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The x-ray production cross sections of the total L shell and of the La, LB, Ly, LI, and L7 tran-
sitions have been measured for Au, Bi, and U for proton impact over the energy range from 1.0 to
4.5 MeV and for *He* impact from 3.0 to 9.0 MeV. The measured x-ray production cross sections and
the ratios of the x-ray production for various transitions are compared with calculations based on the
plane-wave Born approximation (PWBA) and the binary-encounter approximation (BEA). Generally, the
PWBA is in better agreement with the observed results. Various correction factors to these simplified
theories are also estimated and discussed. The ratios of the x-ray production for proton impact to that
for helium-ion impact, at equal velocities, deviate systematically from the theoretical Z? dependence.
This behavior is discussed in terms of the nuclear repulsion for the projectile, the change in binding
energy of the target electrons, and the polarization of electron orbit. It is shown that the observed total
L -shell ionization cross sections for various elements taken from the present work and other works can be
represented by a single smooth curve, which at higher energies is in good agreement with the BEA
curve of Garcia derived for the K -shell ionization, though the experimental values at lower energies are
considerably higher than the theoretical predictions.
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I. INTRODUCTION

In recent years considerable attention has been
paid to the study of inner-shell ionizations by ion
impact in the MeV energy range. The measured
K-shell ionization cross sections, which have been
most extensively investigated, are found to be
reproduced fairly well by the plane-wave Born
approximation (PWBA)! and the binary-encounter
approximation (BEA)? and are summarized by
Rutledge and Watson.®

Presently an intensive effort is being made in
measurements of the L-shell x rays*™* as well
as those of the Auger electrons.’® To compare the
L-shell x-ray data with the ionization cross sec-
tions predicted by the theories, the fluorescence
yields, and the Coster-Kronig yields of the L
shell are required. However, the measurements
of these quantities for the L shell are very limited
and, furthermore, there exist large discrepan-
cies among the observed values of these yields.
The cases where all these parameters are accu-
rately known are very rare'® (see Table I).
McGuire'” has recently made a calculation of
these yields of the L shell for a wide range of
elements, which is in general agreement with
available experimental values of some elements.

The total L-shell x-ray production cross sec-
tions can be determined with proportional counters
or scintillation counters whose energy resolutions
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are typically not better than 20%. If the average
fluorescence yields @ are known, the total ioniza-
tion cross sections can be deduced and compared
with the theories. There are, however, a number
of closely spaced L-shell x-ray lines from various
transitions resulting from filling a hole in the L
shell. These x-ray lines cannot be resolved into
each component even with modern Si(Li) detectors
which are typically limited to resolutions exceed-
ing 150 eV. Therefore, the determination of the
subshell ionization cross sections from x-ray
measurements is rather difficult. A number of
authors®'!'”!* measured the L-shell x-ray produc-
tion cross sections of the more intense groups
(e.g. La, LB, and Ly) which usually consist of
many unresolved lines, and of certain well-re-
solved lines such as LI, Ln with Si(Li) detectors
and compared them, instead of the ionization
cross sections, with the theories. Datz ef al.®
determined the 2s,,,, 2p,,, and 2p,,, subshell
ionization cross sections of Au in proton and
helium-ion impacts from x-ray measurements by
a careful peak separation. Madison ef al.'® and
Abrath and Gray'! also made similar measure-
ments by proton impact on Pb and Bi, and on Sm,
respectively. These groups have found a structure
in the 2s,,, subshell ionization cross sections pre-
dicted by the PWBA. In the present paper, follow-
ing our previous studies,’®''* we present the re-
sults of measurements of the L-shell x-ray pro-
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TABLE I. Fluorescence yields and the Coster-Kronig yields of Au, Bi, and U. The theoretical values are taken from
the paper of McGuire and the starred values are extrapolated from his calculation. The experimental values are from

the paper of Bambynek et dal .

w 1 w 2 w 3
Theor. Expt. Theor. Expt.

