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L-shell x-ray production cross sections for the LI, La;,, LY, and Ly, 3 have been measured for 'H, “He,
and "Li on Yb and Pb and for “He and "Li on Sm. The energy ranges for the incident-ion species were 0.3 to
2.4 MeV/amu for 'H, 0.15 to 4.4 MeV/amu for ‘He, and 0.9 to 3.0 MeV/amu for "Li. Comparisons of the
La,,, Ly, and Ly, x-ray production cross-section data have been made to the predictions of the plane-wave
Born approximation (PWBA) and the PWBA with corrections for Coulomb deflection and/or binding-energy
effects. The comparisons show that for the individual x-ray production cross sections, there are problems
associated with the binding-energy correction calculations for the Ly, and Ly, x-ray data. Furthermore,
measurements of the ratio of La,, to Ly, x-ray intensities do not support the use of an increased effective

binding energy in the PWBA formulation.

I. INTRODUCTION

Recent work on L -shell ionization by fast ions
has been reported for thin-target geometries over
energies ranging from ~0.2 to ~4 MeV/amu. Sev-
eral research groups'~” have established the spe-
cific properties of the x-ray production cross sec-
tions for protons and/or helium ions. Ratios of
x-ray cross sections have been analyzed to yield
relative x-ray cross-section data and the L -sub-
shell jonization cross sections have been reported
for protons on Au by Datz ef al.' The structure in
the L,-subshell ionization cross section which
arises from the 2S-character of the electrons in
this subshell is well established. Comparisons of
measured total L-shell x-ray cross sections to
the plane-wave Born approximation (PWBA)® and
the constrained-binary-encounter approximation
(CBEA)® have shown that these two theories gener-
ally agree with data for proton-induced x-ray cross
sections.

In the measurements of x-ray cross-section -
ratios for protons on Sm? and Pr, Eu, Gd, and
Dy ? the comparisons between the data and the
PWBA and CBEA theories show that the PWBA is
in much better agreement with the data for the
ratio a,,oq.z/c:r,,,z'3 and c,,h/o,,,/z'a. The variations
between the CBEA predictions and the data for
these ratios can be related directly to a basic dis-
agreement in the structure of the L;-subshell ion-
ization cross sections. It is suggested that the
source of this disagreement is fundamental to the
CBEA theory, possibly related to the velocity dis-
tribution of the 2S electrons employed in this the-
ory.2 The agreement between the CBEA and the
Ly~ and Ly-related cross sections, which dominate
the observed total x-ray productions cross section,
does not support arguments pertaining to multiple
ionization as a causitive factor for the problems
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observed for the 2S ionization.

When heavier ions such as *He ions are incident
on a target, the PWBA calculations give L-shell
x-ray cross-section values which overestimate the
observed magnitude of the total cross sections.

" Brandt and Lapicki'® have reported the results of
including corrections to the PWBA. The correc-
tions are suggested to account for the Coulomb de-
flection of the incident projectile through the ion-
nuclear interaction and to include perturbation ef-
fects on the electron binding energy due to the
presence of the incident ion at the time of ioniza-
tion. The net effect of these two corrections is to
decrease the calculated cross section at low ion
velocities. The corrections are dependent on the
ion charge Z, as well as the ion velocity and target
properties, the subshell binding energy Uz;, and
the target atomic number Z,.

The present paper presents studies of L-shell
ionization by 'H, “He, and "Li on Yb and Pb and
“He and "Li on Sm in the ion energy ranges of ~0.3~
~2.2 MeV/amu for 'H, ~0.15-~4.4 MeV/amu for
‘He, and ~0.8 —~3.0 MeV/amu for "Li. Compari-
sons to the PWBA and corrected PWBA theories
were made to assess the effects of the Coulomb
deflection and binding-energy corrections on the
subshell ionization and x-ray production cross
sections.

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

For the low-energy work (E < 3.0 MeV) involving
protons and helium ions, the 2.5-MV Van de Graaff
accelerator of the Regional Nuclear Physics Lab-
oratory at North Texas State University was em-
ployed. The experimental arrangement and pro-
cedure have been discussed in Ref. 2 for this facil-
ity. One modification to the arrangement has been
effected in that the scattered ions for the nuclear
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elastic scattering are presently detected at a labo-

ratory angle of 150° in lieu of the 168° angle used
previously. The x-ray detector efficiency is de-
termined using calibrated reference sources as
discussed previously.!' Thin targets of SmF,,
YbF;, and Pb were prepared by vacuum evapora-
tion of these materials on to thin carbon backings °
(px=20-50 ug/cm?). Typical target thicknesses
are less than 20 pg/cm? for the materials studied.

