deflection of the projectile and increased binding of the target electrons. The effects of
multiple ionization are examined through measurement of x-ray energy shifts as measured
with Si(Li) detectors and by vacuum crystal-spectrometer measurements of L x-ray spectra
produced by 3-MeV proton and 25-MeV oxygen-ion bombardment of a thick La target.

I. INTRODUCTION

Inner-shell ionization by light-ion (Z &3) bom-
bardment has been explored rather extensively both
theoretically and experimentally. Theoretical
treatments of direct Coulomb ionization by such
"bare point charges" have utilized primarily three
approximations: the classical binary-encounter
approximation (BEA)'; the impact-parameter-de-
pendent semiclassical approximation (SCA)'; and
the quantum-mechanical plane-wave Born approxi-
mation (PWBA). ' Improvements in the original the-
oretical treatments have included, among others,
use of relativistic atomic-electron wave functions,
use of hyperbolic rather than straight-line paths
for the incident projectile, ' and inclusion of effects
of increased binding energy of the inner-shell elec-
trons due to the presence of the incident projec-
tile." Predictions of these theoretical treatments
have been found to be in reasonable agreement with
the numerous experimental investigations of light-
ion-induced K-shell ionization and, more recently,
I.- and M-shell ionization. '

In contrast with light-ion work, however, experi-
mental cross-section data in the area of heavy-ion
(Z ~3) ionization of inner shells has been rather
sparse, especially at high energies, until quite re-
cently. " In one of the most recent published works,
Bissinger et al."have maIIe compariSons of experi-
mental L-shell x-ray production cross sections
with PWBA predictions for oxygen-ion bombard-
ment of Ag and Au. In addition, they have present-

ed comparisons of Ln/LP and La/Ly intensity ratios
with the PWBA. The results of their work indicate
that the theoretical calculations based upon the
PWBA and single-hole transition probabilities vary
from the experimental data, with the PWBA over-
estimating the observations by approximately 50$.

It is the intent of this work to extend the study of
L-shell ionization in the rare-earth region (Z
=58-67) by oxygen-ion bombardment in the range
0.5-2.25 MeV/amu, and to investigate the effects of
perturbation corrections to the PWBA for heavy
ions over a range of these elements.

II. EXPERIMENTAL CONSIDERATIONS

The low-resolution experiments were performed
at the T. W. Bonner Nuclear Laboratories at Rice
University using the model EN tandem Van de
Graaff of that facility. The experimental setup has
been described in detail previously. " The 8-36-.
MeV oxygen beams were incident on thin, 20-50-

/cm', targets of Ce, Pr, Sm, Eu, Dy, and Ho,
which were prepared by vacuum evaporation of
rare-earth fluorides on 20-}jg/cm' carbon backings.
The targets were aligned 45 with respect to the
incident-beam direction, with the target side'fac-
ing the beam. At 90 to the beam, a collimatpd
KEVEX Si(Li) detector (resolution, 180 eV at 5.9
keV), mounted outside the vacuum system, was
used to detect the emitted x rays, which were at-
tenuated by the Mylar chamber window, additional
Mylar absorbers, the Be detector window, air
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path, gold layer, and silicon dead layer. The total
detector efficiency was determined by normalizing
the efficiency obtained from calibrated sources
(after correcting for Mylar absorption) to the re-
lative intrinsic-efficiency curve given in Ref. 12.

The incident oxygen ions were detected, after
undergoing elastic scattering from the target at-
oms, at angles of 40 and 135 with respect to the
incident-beam direction. The ORTEC surface-
barrier detectors used to detect the scattered par-
ticles subtended solid angles of 1.63 X10 ' sr (at
40 ) and 6.10 &&10 ' sr (at 135'). Solid angles were
determined by comparison of actual and expected
yields from a "4Cm source of known intensity.
Beam integration was used only as a relative mon-
itor of beam intensity.

X-ray and charged-particle spectra were stored
on disk by interfacing with an IBM 1800 computer,
which also monitored dead times from x-ray and
charged-particle amplifiers and from the data-col-
lection system. Low count rates were maintained
in order to minimize pileup and dead-time correc-
tions.

