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L x-ray production cross sections have been measured for thin targets of Sn, Te, Nd, Tb, Tm, Au, and Pb
using 30- to 80-MeV alpha particles. Theoretical atomic parameters were used to deduce L-subshell ionization
cross sections for Tb, Tm, Au, and Pb, and average L-shell fluorescence yields were used to obtain total L-
shell ionization cross sections for Sn, Te, and Nd. The experimental results are compared with previous
proton and alpha-particle measurements, and with the predictions of plane-wave Born, semiclassical, and binary-
encounter approximation treatments of L-shell ionization. Generally good agreement with the PWBA
calculations is found for these relatively high-energy measurements, although several systematic discrepancies

are observed.

I. INTRODUCTION

In recent years, extensive experimentation deal -
ing with x-ray production by protons and a par-
ticles has been carried out. Experimental x-ray
yield measurements have provided information re-
lating to the cross sections for creating inner-
shell vacancies and high-resolution spectral mea-
surements have given information pertaining to
the states of excitation produced in the collisions.!'?

Aside from the fundamental utility of x-ray pro-
duction measurements for the characterization of
ionizing atomic collisions, they have also proven
to be of practical applicability for trace-element
analyses of biological and environmental samples.3
Additionally, x-ray yields may be used to accurate-
ly determine beam intensities in various other par -
ticle-accelerator experiments.

A comphrehensive collection of cross sections for
K -shell ionization by light ions incident on a wide
variety of targets over a large range of projectile
energies has accumulated in the literature.? Mea-
surements of L x-ray production cross sections
have thus far been more restricted both in target
atomic number and in projectile energy.® Very
few measurements have been performed at par-
ticle energies above 5 MeV/amu,

The present work has been directed toward ex-
tending the body of data on L -shell ionization to
higher projectile energies. We report here on
measurements of L x-ray yields for targets of
Sn, Te, Nd, Tb, Tm, Au, and Pb produced by «
particles ranging in energy from 7.5 to 20 MeV/
amu. Total L-shell ionization cross sections were
deduced from the data for all of the above-men-
tioned targets and L -subshell ionization cross sec-
tions were obtained for Tb, Tm, Au, and Pb.

II. EXPERIMENTAL METHODS

The yield of x rays from each target of interest
was measured simultaneously with the x-ray yield
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of a reference element by irradiating a target stack
composed of both elements. Each target stack was
made by evaporating (under high vacuum) the
reference element onto a thin Mylar backing (~520
ug/cm?) and then evaporating the target element

on top of the reference element. The target ele-
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FIG. 1. Sample x-ray spectra obtained for Tm, Tb,
and Nd target stacks with 30-MeV « particles.
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ment effective thickness (corrected for the 45° in-
clination angle) ranged from 67 to 188 pug/cm?

and in all cases the target-plus-reference thick-
ness was sufficiently thin that projectile energy
loss could be neglected. In this way, the L x-ray
yieldsof Sn, Tb, Tm, Au, and Pb were measured rel-
ative to the K x-ray yield of Sn, and the L x-ray
yields of Te and Nd were measured relative to the
K x-ray yields of Te and Cu, respectively.

All of the measurements were performed with a
Si(Li) detector system (250 eV full width at half-
maximum at 6.4 keV)located a distance of 18.4 cm
from the target. The detector was positioned at 90°
with respect to the beam and was separated from
the target by a 3.3-mg/cm?® Be window (which was
part of the detector cryostat). Sample spectra for
Tm, Tb, and Nd target stacks obtained with 30-
MeV a particles are shown in Fig. 1.

The efficiency calibration procedure was the
same as that described in Ref. 6. It was extended
down to 3.25 keV by measuring the ratio of Np M
to La x-rays emitted by a thin >**Am source. The
absolute intensity ratio of these two peaks has been
found to be 0.470 +0.045 by Karttunen et al.” Fur-
ther details of the experimental procedures are
given in Refs. 6 and 8.