The data for ion energies above 3 MeV were
taken using the Model EN tandem accelerator of
the High Voltage Laboratory, Holifield National
Laboratory. Ion beams of “He and "Li were ob-
tained in the 2+ and 3+ charge states respectively.
The beams were incident upon the targets position-
ed at an angle of 45° with respect to the incident
beam direction. X-ray and particle spectra were
obtained with an ORTEC Si (Li) x-ray detector
having a resolution of 170 eV at 5.89 keV at a labo-
ratory angle of 90° and a silicon surface -barrier
detector at a laboratory angle of 45°. The beam
passed through a carbon collimator prior to strik-
ing the target to eliminate. slit scattering from the
main beam collimation system. Beam currents
employed in the measurements were typically less
than 10 nA. Count rates were limited to less than
1000 Hz in either counting channel (i.e., the x-ray
or nuclear elastic scattering channel). The data
were accumulated in a Tennecomp data analysis
system and transferred to magnetic tape for spec-
trum analysis using SAMPO.'?

The x-ray energy spectra were analyzed to give
the yields for the La,,,, Ly,, and Ly, ;, (s X-ray
transitions. In the cases of Sm and Yb the Ly, ,
transitions were analyzed. For Pb the Ly, tran-
sition is included as an unresolved component of
the Ly,, s x-ray line in the observed spectra. The
L3 transitions were not analyzed as these observed
x-ray lines contain unresolved components which
populate all three subshells. Consideration of the
direct relationships between the Lo, ,, Ly,, and
Ly,, 3,6y X-ray transitions and the L;-, L,~, and
L, -subshell ionization processes, respectively, for
incident ions shows that definitive measurements
for the fundamentals of L -shell ionization by fast
ions are obtained by experimental data for these
three x-ray transitions.

The measured x-ray intensities were converted
to x-ray production cross sections (XCS) for the
La,,, Ly,, and Ly, ; groups by normalization
to the nuclear elastic scattering yields which were
determined simultaneously at each incident ion
energy. This procedure has been discussed pre-
viously.? The method of analysis utilized depends
upon the nuclear elastic scattering cross section
being described by Rutherford scattering. It has
been shown that for "Li ions on Rb (Z =37) the

observed elastic scattering at a laboratory angle
of 45° is non-Rutherford for incident energies
above 21 MeV."® Consider the quantity

T(E)=YE?/Tp,

where Y is the measured nuclear elastic scattering
yield, E is the incident ion energy, and Ty is the
measured lifetime in the elastic scattering chan-
nel. T(E) is a constant for Rutherford scattering.
For the ion species on Sm, Yb, and Pb over the
energy range of this work analyses of I'(E) con-
firms the use of the Rutherford scattering cross
sections to describe the nuclear scattering prob-
abilities. "

In all cases the experimental XCS are presented.
The comparisons to the theoretical predictions for
the XCS are made by the use of the relationships
discussed in Ref. 2. Table I lists the radiative and
non-radiative parameters used in the theoretical
calculations of the XCS for the La, , Ly, and
Ly,,s,(6y X-ray transitions. In all cases single-
hole values for the parameters were used. The
maximum observed energy shifts in the measured
x-ray transitions for “Li ions on Sm, Yb, and Pb
were observed to be less than 15 eV. This sug-
gests that multiple ionization is not a major effect
to be considered in this work. Previous work by
Pepper et al.'* for ' °0O bombardment of the rare
earths has shown that, even in those cases where
multiple M -shell ionization dominates the observed
L -shell radiations, the use of single-hole radiative
and nonradiative parameters gives consistent re-
sults when the theories are compared to the exper-
imental XCS data for L-shell ionization. Given
that the target elements studied in this work are

TABLE I. Radiative and nonradiative rates used in
the theoretical calculations for this work.

Sm Yb Pb
w1=0.085% w;=0.1132 w;=0.1162
w,=0.1532 w,=0.2392 w,=0.402°2
wy=0.1542 w3=0.2302 w3=0.3742
f12=0.2062 f12=0.1992 f12=0.0722
f13=0.3052 f13=0.3192 f13=0.6532
f3=0.1402 f93=0.1322 f93=0.1092
T,=0.333" Ty =0.608" I;=1.349°

1 b 1 b 1 b
Ty =0.024° Ty, =0.0477 Tyy,0-117°
Ty, 4=0.037 Tyy3=0.066 Ty, ,=0.139

I'y=0.568" I,=1.051° I,=2.378"
T, 1=0.080" Iy, =0.154" I,, =0.383"
21 b 271 b 271 b
I,=0.524 I'3=0.947 Ty, = 0.047
Ty =0.386° F3a1=0.693: razz.oeo:
- b - =
Tgy,=0.044 T3q,=0.078 I'y,,=1.438
T34, 0. 163P

2Reference 16.
YReference 17.
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similar in their characteristics while the incident-
ion species are lighter than '°0, it is expected that
a similar type of analysis will prevail. This as-
sumption must be considered as a possible source
of error until more detailed information may be
available through either higher-resolution studies
or further theoretical studies.