Various assumptions are inherent in the reduction
of raw experimental data for use in predicting x-
ray production cross sections. Qne such assump-
tion is that the x rays emitted by the target atoms
are emitted isptropically. Experimental verifica-
tion of this assumption has been accomplished for
K- and L-shell x rays of Sn bombarded by deuter-
ons and u particles at 6.25 MeV/amu, "and for L
x rays of Au bombarded by 1.5-4.25-MeV protons. '
Recently, Pedersen et al."have observed polariza-
tion fractions of &20% for projectile K x rays from
33-MeV F""on gas targets of Ar and He. How-

ever, for target K x rays, polarization fractions
were &3% for 3-MeV protons and 33-MeV F" on
Ar gas targets, and &7% for fully stripped F" on
the Ar targets. Whether these results affect the
extension of the isotropy assumption for the char-
acteristic target x-ray lines to different projectile-
target combinations and dif ferent energy ranges
awaits the proof of further experimelnt.

The efficiency of the x-ray detector was deter-
mined by comparison with sources which had been
calibrated against IAEA standards. These sources
were made comparable in size to the beam spot at
the target, and were counted in the same environ-
ment and geometry as the target. The efficiency
thus measured then accounts for Si(Li) intrinsic
efficiency, detector solid-angle limitations, and
absorption in the intervening media between the
source and the intrinsic region of the Si(Li) de-
tector. Use of computer fits to the efficiency mea-
surements indicated errors of less than 10% for x-
ray energies from 5-20 keV and less than 15% for
energies of 4-5 keV.
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FIG. 1. High-resolution I.-shell x-ray spectra for
proton and ~60 bombardment of La. A LiF crystal (200)
was employed using first-order diffraction. The single
hash marks about the proton-induced spectrum indicate
the unperturbed x-ray energies from Ref. 36. The HFS
predictions for the I.M" configurations are indicated as
for Z.P, „.

The measured efficiency does not include correc-
tions for target self-absorption of its own x rays,
amplifier dead time, and pulse pileup in the ampli-
fier due to high counting rates. As mentioned, the
count rates were kept low so that the corrections
for dead time and pileup were always less than 5%.
As for self-absorption, the worst case considered
here amounted to a maximum self-absorption of on-
ly 3%.

A number of experiments have been performed in
which x rays from ionization by heavy ions have
been measured with Si(Li) detectors. " In all cases
the characteristic lines have been shifted to higher
energies and broadened compared to the energies
and peak shapes obtained by fluorescence excitation,
by electron excitation, or by proton excitation.
interpretation of these features has been based on
high-resolution measurements with cr ystal spec-
trometers both for E-shell" and L-shell" excita-
tions. High-resolution measurements with a model
ARL25600 vacuum crystal spectrometer using a
LiF(200) crystal are presented in Fig. 1 for La L
x rays produced by 3-MeV proton and 25-MeV ox-
ygen-ion bombardment of a thick La target. These
measurements were taken at the Center for Nuclear
Studies of the University of Texas at Austin using
the model EN tandem Van de Graaff accelerator to
provide the beams. The characteristic lines are
labeled on the spectra of Fig. 1. Also indicated are
observed noncharacteristic lines. There were
obvious contaminants in the La sample used to ob-
tain the spectra in Fig. 1, and no attempt is made
to examine the features of these spectra in the re-
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gions where contaminant peaks exist. There are,
however, many interesting features of heavy-ion-
induced L x-ray spectra which are apparent. The
Ll, Ln„Ln„and LP, lines are readily observed to
be shifted and broadened in the "0-produced spec-
trum. For LP„LP, », and Ly, transitions, there
are associated noncharacteristic lines which appear
in the proton spectrum. In the oxygen spectrum,
the LP, line is unresolved, but for LP2» and Ly„
their characteristic andnoncharacteristiclines have
different relative intensities than is observed for
proton bombardment. 7he energies of the nonchar-
acteristic lines in these spectra are interpreted in
terms of a Hartree-Fock-Slater (HFS) model for
atomic energy levels and x-ray transition ener-
gies" as due to transitions to the L shell of La
which has initial j)f-shell vacancies in addition to
the single L-shell vacancy which gives rise to a par-
ticular x-ray transition. These lines have been
termed "satellite lines" —as distinguished from
"hypersatellite lines" which originate from double
L-shell, multiple M-shell vacancies. The lack of
structure in In and other I M transitions is ex-
plained by the fact that additional ~-shell vacancies
produce energy shifts of only 14-18 eV per va-
cancy, which is less than the resolution of the
spectrometer (20-25 eV). Qn the other hand, shifts
of 40-60 eV are predicted for each additional ~-
shell vacancy in LN transitions such as LP, » or
Ly, . Comparisons of experimental and HFS-pre-
dicted x-ray energies for the proton spectrum in