III. DATA ANALYSIS AND RESULTS

Relative x-ray yields were determined from the
integrated L x-ray photopeaks of the elements
of interest and the integrated Ka x-ray photopeaks
of the reference elements. For the elements Tb,
Tm, Au, and Pb, where the various major L x-
ray groups were sufficiently resolved, individual
group (LI, La, LB, and Ly) photopeak intensities
were obtained by least-squares fitting. The photo-
peak intensity ratios were then corrected for de-
tector efficiency and absorption (see Ref. 6). Using
the absolute “smoothed” K x-ray production cross
sections reported previously® for the reference
elements, absolute L x-ray production cross sec-
tions were determined. A more refined set of x-
ray production cross sections was obtained by
plotting the experimental values as a function of
atomic number at each a-particle energy. Smooth
curves were then fitted through the data sets
and “smoothed” L x-ray production cross sec-
tions were read from them. The values of the
“smoothed” L x-ray production cross sections are
listed in Table I. The errors associated with these
values are estimated to be +10% on the average.

The conversion of L x-ray production cross sec-
tions to ionization cross sections is complicated
because (i) three subshells contribute to the
total cross section, and (ii) vacancies created

TABLE 1. “Smoothed” L x-ray production cross sec-
tions (in b) for ionization by a particles.

Energy a7 ()
(MeV)  5Sn  gpTe  Nd  gTh  gTm  3Au  gPb

30 5050 4770 3550 2790 2180 1075 845
40 5610 5460 4580 3800 3170 1575 1300
50 5710 5600 4870 4200 3560 2050 1650
60 5650 5550 4900 4300 3750 2410 2060
70 5570 5510 5190 4700 4170 2520 2130
80 5130 5220 5080 4620 4150 2710 2300

in the lower two L subshells (2s and 2p,,,) can be
shifted to higher subshells (2p,,, and 2p,,,) via
Coster-Kronig transitions. Hence the total L x-
ray production cross section ¢} . cannot be related
directly to the total L -shell ionization cross sec-
tion, but must rather be expressed as a sum of
subshell ionization cross sections ¢,; such that

3
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where the v;; are L -subshell fluorescence yields
corrected for vacancy transfer. Since many of the
transitions to each subshell are so closely spaced
in energy that they are not fully resolvable, and
because very few experimental data are available
on subshell fluorescence yields, it is not presently
possible to determine L -subshell ionization cross
sections directly. Nevertheless, a number of pre-
vious workers have devised methods with which

L -subshell ionization cross sections may be de-
duced by using theoretical values of partial radia-
tive widths and L -subshell fluorescence and Cos -
ter-Kronig yields.*** In the present work, we
have deduced L -subshell ionization cross sections
using a procedure (described in detail by Chang

et al.'?) which involves an analysis of the La photo-
peak and the various components of the Ly photo-
peak.

Using a least-squares peak-resolving program,
the Ly photopeaks of Tb, Tm, Au, and Pb were
resolved into four Gaussian components represent-
ing the Ly;, Ly,, LY,,5.4 and Ly, x-ray lines. One
of the fitted spectra for 40-MeV « particles inci-
dent on Pb is shown in Fig. 2. Also shown in this
figure is a spectrum obtained with protons of the
same velocity (10 MeV) incident on the same tar-
get.

The L, -subshell ionization cross sections were
determined using the expression
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Least-squares analysis of the Ly x-ray groups of Pb resulting from bombardment with (a) 10-MeV protons
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which was obtained by solving Egs. (1d) and (3) in
Ref. 12 simultaneously. The L,-subshell ioniza-
tion cross sections were then determined using
the expression

_ 0%y 'cLl(w1F17+f12w2F21)

(03 =
£ WoF 5y ’

(3)

which was obtained from Eq. (1d) of Ref. 12, and the
the L,-subshell ionization cross sections were fi-
nally determined using the expression

Ofa - [aLl(fxa +/12f2) + UL:fzs]wana

0L3 = W, Faa ’ (4)

-

which was obtained from Eq. (1b) of Ref. 12. In all
of the above expressions, the w; are subshell fluor-
escence yields, the f;; are Coster-Kronig yields,
and the F,;, are the various partial radiative widths
(i-e., Fgu = FLaa/rLs)' The values of the L -subshell
fluorescence yields and the Coster -Kronig yields
used in the present work were taken from the theo-
retical results of McGuire'® and the partial radia-
tive widths were obtained from the theoretical re-
sults of Scofield.'* For convenient reference, they
are listed in Table II.

The use of atomic parameters calculated for sin-
gle -vacancy states in the above analysis procedure
assumes that multiple ionization is relatively im-

TABLE II. Theoretical L-subshell fluorescence yields, Coster-Kronig yields, and partial widths used in this work.