Error analysis for the experimental data includes
two main categories of error: (i) the relative un-
certainty which consists of statistical errors as-
sociated with the individual x -rayyields and charged
particle elastic scattering (2-10% and 1-3%, re-
spectively) and (ii) the overall normalization un-
certainty which contains contributions from cali-
brated source strength error (3%), x-ray source
branching ratio uncertainties (1-2%), charged-
particle-detector solid-angle error (3%), and un-
certainty in Rutherford scattering cross section
through detector angle (<5%). The overall normali-
zation error is obtained by taking the root mean
square of the individual contributions giving an
error of <8%. In the relative uncertainties the
Lo, , x-ray transitions have errors of <3% while
the Ly, and Ly, , () transitions have errors of
<11%. The total uncertainties are taken as <9%
for the La, , lines and <14% for the Ly, and
Ly,,s, (s lines.

III. DISCUSSION

Shown in Figs. 1,2, and 3 are the measured La, 5,
Ly,, and Ly, , s XCS, respectively, for 'H, “He,
and "Li on Yb and Pb and for “He and "Li on Sm.

In each case the experimental data are compared
to the predictions of the plane-wave Born approx-
imation (PWBA) of Choi, Merzbacher, and
Khandelwal® and the PWBA with corrections for
binding energy and Coulomb deflection effects
(PWBABC) by Brandt and Lapicki.’® It is observed
for the La, , XCS, as shown in Fig. 1, that the
PWBABC is in better agreement with the data for
Sm and Yb for each incident ion species. In the
case of Pb the data for Lo, , begins to deviate
from the PWBABC for ion energies <1.2 MeV/amu,
with the data being larger in magnitude than the
PWBABC predictions. The PWBA overpredicts
the observed La, , XCS data in all cases. The
deviations observed for the Pb case may be asso-
ciated with the need for a relativistic description
for the L-shell electrons in Pb as suggested by
Choi.'® The present calculations do not include
such considerations. The comparison of the
PWBABC to the La, , data of this work for Sm,
Yb, and Pb are in excellent agreement with similar
comparisons given by Brandt and Lapicki for the

L -shell ionization data for protons on Au of Datz
et al.!

The experimental measurements for the Ly, XCS
from this work are given in Fig. 2. Comparisons
to the PWBA and PWBABC predictions are given
for these data. A study of the measurements shows
that in contrast to the results for the La, , data
the PWBA calculations give a better representation
of the Ly, cross-section magnitudes except for the
lower ion energies. In the case of 'H the data begin
to deviate from the PWBA predictions for E< 0.5
MeV /amu for Yb and Pb. In the case of “He bom-
bardment the PWBA predictions are in better
agreement withthe data over the energy range stud-
ied. Under "Li bombardment the agreement be-
tween the data and PWBA predictions for the Ly,
XCS tends to improve with the increase in atomic
number of the target which may again be due to
relativistic effects.®

As observed in Fig. 3 the Ly, 4, (s XCS data for
'H, *He, and "Li on Yb, Pb, and Sm (*He and "Li
only) shows the same general trends as the Ly,
data. The PWBA predictions give a better overall
representation of the measured Ly, ;s XCS data
except for the lower bombarding energies. Clearly,
the PWBABC calculations are not adequate in their
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FIG. 1. Experimental x-ray production cross sections
for the Loy , transition. The PWBA calculations are
from Ref. 8 and the PWBABC predictions are from Ref.
10.



2396 GRAY, LIGHT, GARDNER, AND McDANIEL ' 12

description of the Ly, and Ly,, 3, s XCS data for
E/m=0.8 MeV/amu. The results of this work for
the transitions, which are related to the L;- and
Ly -subshell ionization processes, are closely cor-
related to similar results obtained by Brandt and
Lapicki'® for the Au L-subshell data of Datz ef al.
Brandt and Lapicki suggest that uncertainties in
the radiative and nonradiative parameters may be
responsible for the deviations between the
PWBABC and the L;- and L;-subshell ionization
data for Au. While this suggestion may have some
validity, there are problems, associated with the
binding -energy correction, which are independent
of the radiative and nonradiative parameters if it
is assumed that these quantities do not change
significantly as a function of ion energy for 'H,
“He, and “Li on elements having atomic numbers
in the range of this work. High-resolution work
for '*0 on La by Pepper et al.'* has shown signi-
ficiant M-shell multiple ionization accompanying
the L-shell ionization process. However, no dou-
ble L-shell ionization was observed. Inthe ab-
sence of multiple L-shell vacancies the Coster -
Kronig rates should be essentially constant. While
multiple ionization is to be expected to some de-
gree for "Li and in decreasing contributions for
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FIG. 2. Experimental Ly, x-ray production cross sec—
tions.