Fig. 1 are given in Table I. As inspection of the
table indicates, the HFS predictions are in rea-
sonably good agreement with experimentally ob-
served x-ray energy shifts. Energy shifts of peak
centroids in Si(Li) spectra, can thus be interpreted
as an indication of the average number of addi-
tional M-shell vacancies produced by the heavy-
ion bombardment.

Theories which predict the relative intensities of
the various satellites using a simple binomial dis-
tribution of multiple-ionizatiori probabilities have
met with some success in their predictions for
light-ion-induced single A-, multiple L-shell ex-
citation, but generally fail for heavy-ion, higher-
shell excitation. " The expermental results shown
in Fig. 1 then give the best indication of how to pro-
ceed in attempting to extract individual x-ray yields
from low-resolution Si(Li) spectra produced by .

heavy- ion bombardment. Although each resolved
x-ray "peak" in the low-resolution spectra is com-
posed of a multiplicity of satellite peaks, the re-
solved experimental peaks may be fitted and ap-
propriate theoretical parameters chosen in order
to describe the actual composition of the peaks.

Inspection of the spectra in Fig. 1 indicates that
an appropriate function for fitting the resolved low-

resolution peaks would be a series of Gaussian
peaks with tailing parameters to account for the
asymmetry due to multiple ionization. The com-
puter code SAMPO, "which used Gaussian peaks
with exponential tails, has been utilized to perform
this task. Having only a limited knowledge of the
relative satellite intensities, this procedure ap-
pears to be adequate.

TABLE I. Energy shifts in LaL x-ray transitions due
to multiple ionization.

M Energy or energy shift (eV)
X-ray vacancies Bearden" HFS Observed

LG, 2

I.o. i
LPi
LP4
LPg

LP)
Lps

Lyi

Ly4

4124

4525

4634
4651
5042
5061
5143

5211

5450
5620

5788

6251

4149
18
36

4530
18
36

4623
4641
5004
4999
5073

17
34

5207
42
85

5370
45
90

5437
5588

43
5748

45
90

6160

4129
28
43

4528
20
44

4632
4653
5043
5064
5142

21
40

5212
48
94

5383
49
95

5452
5618

45
5787

46
87

6248

Only peak energies determined unambiguously from
computer fits to the proton spectrum in Fig. 1 are in-
cluded in the table.

Reference 36.
caeference 19
Uncertainties in computer fits are 2-4 eV.

III. RESULTS AND DISCUSSION

The measured total L-shell x-ray production
cross sections (o») for "O bombardment over the
energy range 8.0-36.0 MeV of the elements Ce, Pr,
Sm, Eu, Dy, and Ho, are presented in Fig. 2 and
Table II. Also presented in Table II are the partial
x-ray production cross sections for the Ll, Ln, LP„
IP„L&„and Ly, , transitions over the same energy
range. The data shown in Fig. 2 for the total x-ray
production cross sections are systematic as a func-
tion of E, and show the expected increase of 0»
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with increasing projectile energy and decreasing
atomic number of the target, as predicted both by
BEA and PWBA theories in the ion-energy range of
this work.

The a.pplica, bility of the theories of direct Coulomb
ionization by heavy ions is predicated on being able
to treat the incident ion as a ba,re nuclear charge,
ignoring whatever electronic structure the pro-
jectile may possess. Although the validity condi-
tions for this assumption are somewhat vague, "
one fa,irly definitive criterion for L-shell ioniz-
ation is that the mean E-shell radius of the pro-
jectile electrons be greater than the mean I'-shell
radius of the target electrons (r«&r, ~). For the
worst case examined in this work ("Oon Ce), w«

2L '
In order to make specific comparisons between

theory and experiment, it is necessary to calculate
the theoretical x-ray production cross sections for
the individual lines or groups of lines which can be
resolved experimentally. As an example, the the-
oretical x-ray production cross section for the
IJQ

y 2 trans itions is given by
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FIG. 2. Experimental total I. x-ray production cross
sections for ~60 ions on Ce, Pr, Sm, Eu, Dy, and Ho.