L-subshell L-subshell
fluorescence yields ? Coster-Kronig yields ? Partial radiative widths ®
Target Wy Wy w3 S S S Fy, Foy Fagy Fig Fy, Fg F3,
e Th 0.101 0.180 0.178 0.203 0.307 0.139 0.207 0.150 0.149 0.777 0.828 0.147 0.819
goTm 0.113 0.225 0.216 0.199 0.316 0.134 0.211 0.152 0.153 0.774 0.826 0.147 0.814
19Au 0.105 0.357 0.327 0.083 0.644 0.132 0.222 0.179 0.163 0.747 0.799 0.172 0.787
g2 Pb 0.116 0.403 0.373 0.073 0.652 0.109 0.227 0.188 0.167 0.735 0.789 0.180 0.777

2 From Reference 13.
Y From Reference 14.
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TABLE III. L-subshell ionization cross sections for ionization by « particles (in units of 10% b).

T. L. HARDT AND R. L. WATSON

Energy ¢sTb g9Tm 79AU g Pb

MeV) L, L, Ly Ly L, L Ly L, Ly Ly Ly Ly
30 4.24 3.26 7.22 2.51 2.22 4.78 0.874 0.638 1.57 0.764 0.409 0.976
40 5.38 5.47 9.10 3.54 3.26 7.05 1.32 0.855 2.36 0.821 0.705 1.78
50 5.83 5.34 11.0 3.69 3.56 8.33 1.74 1.20 2.94 0.984 0.876 2.35
60 5.89 5.29 11.5 4.38 3.72 8.29 1.95 145 3.51 1.31 1.13 2.80
70 7.26 5.14 12.9 4.25 4.55 9.39 2.11 1.65 3.43 1.59 1.16 2.65
80 6.43 4.89 12.5 4.44 4.36 9.31 2.15 1.74 3.85 1.82 1.26 2.76

probable. From the high-resolution measurements
of Olsen et al.'® for Sn, we estimate that simul -
taneous M -shell vacancies are created in roughly
4% of the L -shell ionizing collisions at the lowest
energy used in the present study. It is expected
that the degree of simultaneous M -shell ionization
will decrease with increasing projectile energy
and target atomic number.

The L -shell ionization cross sections for Tb,
Tm, Au, and Pb are listed in Table III. A self-
consistency check of these subshell ionization cross
sections was made by using them to predict the L3
x-ray production cross sections. Overall agree-
ment to within +5% was obtained between the pre-
dicted and the measured Lj3 x-ray cross sections.
However, because of the uncertainties involved in
the use of the theoretical atomic parameters, the
absolute L -subshell cross sections may be in error
by as much as =30%.
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FIG. 3. Comparison of the average L -shell fluor-
escence yields of Tb, Tm, Au, and Pb deduced from the
present measurements (open squares) with data tabu-
lated in Ref. 16 (solid circles).

Because the resolution of the L x-ray lines in
the Sn, Te, and Nd spectra was not sufficient to
extract subshell cross sections by the method dis-
cussed above, ionization cross sections could not
be obtained directly from the data without the use
of average L-shell fluorescence yields. The ex-
perimental L-shell fluorescence yields w; tabu-
lated by Bambynek et al.'® show a large uncertain-
ty over the range of atomic numbers used in this
study. Moreover, these fluorescence-yield mea-
surements were made for ionization by photons
and electrons and hence may reflect quite different
initial subshell vacancydistributions thanare formed
in ionization by heavy-charged-particle bombard-
ment. However, having deduced the L-shell ion-
ization cross sections for Tb, Tm, Au, and Pb, it
was possible to evaluate their average L-shell
fluorescence yields from the relationship

w,=0%0;. (5)

The values so obtained are compared in Fig. 3
with various experimental values tabulated in Ref.
16. As can be seen, the deduced fluorescence
yields define a straight line which coincides, on
the average, with the results obtained using pho-
tons or electrons. This indicates that the ini-
tial subshell vacancy distributions created in
high-energy a-particle bombardment are in-
deed similar to those for photon fluorescence and
electron bombardment. The curve can be extended
down to Z =50, where the previous data become
sparse and begin to deviate wildly. Assuming a
linear extrapolation, the values of w, obtained for
Sn, Te, and Nd were 0.096, 0.105, and 0.150, re-
spectively. Using these extrapolated w, values,
total L-shell ionization cross sections were then
calculated from the L x-ray production cross sec-
tions listed in Table I.