Theor. Expt.

Sip fi3 Sa3
Theor. Expt. Theor. Expt. Theor. Expt.

Au 0.105 e 0.357 ooe 0.327 0.31 0.083 0.25 0.644 0.51 0.132 e

Bi 0.120 e 0.417 s 0.389 0.36 0.069 0.19 0.656 0.58 0.101 0.06
U 0.215%* 0.560%* e 0.480* 0.51 0.069* eee 0.55* e 0.23% 0.23
duction cross sections of Au, Bi, and U targets o, =(41/AQ)(Y/n), (1)

for proton (1.0-4.5 MeV) and 3He* (3.0-9.0 MeV)
impact using a Si(Li) detector and compare these
results with the theoretical predictions. Based on
these measurements, we discuss the dependence
of the L-shell ionization cross section on the pro-
jectile nuclear charge. The total L-shell ioniza-
tion cross sections of various elements, deduced
from x-ray data using the average fluorescence
yields, are compared with the BEA universal
curve,

II. EXPERIMENTAL PROCEDURES

The experimental procedures used in the present
work are very similar to those reported previous-
ly.'* Only a brief description relevant to the pres-
ent measurement is given here. The Au and Bi
targets were prepared by vacuum evaporation of
the respective pure metals onto 100-ug/cm? Al-
backing foils. The U target was prepared by elec-
trospraying®® of a solution of uranylacetate
[(CH,C00),U0, - 2H,0] onto the 100-ug/cm? Al
foil. The thicknesses of the Au, Bi, and U targets
were determined to be 348, 431, and 291 ug/cm?,
respectively, from the Rutherford scattering of
3.5-MeV protons.

Typical spectra of the L-shell x rays produced
by proton impact are shown in Fig. 1. Spectra
for He* impact are very similar to those in Fig.
1. Assuming that the L-shell x-ray production is
isotropic, the x-ray production cross section o,
is obtained from the following formula:

where AQ is the solid angle subtended by the x-ray
detector, Y is the x-ray yield per projectile, cor-
rected for the absorption in the target, a Mylar
window, and the air path and for the detection
efficiency of the detector, and % is the number of
target atoms per cm®. The estimated errors are
about 15% for the La, LB, and Ly x-ray groups,
17% for the LI x rays for all targets, about 35%
for the Ln x rays of Bi and Au, and 50% for those
of U.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Proton impact

1. Partial x-ray production cross sections for
La, LB, Lv, LI, and Ln transitions

In x-ray measurements like the present one,
the x-ray lines in the La, LB, and Ly groups can-
not be resolved because of the limited energy
resolution of the x-ray detector. The partial x-ray
production cross sections for these transitions
can be calculated by the following formulas!®:

0= L1 fig +Fizfas) + 05 2fog +0, 3]0y (Tyo/T)
(2)
022 = (051 S5 +f1ofas) + 05 2fpy +0,53 ], (Ty/T5)
+(0 51, +0, 2)w,(Tys/T5) +0,5 10, (T,/T,),

®)

104 2

COUNTS

FIG. 1. Typical L-shell
x-ray spectra from Au, Bi,
and U targets for proton im-
pact.
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FIG. 2. Partial L-shell
x-ray production cross
sections for Au with proton
impact. The curves labeled

o present PWBA, BEA-G, and BEA-H
& 10 —— PWBA i are based on the PWBA of
N :ggjzg Choi et al., the BEA of
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0,57 = (0,5, +0,52)w, (T, /T,) +0, 510, (T, /T,

4

oxLl = [O‘Ll(fla +f12f23) +0‘L2f28 + O"L3]w3(r31/1"3) s

(5)

o F =0 fp+ 0, 2)w, (T, /Ty) . (6)
Here f and w are the Coster-Kronig yield and the
fluorescence yield, respectively; I is the theo-
retical radiative transition rate calculated by
Scofield*; and 0,/ is the ionization cross section
of the jth subshell and can be calculated from the
PWBA or the BEA. All values of fand w are not
always accurately known and, therefore, we use
the calculated values of McGuire!? (see Table I).