&& ~,(r,„r,+„)/r„ (1)

where 0 are the theoretical ionization cross sec-
tions for the ith subshell, f &

are the Coster-Kronig
yields, co,. are the ith-subshell fluorescence yields,
F,.&

are partial radiative widths for the ith subshell,
and F, are the total radiative widths for the ith sub-
shell.

In order to compare the individual x-ray produc-
tion cross sections for various theoretical models,
the computer program XCODF. wa, s written. ' This
code performs (through a table-look-up procedure)
calculations of K-, L, —, L„, and L„;io-nization

cross sections using the BEA, ' the PWBA, ' and the
PWBA including both binding-energy and Coulomb-
deflection corrections (PWBABC)8'7 Theoretical x-
ray production cross sections are also calculated
through the use of transition probabilities [cf. Eq.
(1)j taken from McGuire" and from Crasemann
pt alP4 as given in the review article by Bambynek
eg gl. " The radiative widths are taken from Sco-
field, "and binding energies used in the theories
are from Bearden and Burr." In making theoret-
ical comparisons to the experimental data of this
work, it is emphasized that fluorescence yields,
Coster-Kronig yields, and radiative widths em-
ployed result from initial configurations containing
only a single L-shell vacancy. As has already been
shown in Fig. 1, multiple ionization is a dominant
factor in the observed x-ray energy spectra aris-
ing in moderate-energy oxygen-ion bombardment.
Therefore, some justification for the use of single-
hole rates is required.

The degree of multiple ionization observed in the
Si(Li) low-resolution data for this work can be es-
timated, as mentioned previousl, y, from a com-
parison of the observed energy shifts in the x-ray
energy peaks with HFS calculations" assuming var-
ious initial- and final-state configurations. Shown
in Fig. 3 are energy-shift data for the Ly» L~y 2 an'd

I I lines of Ce and the Ly, lines of Ce, Sm, and Ho,
under oxygen-ion bombardment, as a function of
ion energy. The number of additional ~-shell holes
required to produce the observed shifts is of order
3 to 4, on the average, for the Ce data. The energy
shifts increase as expected because the peak in the
M-shell ionization cross section is not attained in
the energy range of this work. It is emphasized
that the data of Fig. 3 indicate the average number
of additional M-shell vacancies. It should be point-
ed out further that neither low- nor high-resolution
spectra are capable of discerning unambiguously
the number of additional M-shell vacancies, since
peak shifts resulting from successive removal of
N-shell electrons are on the order of 1-2 eV or
less per N-shell vacancy. The presence of addi-
tional N-shell vacancies thus results in severe
spectral broadening under presently ava, ilable in-
strumental resolution. This is typified by the dis-
appearance of observable structure in individual
noncharacteristic lines for "0on Sn, "and the si-
milar poor resolution in the oxygen-induced spec-
trum of Fig. 1.

The effects of multiple ionization on x-ray and
Auger transition probabilities have been calculated
for a limited number of cases either by the use of
statistical scaling for a single 1s vacancy based on
the number of electrons in each subshell" or by
explicit relativistic HFS calculations. " In low-
Z elements, outer-shell ionization can cause dra-
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.TABLE II. X-ray production cross sections for iso lons. a

(Me&)
ogx (barns)

LPi LP) L total

Cerium (Ce)

8.00
12.00
20.00
24.00
28.00
32,00
36.00

8.04
23.5

101
172
217
347
476

150

1660
2790
3650
5980.
7950

69.0
191
688

1220
1740
3000
4170

17.8
58.5

254
455
610
990

1320

7.19
20.6
84.4

149
208
349
498

2.65
7.76

38.7
86.1

136
250
345

255
746

2830
4880
6560

10900
14 800

Praseodymium (Pr)

8.00
12.00
20.00
24.00
28.00
32.00
36.00

6.47
19.9
83.4

122
171
282
377

134
389

1440
2350
3180
5350
6880

61.5
170
589
997

1460
2620
3580

16.1
51.3

222
378
535
896

1160

6.57
18.9
71.5

126
189
314
420

2.14
6.63

33.3
62.1

107
207
303

226
655

2440
4040
5640
9670

12 700

Samarium (Sm)