IV. DISCUSSION

In Fig. 4(a) the experimental L-shell ionization
cross sections for Tm are compared with the re-
sults of plane-wave-Born-approximation'”!®
(PWBA), semiclassical-approximation'®2° (SCA),
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FIG. 4. (a) Comparison of the L -subshell ionization
cross sections for Tm with the predictions of the BEA,
PWBA, and SCA theories. (b) Same as (a), but for Pb.

and binary-encounter-approximation® (BEA) cal-
culations. (The error bars represent the relative
uncertainties only.) It is observed that the L,-
subshell cross sections are somewhat higher
(~15-20%) than the BEA and PWBA predictions,
whereas the L,- and L,-subshell ionization cross
sections generally lie between the BEA and PWBA
results. Overall, the total L-shell ionization cross
sections are represented about equally well by
both the BEA and the PWBA. The SCA results,
on the other hand, are consistently lower (~30%)
than the experimental cross sections, except at
the lowest energies. Essentially the same trends
were also observed in a similar comparison made
with the Tb data.®

The experimental L-subshell ionization cross
sections for Pb are compared with the various
theoretical predictions in Fig. 4(b). (The error
bars represent the relative uncertainties only.)
Here it is observed that the L, -subshell cross sec-
tions are in good agreement with all three theories
at the low-energy end of the excitation function but
that they rise above the various theoretical results
at the higher a-particle energies. The L,- and L,-
subshell cross sections are in good agreement with
the PWBA and SCA results at energies above 50
MeV, but drop considerably below the predictions
of both of these theories at the low-energy end of
the excitation function. Overall, the BEA predic-
tions are ~30% higher than the experimental re-
sults for the L, and L, subshells. Essentially the
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FIG. 5. Comparison of the ionization cross section
ratios 0;,/0;, for Tb, Tm, Au, and Pb with the data of
Chang et al . (Ref. 12) and the PWBA predictions.

same trends were also observed in a similar com-
parison made with the Au data.®

Because of the uncertainties associated with the
use of theoretical values of the various atomic
parameters in the data analysis, a detailed dis-
cussion of absolute-cross-section differences of
less than ~30% between theory and experiment
would not be particularly meaningful. However,
a more stringent comparison can be made using
cross-section ratios in which, as has been pointed
out by numerous other authors,®? many of the
uncertainties cancel. In Fig. 5 is presented a
comparison of the experimental L,- to L,-subshell
ionization cross-section ratios for Tb, Tm, Au,
and Pb with those predicted by the PWBA. Also
shown in this figure are the data of Chang et al.*?
for protons and « particles on Au and Bi. It is
seen that at low energies (data of Chang et al.)
the ratios are considerably below the PWBA
curves, but at the higher energies the data agree
much better with the theoretical predictions.
These results confirm the expectation that the
PWBA should more accurately describe ionization
by high-energy projectiles for which the condi-
tions of validity of the PWBA are better fulfilled.

The total L-shell ionization cross sections ob-
tained in the present study are compared with the
results obtained with protons and « particles by



142 T. L. HARDT AND R. L. WATSON 14

L L1

o o
° a 04° 0a° 0,0 R

IO-IS

N
€
(8] -
1
~N
< .
L3
-
P}
Bl W n
o | N
>
102 7
= -
b= -
— —
L PRESENT DATA  ELEMENT OTHER DATA -
47A9  o(BISSINGER ET AL.)
. 50SN  O(HOPKINS ETAL.)
L a(ISHII ET AL.)
A soTe
IO-7|1||||1111||||
3 5 7 9 LI 1.3 15 1.7
\71
v

FIG. 6. Total L -shell ionization cross sections for
Z =47-52 including data from Refs. 22-24.

other experimenters in Figs. 6-10. In these fig-
ures all previous data have been converted from
x-ray cross sections to ionization cross sections
using average L-shell fluorescence yields read
from the straight line in Fig. 3. The ionization
cross sections have been multiplied by the factor
u?/z%, where u is the weighted-average L-shell
binding energy and z is the projectile atomic num-
ber, and are plotted as a function of the velocity
ratio

v, _(m E\'/?