The measured results for Au, Bi, and U targets
are shown in Figs. 2, 3, and 4, respectively, and
are compared with the theoretical predictions
based on the PWBA of Choi et al.?° (labeled as
PWBA), the BEA of Garcia? (BEA-G), and the BEA
of Hansen?! (BEA-H). Although there are always
some uncertainties in the fluorescence yields and
Coster-Kronig yields, the measured cross sections
are generally better reproduced by the PWBA both
in the shape (energy dependence) and the absolute
values over the energy range investigated. At
lower energies, both of the BEA-G and BEA-H are
systematically lower than the experimental data.
All the theoretical predictions come close together
at higher energies and are in good agreement with
the observed results. The present data on Au
agree well with those of Akselsson and Johansson.?

-22
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=23}
10
L FIG. 3. Partial L-shell
o~ % x-ray production cross
£ sections for Bi with proton
~ impact. The notations are
b the same as in Fig. 2.
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The theoretical total L-shell x-ray production
cross section 07 is calculated by the following
equation®:

3
0, 5=)" welo ks )
=1

where w," is the effective fluorescence yield of

the jth subshell taking into account the Coster-
Kronig yield and the fluorescence yield of other
subshells. On the other hand, the experimental
total L-shell x-ray production cross section is
given as the sum of cross sections for all the
transitions,

]0_2’ T T T T T T T
proton on Au 1
-22
10 [
N_\ -231
g10
o / /
~ L 7 o present 4
o) ,//
// -~ PWBA
- --— BEA-G .
24 — BEA-H
100
[ 1 N 1 1 1 s
1 2 3 4 5
Ep(Mev)

FIG. 5. Total L-shell x-ray production cross sections
of Au in proton impact. The notations are the same as
in Fig. 2.
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2. Total L-shell x-ray production cross sections ch - ocht + UxL B, oxL Y 4 oxLl + UxL L (8)

In Figs. 5, 6, and 7 are shown the measured
total x-ray production cross sections for Au, Bi,
and U targets, together with the theoretical pre-
dictions of the PWBA and the BEA. For total
cross sections, some other experimental results
of Au and U are available for a comparison.
Akselsson and Johansson'> measured the L-shell
x rays of Au over the energy range from 1.5-11
MeV, which are in good agreement with the pres-
ent data in the overlapped energy range. But the
data of Shafroth et al.® and of Fahlenius and Jauho®
are systematically smaller than the present re-
sults. In all these measurements, modern Si(Li)

=21
10 T T T T T T T T
- proton on Bj J
22| 2]
10 =
==
o 1
€
e - -
6
-23 |- ]
10
L o o present
/ —— PWBA
! ---- BEA-G
o’ — BEA-H ]
=24 _
10
1 1 1 1 1 L 1 1
1 2 3 4 5

Ep(MeVv)

FIG. 6. Total L-shell x-ray production cross sections
of Bi in proton impact. The notations are the same as in
Fig. 2.
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FIG. 7. Total L-shell x-ray production cross sections
of U in proton impact. The notations are the same as in
Fig. 2.
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FIG. 8. Ratios of the L-shell x-ray intensity in various

groups in Au for proton impact. The notations are the
same as in Fig. 2.

x-ray detectors and thin targets were used. It may
be worthy to note that the data of Bernstein and
Lewis® for Au and U, which were deduced from
thick target yields measured with an Nal (T1)
scintillation detector without resolving various
components, agree with the present data within
(5=-10)% uncertainties.