8.00
12.00
20.00
24.00
28.00
32.00
36.00

4.34
14.0
51.1
89.2

129
199
275

84.4
271
950

1530
2230
3680
4920

39.2
117
355
576
894

1540
2170

11.6
40.1

164
277
419
684
918

4.83
14.8
52.4
87.2

134
212
302

1.22
3.78

15.4
29.3
54.2
91.9

146

146
461

1590
2580
3860
6410
8730

Europium (Eu)

8.00
12.00
20.00
24.00
28.00
32.00
36.00

3.83
11.4
46.2
74.0

112
190
251

76.5
229
816

1310
1970
3330
4490

35.4
98.6

295
471
731

1290
1830

10.2
33.1

141
233
367
601,
830

4 45
12.9

69.6
110
176
251

1.25
3.83

15.7
28.2
49.9
92.1

136

132
389

1360
2180
3340
5680
7790

Dysprosium (Dy)

8.00
12.00
20.00
24.00
28.00
32.00
36.00

2.23
7.17

27.4
47.4
69.5

107
149

46.2
145
513
855

1280
1970
2770

22.7
67.3

207
346
524
794

1180

6,64
22.2
92.1

166
254
374
529

3.36
9.64

32.4
55.6
84.4

115
171

0.708
2.25
9.75

17.1
28.8
45.4
73.1

81.8
254
882

1490
2240
3400
4870

Holmium. (Ho)

8.00
12.00
20.00
24.00
28.00
32.00
36.00

1.93
6.68

24.6
39 ~ 7
56.0
95.5

133

38.4
129
443
726

1030
1750
2470

19.1
59.6

183
289
412
685

1000

5.80
20.4
82.3

140
206
334
482

2.76
8.65

29.5
47.5
66.6

104
151

0.568
1.92
7.60

13.5
22.7
39.4
62.8

68.5
226
771

1260
1790
3010
4310

Errors in the tabul. ated values are + 15'%.



1242 PE PPER, LEAR, GRAY, CHATURVEDI, AND MOORE 12

OXYGEN ON Ce
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matic changes in Auger rates, whereas in high-Z
elements, the influence of outer-shell vacancies is
less pronounced. Although statistical scaling tends
to underestimate the x-ray and Auger rates in com-
parison with HFS predictions, the procedure does
indicate that for Cu (Z = 29), the ratio of I.-shell
x-ray to Auger transition strengths is approximate-
ly constant for up to as many as six additional ~-
shell vacancies. For even higher-Z elements (rare
earths), the results should be similar to those for
Cu. It is further assumed that the Coster-Kronig
rates are also not affected by additional vacancies
outside the I -shell'. Since these various transition
probabilities have not been calculated using mul-
tiple-vacancy configurations for the L shells of the
rare earths, and since there have been no experi-
mental measurements of these rates, the single-

hole assumptions will have to be considered a pos-
sible source of error in comparisons of theory and
experiment. However, the approach to the calcu-
lations employing single-hole rates does offer a
consistent basis for the comparison of theory to
experiment.

The effect of target thickness on the measured
cross sections of this work has also been investi-
gated. For the targets used, charge-state equili-
brium is expected to be obtained. This places the
measurements of x-ray production cross section in
the asymptotic region for dynamic screening ef-
fects." Variation of x-ray yield with target thick-
ness was checked experimentally, with the re)ult-

l

~ng cross-section measurements agreeing tq with~
in the assigned experimental error of a 15%. The
use of "O"'"~' ions at a fixed bombarding energy
yielded similar results. In view of these results,
the theoretical calculations were performed using
the charge of the projectile as Z, =8, the bare nu-
clear charge.

The total L-shell x-ray production cross sections
for "Don Sm are shown in Fig. 4. Comparison of
the PWBA, BEA, and PWBABC calculations to the
data shows that the BRA and PWBAoverestimate the
magnitude of the cross section, with the deviation
between the PWBA and the data increasing as the
ion energy is decreased. The BEA calculations
overestimate the measured cross sections by
-120%. The PWBABC calculations fall -40%-50%
below the data. These results are typical for all of
the elements studied in this work.