Xk
where m is the electron mass, E is the projectile
energy, and M is the projectile mass. Included
in these figures are the recent L-shell cross sec-
tion data for Ag (Bissinger et al.??), Sn (Hopkins
et al.®®), Sn and Ta (Ishii et al.**), Pr, Sm, and
Dy (Abrath and Gray®), Gd, Lu, and Au (Flochin-
ni?®), Au (Shafroth et al.?”), Pb (Busch et al.,?®

T T T T T T T T T T T T T
19l i
10T N
L 4
1
N ~
13
o
1
N r 1
3
-
| r ..
Ol
Y
LY
<20 B
1070 ]
r PRESENT DATA ELEMENT  OTHER DATA h
r 59PT O(ABRATH & GRAY) 7
F A soNd -
62SM  O(ABRATH & GRAY)
7| N S N RO B B | N N N N |
o3 5 9 1 13

1
7
il
\

FIG. 7. Total L -shell ionization cross sections for
Z =59-62, including data from Ref. 25.

Tawara ef al.?®), and Ta, Au, and Bi (Chang
et al'?).

Fairly good agreement is found between the pre-
vious measurements and the results of the present
work. Together, the various sets of data define
the L-shell excitation function over almost three
orders of magnitude. Smooth curves have been
drawn through an average of the combined data for
each group of atomic numbers and these “average”
curves are compared in Fig. 11 with the BEA and
PWBA predictions. (The PWBA results for the
region bounded by Sn at the bottom and Au at the
top are shown by the crosshatched area.) It can
be seen that at very low velocity ratios, the ex-
perimental data for Z=59-66 and Z = 69-83 fall
above the BEA and PWBA by nearly an order of
magnitude. The addition of binding and Coulomb
corrections to the PWBA®* would lower the pre-
dicted cross sections and thereby make the agree-
ment with the experimental data even worse. As
the velocity ratio increases, the experimental
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FIG. 8. Total L -shell ionization cross sections for
Z=64-66, including data from Refs. 26 and 25.

curves cross through the theoretical curves and
then diverge from one another as they approach
their maxima. The PWBA calculations predict

the occurence of maxima in the excitation functions
for Z=50, 60, and 65 at velocity ratios of 1.13,
1.11, and 1.10, respectively, whereas the BEA
results predict a common maximum for all atomic
numbers at a velocity ratio of 1.00. Although the
experimental curves display maxima which shift
to lower velocity ratios with increasing atomic
number, in accordance with the PWBA results,
they are spread much farther apart than predicted.
The experimental maxima are located at approxi-
mate velocity ratios of 1.3, 1.2, and 1.1 for Z =50,
60, and 65, respectively.

Another feature of the experimental excitation
functions in the region near their maxima is that
they increase relative to one another in going from
the Z=47-52 curve to the Z=64-66 curve, but
then the ordering reverses and they decrease rela-
tive to one another in going from the Z = 64-66

FIG. 9. Total L -shell ionization cross sections for
Z =69-13, including data from Refs. 26, 24, and 12.

curve to the Z=79-83 curve. The PWBA calcula-
tions (as shown by the crosshatched area in Fig.
11) predict steadily increasing excitation functions
with increasing Z.

V. CONCLUSIONS

The present investigations have focused on the
high-energy region of the excitation functions for
L-shell ionization of intermediate to heavy atoms
by a particles. In this energy region the condi-
tions for the applicability of the PWBA, SCA, and
BEA are reasonably well satisfied, and projectile
binding and deflection effects are negligibly small.
It has been found from the data obtained in this
study, in combination with the data of others, that
for v,/7, > 0.7 the PWBA description reproduces
the experimental cross sections to better than 30%
over a range of atomic numbers extending from
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FIG. 10. Total L -shell ionization cross sections for
Z=79-83, including data from Refs. 12 and 26—29.

Z =50 to Z =83, while the BEA gives cross sec-
tions which are generally somewhat less accurate.
Below v, /7, =0.3 differences between both theo-
ries and experiment become as large as an order
of magnitude.

Despite the fairly good agreement displayed be-
tween the PWBA and the experimental results in
the high-energy region, certain details of the data
do not appear to be consistent with the theoretical
predictions. In particular, the positions of the
maxima in the experimental excitation functions
for Z=47-62 occur at higher velocity ratios than
predicted. Additionally, the apparent reversal in
the ordering of the excitation functions with de-
creasing atomic number is contrary to the pre-

T T T T 7177

10720

FIG. 11. Comparison of the “average” L -shell ion-
ization cross-section curves with the predictions of
the BEA and PWBA. (The PWBA results for the re-
gion bounded by Z =50 and Z =79 is shown by the cross-
hatched area.)

dicted trend. This feature however may simply
be a consequence of the linear extrapolation used
in obtaining the average L-shell fluorescence
yields for converting the x-ray cross sections to
ionization cross sections.
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