3. Intensity ratios of x-ray production of various groups

As pointed out in a previous paper,’® the mea-
sured ratios of the x-ray production cross sec-
tions, such as La/LB, La/Ly, provide a rigorous
test of the theoretical predictions because a num-
ber of experimental uncertainties are cancelled
out. The ratios obtained in the present study are
shown in Figs. 8, 9, and 10 for Au, Bi, and U
targets, respectively, along with the theoretical
predictions. Other experimental data are also
shown. In Au and Bi data, the shapes of experi-
mental curves are reproduced by the PWBA apart
from the absolute values. The BEAs of Garcia and
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FIG. 9. Ratios of the L-shell x-ray intensity in various
groups in Bi for proton impact. The notations are the
same as in Fig. 2.



11 L-SHELL IONIZATIONS OF Au,

of Hansen fail to reproduce the observed results,
especially at lower energies. The expected peaks
of the BEA of Hansen are broad and the positions
appear at much higher energies than the measured
results. Most of the experimental values, espe-
cially the data of the present study and of Close
et al.,** are in good agreement with each other
within error limits, though Au data of Shafroth

et al.® and Bi data of Madison ef al.*° deviate sys-
tematically from the present results. For U data,
the BEA of Garcia reproduces well the measured
La/LB ratio, whereas that of Hansen shows a
shape different from the measurement. From a
theoretical point of view, the La/Ll ratio should

T Lo T — T T -

proton on U (@)
201 b
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3 | | L
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161 N = i l s I
| --- BEAG |
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T v Close etal.
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FIG. 10. Ratios of the L-shell x-ray intensity in various
groups in U for proton impact. The notations are the
same as in Fig. 2.
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be constant and independent of the energy of the
projectile because both x rays arise from the
primary vacancies in the L, subshell. However,
both in the present data and those of Akselsson
and Johansson,™ the La/Ll ratio seems to be
slightly dependent on the proton energy, increas-
ing with the increase of the energy in the energy
range investigated. This is probably due to the
difference in the effect of the simultaneous outer-
shell ionization in both transitions. In Table II,

a comparison is given of the L /Ll ratios of the
present data with those in other experiments'?:24728
and the theoretical predictions of Scofield. In this
table, the data for proton and helium-ion impact
are shown by simply averaged values, neglecting
the slight energy dependence. The present data
show no significant difference of the La/Ll ratio
in proton and helium-3 ion impact and are in rea-
sonable agreement with the calculation of Scofield.

4. Various corrections to the theories

As seenin Figs. 2-7, observed x-ray production
cross sections are generally reproduced by both
the PWBA and BEA. These theories, simplified
in many respects, are based on the straight-line
trajectory, constant-velocity approximation using
nonrelativistic hydrogenic wave functions for
inner-shell electrons. However, especially in the
ionization of heavy elements, we have to take into
account various corrections to these theories.
Now we discuss correction factors.

a. Relativistic effect. In heavy elements, inner-
shell electrons should be treated using relativistic
wave functions. A rigorous relativistic treatment
of L-shell ionization based on the PWBA has been
given by Choi®® for some elements and compared
with experimental data in Au. Hansen?' also gave
the relativistic effect on the K-shell ionization
based on the BEA. Alternatively, the relativistic
ionization cross section in the PWBA can be ob-
tained from the nonrelativistic cross section
through a reduction in 6, the screening number.
This reduction is equivalent to the reduction of the
binding energy, which results in increasing the
cross section in the present energy range. The
relativistic 6 can be estimated in a way given prev-
iously."''* Using equivalent reduction of the bind-
ing energy, the relativistic ionization cross sec-
tion is easily determined from the BEA. By com-
paring the relativistic cross section with the non-
relativistic cross section, the relativistic correc-
tion factor is extracted and, as an example, shown
in Fig. 11 for the total L x-ray production cross
section in Bi (labeled R). This factor is consid-
erably large among correction factors discussed
here.

b. Binding effect. The binding energy of target
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electrons increases due to the proximity of projec-
tile. This binding effect reduces the ionization
cross section. Following a method proposed by
Brandt and Lapicki,®® we obtain the binding cor-
rection factor as shown in Fig. 11 (labeled B).
This correction factor is not large.