‘He and 'H, its effects on the observed XCS data
should be less than observedfor 0 bombardment.
Calculations for the individual contributions for
the binding-energy corrections (BE) and Coulomb

deflection corrections (CD) to the PWBABC pre-
dictions are shown for 'H, *He, and "Li on Yb in
Fig. 4. In the case of the La, , XCS data it is ob-
served that the PWBA (CD) is not sufficient by it-
self to give the proper magnitude estimates in
comparison to the data. For *He and "Li the PWBA
(BE) represents the majority of the PWBABC pre-
dictions. However, in the comparisons to the Ly,
and Ly, (s data the PWBA (BE) calculations are
seen to be the source of the disagreement between
the PWBABC and the XCS data for the Ly, and
Ly,, 3,6 transitions. Furthermore, in the case
of the Ly, 4, (¢ data it is observed that the PWBA
(BE) calculations cause a shift in the structure in
the cross sections which is related to the 2S char-
acter of the L, subshell. This feature is partic-
ularly clear for the *He data as shown in Fig. 4.
Analysis of the data for the ratio of the Lo, ,
and Ly, 4, (e Ccross sections is shown in Fig. 5.
For each target species, Sm, Yb, and Pb, it is
observed that for 'H, “He, and "Li the PWBA cor-
rectly predicts the shape of the peak in the ratio
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FIG. 3. Experimental Lv,, ; x~-ray production cross
sections.
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R, where
R =0La1,2/0L72,3.(s) .

The PWBABC calculations cause the peak in the
predicted ratio to move to higher E/M values as
the incident ion Z is increased from 'H to ‘He to
"Li. The Coulomb deflection correction does not
cause a shift in R with increasing incident ion
species. The binding-energy correction is obtained
by increasing the individual subshell binding ener-
gies to account for the presence of the ion during
the ionization process. The use of an increased
effective binding energy naturally leads to the cal-
culated shift in the 2S -related structure in the
Ly,, s, (sy Cross-section data.

IV. CONCLUSIONS

It is concluded that the observed L -shell x-ray
production cross sections for 'H, *He, and "Li on
Sm, Yb, and Pb!® can be represented with varying
degrees of agreement by the PWBABC or PWBA
theories. One theory is not sufficient to give the
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FIG. 4. Experimental Loy, ,, Ly;, and Ly,, 3 Xx-ray
production cross sections for Yb compared to the PWBA
predictions with Coulomb deflection (CD) and binding~
energy (BE) corrections applied separately. The CD
and BE corrections are from Ref. 10.
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best overall agreement with the data for all three
L subshells as represented by the La, ,, Ly,, and
Ly,, 3,6y X-ray transitions. While the PWBABC
approach does give a much better representation
of the La, , data for the ion species of this work
in comparison to the PWBA theory, there are
problems with the static effective binding-energy
increase as utilized in'the PWBABC calculations.
PWBABC predictions for the Ly, and Ly, ;, )X~
ray cross sections and the energy shift in the 2S-
related structure in the Ly, 4, (¢ cross section, as
required by the PWBABC approach, are not sup-
ported by the data of this work. The main causative
factor in such disagreements is found in the bind-
ing-energy correction of the PWBABC. The un-
certainties in the radiative'® and nonradiative pa-
rameters which are required for comparisons be -
tween the data and the theory may be a source of
error in the predicted magnitudes, but it is not
plausible that such uncertainties should be related
solely to the L;- and L;-subshell processes. It is
suggested that the problems associated with the
lack of an energy shift in the Ly, ;, (s cross-sec-
tion data raises a serious question about the valid-
ity of a fixed average binding-energy increase as
a viable approximation to a perturbation effect

—— PWBA
——— PWBABC

| L\
26 'Q2

E/M (MeV/amu)

FIG. 5. Ratios of the La,,, and Ly, 3, ) X-ray produc-
tion cross sections compared to the PWBA and PWBABC
predictions. The peak positions in the experimental
ratios are constant to first order for each element as
the incident ion species are varied from !H to "Li. The
data for 'H on Sm are from Ref. 2.
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which one may expect to exist. It would seem ap-
propriate to engage in further theoretical studies
which may provide for the inclusion of such a per-
turbation correction as the binding-energy effect
in a more dynamical way.
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