A plot of the ratio of theoretical to experimental
L-shell x-ray production cross sections is given in
Fig. 5 for the PWBA and the PWBABC for "O and

~ e
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FIG. 3. Typical average energy shifts for ~60 bom-
bardment as determined by the x-ray peak centroid posi-
tions for Si(Li) measurements (low-resolution data).
The quantities 4'; are HFS predictions for the con-
figurations I M".
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FIG. 4. Comparison of the experimental total L,-shell
x-ray production cross sections to the PWBA, PWBABC,
and BRA predictions for ~~O on Sm. The SEA calcula-
bons are taken from Ref. 1 (J.S. Hansen) using 2s and
2P electron velocity distributions.
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for protons" on Pr, Sm, and Dy. The deviations
between the PWBA and the data are observed to be
consistent and systematic. Clearly, the PWBA is
having serious difficulty in predicting the observed
energy dependence for the heavy-ion data. The
PWBABC, however, gives much better agreement
with the heavy-ion data and surprisingly similar
results for the proton data. This similaritv in the
predictions of the PWBABC for both the proton and
oxygen data tends to support the sssumption that
multiple ionization is not causing a major change in
the fluorescence parameters for oxygen bombard-
ment. These same trends have been observed for
"C ions on the rare earths, "and for 'He and 'Li
ions on Sm, Yb, and Pb. '4

The individual x-ray production cross sections
for the Ll, Lu, LP„LP, and Ly, , peaks for '~O on
Ho are shown in Fig. 6. The PWBA and PWBABC
predictions are compared to the data. For all but
the Ly, , cross section, the PWBA overestimates
the data, while the PWBABC falls below the data,
as expected from the total cross section compar-
isons. In the case of the Ly, , cross section, how-
ever, a distinct, change in structure is noted. This
is consistent with observations of 'H, 'He, 'Li, and
"C on Yb,"where similar changes in structure are
observed in the Iy» x-ray production cross sec-
tion. This structure is associated with the nodal
character of the 2s electron wave functions. The
change in structure of the Ly, , cross section can
also be observed through examination of the o~ /

ratio from the data presented in Table II.
This ratio is almost constant over the energy range
of this work. This is in contrast to the peaked

IV. CONCLUSION

For the elements studied in this work, the
PWBABC (the PWBA with binding-energy and
Coulomb-deflection corrections) does give a better
representation of the measured total L-shell x-ray
production cross sections for "O ions in the energy
range 0.5 —2.25 MeV/amu than other comparable
theories. The PWBABC is typically -50% below the
oxygen data. This can be considered an excellent
fit considering the various approximations used,
but especially copsidetingthefactthat the PWBABC

105 . I I I
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I I I

10" —~ HO 10

10 IO
2

02 10

10

structure predicted by theory and observed in pro-
tons on rare-earth targets in the same E/M
range. " This change in the structure of the Ly»
cross section for heavy-ion bombardment tends to
indicate that a calculational approach which is more
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FIG. 5. Ratios of Othepfy/acxp for the total L-shell x-
ray production cross sections for ~60-ion bombardment,
based upon the PWBA and PWBABC theories. The pro-
ton data is from Ref. 32.

FIG. 6. X-ray production cross sections for the indi-
vidual x-ray lines I-I, In, JP&, JP2, J-y&, andL, y2, 3 for
~80 bombardment of Ho. Comparisons are made to the
PWBA and PWBABC theoretical predictions. Single-
hole values are taken for the radiative and nonradiative
parameters required for the theoretical x-ray produc-
tion cross sections [cf. Eq. (1)].
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is -40% below proton cross sections in the same
E/hI range.

The question of the effects of multiple ionization
on the theoretical calculations is not resolved, but
comparisons of the oxygen data with available pro-
ton data tend to support the use of single-hole par-
ameters for the radiative and nonradiative para-
meters involved in calculating L-shell x-ray pro-
duction cross sections for "O bombardment in this
E/M range. Since high-resolution instruments are
currently incapable of resolving unambiguously the
separation and intensities of the noncharacteristic
L-shell x-ray lines in the rare-earths region, fur-
ther clarification of multiple-ionization effects
will probably have to come from theory.

In summary, L-shell ionization by oxygen ions
on the rare earths can be reasonably and consis-
tently described by assuming direct Coulomb ion-
ization and using single-hole parameters for the

theoretical predictions of x-ray production cross
sections. There may be difficulties, however, with
the method of calculating the binding-energy cor-
rections, as comparisons of data and theory for the

Ly, , or the Il -shell cross sections have revealed.
Certainly some clarification of these difficulties
seems in order.
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