c. Deflection effect. A projectile is deflected
away in a Coulomb field of target nucleus and its
path is not straight. Thus, the ionization cross
section is reduced. A procedure for estimating
the deflection effect for the L shell was given by
Brandt and Lapicki.®® The deflection correction
factor is shown in Fig. 11 (labeled C). This cor-
rection factor is large at lower energies, decreas-
ing with increasing the impact energy.

d. Retardation effect. To estimate the retarda-
tion effect, we use a procedure of Garcia® who
gave a formula for the reduction of kinetic energy
of projectile due to the repulsive force from target
nucleus. This retardation correction factor is
given in Fig. 11 (labeled 7).

e. Charge-transfer effect. Some inner-shell
electrons of the target atom can be transferred
to orbits of the projectile during collision, result-
ing in the ionization. The ionization cross section
due to electron transfer is estimated using the
BEA of Garcia ef al.®' It is found that, in these
heavy elements, contribution of the charge trans-
fer to L-shell ionization is less than 1%. There-
fore, the charge-transfer correction factor is
small.

f. Multiple ionization and fluovescence yield.
We estimate probability of simultaneous ioniza-
tion using a method of McGuire and Richard.?? It
is found that the probability of L-shell ionization
of Bi, accompanied with one M-shell ionization, is
at most 3% of pure L-shell ionization at 5 MeV,
decreasing with decreasing the impact energy.
Therefore, the variation of the fluorescence yields
due to multiple ionization is estimated to be small,

TABLE II. La/Ll ratio for Au, Bi, and U.

Theory Experiment
Au 199  18.9x1.5% 17.9+1.4% 21.0+3.2° 20.45¢
Bi  18.6  18.7+1.5° 18.2+1.4° 20.1+3.0°¢
U 16.1  15.6+1.2% 15.9+1.3®> 17.3+2.6° 16.1+0.8°
15.941.0° 16.3:0.58 15.0+1.4D

2Present (1.0—4.5-MeV proton).

b present (3.0—9.0-MeV helium-3).

®Close ef al ., Ref. 24 (3.0-MeV proton).

dAkselsson and Johansson, Ref. 12 (1.5—11-MeV proton).
€Wyrick and Cahill, Ref. 25 (26-MeV « particle).

f Nix et al ., Ref. 26 (radioisotope).

8Rao et al ., Ref. 27 (radioisotope).

hMcCrary et al ., Ref. 28 (x ray).
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though no theoretical estimations of its variation
in L shell are available for these heavy elements.
Also it should be noted that the fluorescence yields
and Coster-Kronig yields used in the present anal-
ysis are calculated in the nonrelativistic approxi-
mation and, therefore, may not be the same as
those in the relativistic approximation which is
necessary for heavy elements.

The net correction factor labeled NET is about
(10-20)% in the present energy range because
some of the correction factors are canceled out with
each other. Taking into account uncertainties of
the present measurement (~15%), it is concluded
that the PWBA and BEA, though oversimplified,
can reproduce the observed data due to cancellation
of various correction factors.

B. Helium-3 ion impact

Similar x-ray measurements have been made in
helium-3 ion impact on Au, Bi, and U targets
over the energy range from 3.0 to 9.0 MeV. The
observed results are shown in Fig. 12. As will
be described later, the theoretical predictions
deviate considerably from the observations in
helium-ion impact. Therefore, no attempt has
been made to compare the experimental data with
the theories. Discussions on the dependence of
the L-shell x-ray production on the nuclear charge
of the projectile will be given in the next section.

T T T v T T

proton on Bj

15

~
S

Correction factor

()
(&)

1 L 1 1 1
00 2 4 6

Ep(Mev)

FIG. 11. Various correction factors to the simplified
theory for Bi. R, the relativistic correction factor; B,
the binding correction factor; C, the deflection correc-
tion factor; #, the retardation correction factor; NET,
the over-all correction factor.
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FIG. 12. L-shell x-ray
production cross sections
for Au, Bi, and U targets
with 3He* impact. The
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C. Z, -dependence of the L-shell x-ray production

In contrast to the theoretical calculations of the
PWBA and the BEA, which predict that the inner-
shell ionization cross sections are proportional to
the square of the nuclear charge of the projectile
Z,, the measured results on the K-,%'* L- # and
also M-shell®® jonizations deviate significantly
from this prediction, especially at low energies.
This deviation in the K-shell ionization has been
explained by Basbas et al.*® in terms of the Cou-
lomb deflection of the projectile by target nucleus,
the increased binding energy of the target electrons
due to the proximity of the projectile, and the
polarization of the inner-shell orbit. This ex-
planation has been successfully extended to the
L-shell ionizations by Tawara ef al.'® resulting in
fairly good agreements with the measured L-shell
data. According to discussions of Basbas et al.%®
and Lewis ef al. ? the ratio, divided by Z2, of the
ionization cross sections for projectile of nuclear
charge Z, to those for protons at equal velocities,
0(Z,)/Z%0(H), is smaller than unity at low energies
and becomes larger than unity at high energies
before reaching unity at much higher energies.
Thus, the ratio is expected to be unity at an inter-
mediate energy, which we call the crossover point
for simplicity. The expected crossover point for
the L-shell ionization, E,(MeV/amu), is given as
follows,"

E,=1.83U,(2U,/RZ2)?, ©)

where Uy, is the binding energy of the shell con-
sidered in keV, ® is the Rydberg constant, and Z,
is the effective nuclear charge of the L shell and
is taken as (Z, — 4.15), Z, beingthe nuclear charge
of the target. The crossover points given by Eq.

(9) are shown by arrows in Fig. 13, where the
experimental ratios of the production cross sec-
tions for the La, LI, and total L x rays for pro-
ton impact to those for helium-3 ion impact,
o(He)/40(H), are shown as a function of the pro-
jectile energy per amu. For the total L x-ray
production cross section, the binding energies
are taken as the averaged values. Note that the
primary vacancies in the L o and L! transitions
are produced only in the L, subshell. The ob-
served ratios are always much smaller than unity
at low energies for Au, Bi, and U targets. The
observed crossover points for the La and LI x
rays are very close to the expected values shown
by arrows. From the present results and the
previous one'® on Pb, Eq. (9) is thought to give

T T T ™) —T— T
14 + o La - 1ar total L ]
Lt [
N v 0] S, b ]
10 ~---4----~---{L+‘.------? L Au ]
—_ L ‘ Au b 6L ° 1
£ [ 100 comee e b ]
& ] L Pb
<~ r l
GET! S S S ]
Q 3 E
& . S T S ————f——'~-—Bf-~-—
1
.GP ¢ l 4 r l
b ] Y y
U 10f ~==mmm e e o ]
~ e ] A
6F ¢° ] 6 |
L I ]
L 1 1 L 1 I 1 1 i
1 2 3 4 1 2 3 4 5

E(MeV/amu)

FIG. 13. Ratio of production cross sections of the La,
Ll, and total L x ray for *He™ impact to those for proton
impact on Au, Bi, and U targets. The arrows show the
crossover points predicted from Eq. (9).
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a good estimation of the crossover points for the

L -shell x-ray production ratios in proton and
helium-ion impact so far as the L, subshell is
concerned. This can be expected because the
energy distribution of the electrons in the L, sub-
shell is similar to that in the K shell. It should be
noted that Eq. (9) is based on that derived for the
K -shell ionization and modified slightly. As for
the total L x-ray production, the observed cross-
over points are lower than the values calculated
from Eq. (9), the discrepancy increasing with the
increase in the nuclear charge of the target. At
present, there are no exact theoretical explana-
tions for this discrepancy. Possible reason might
be the difference in the energy and density distri-
butions of the L-shell electrons, especially of the
L,-subshell electrons from those of the K -shell
electrons. The L, subshell contributes consider -
ably to the total L-shell ionization, as shown by
Datz et al.® Furthermore, it is believed that other
processes discussed in a previous section, for
example, the charge-transfer and multiple-ioniza-
tion processes,®*® 37 in addition to three effects
mentioned here, might play a role in the devia-
tion from the Z2 dependence. It would be desirable

11
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to study the contribution of these processes to the
inner -shell ionization theoretically and experi-
mentally.

D. Universal curves for the L -shell ionizations

As expected from the BEA of Garcia, the K -shell
ionization cross sections by ion impact can be ex-
pressed by a single universal curve, when the
cross section 0¥ is expressed in the form of
U2o%/Z%, as a function of E/Uy. Here Uy is the
binding energy of the K -shell electron of the tar-
get and E is the energy of the projectile. Hardt
and Watson®® tried to fit the K -shell ionization
data for a number of elements to a single smoothed
curve. It has been found that proton data are still
scattered around the BEA curve but their data in
a-particle impact fit surprisingly well to a single
curve, with the relativistic correction to the inner-
shell electron velocity, which is slightly lower
than the BEA curve. A similar universal curve is
also expected in the L -shell ionization.

From the measured total L-shell x-ray produc-
tion cross section ¢Z, the total L -shell ionization
cross section o¥ can be determined by o¥ =0%/&,,

6< . x Au
~ L e B }present
i) o U ]
=2l . — BEA (Garcia ) v Sn .
. Ish ]
0 - + Au (Akselsson) s Ta }( "oet al)
i Pr (Abrath-Gray) o Pb (Tawara et al) 7
-22 1 1 | ! | ! | | ) | N | a1 | 1 |
10 0.04 .08 12 16 020 .24 28 32 36
Ep/16836 UL

FIG. 14. Total L-shell ionization cross sections for proton impact expressed in a universal form. The solid curve
shows the BEA prediction of Garcia. The averaged fluorescence yields are 0.09 for Sn, 0.14 for Pr, 0.28 for Ta, 0.35

for Au, 0.38 for Pb, 0.40 for Bi, and 0.52 for U, respectively.



11 L-SHELL IONIZATIONS OF Au,

if the average fluorescence yield @, is known.
However, ®; is known. However, ®; is not al-
ways measured accurately. Theoretically,
@p=245-,(Np;/8)wi", where N, is the number

of electrons in the jth subshell and w;™ is the ef-

fective fluorescence yield discussed in Eq. (7). In

Fig. 14 are plotted the values of UZoL/@, for vari-

ous targets in proton impact, measured in the
present work and also in other works, as a func-
tion of E/1836L7L, together with the BEA curve of
Garcia. Here @; is estimated from the paper of
Bambynek ef al.'® and U 1 is the averaged binding
energy of the L -shell electrons determined from
U, =5(2U, +2U,+4U.,), Uy, Uy,, and Uy, being
the binding energies of the L,-, L,-, and L,-sub-
shell electrons, respectively. The BEA curve is
systematically lower than the measured data at
low energies but the agreement between the BEA
and the experiments is good at high energies.
Also in Fig. 15 is given a similar plot in helium -3
ion impact, where the ordinate is divided by 4,
the square of the nuclear charge of helium ions.
The general features in Figs. 13 and 14 are very
similar, though they are slightly different at low
energies. This is in contrast to that in oxygen-
ion impact,®*® which is fairly lower than the BEA
curve. Due to simultaneous outer-shell ioniza-
tion, the averaged fluorescence yields in oxygen-
ion impact are expected to be large, whereas the
binding energies increase. Therefore, the mea-
sured smoothed ionization curve expressed in a
form of U2of/®; would not be much different
from their curve of oxygen-ion impact if proper
fluorescence yields are used. As seen in Figs.
14 and 15, the smoothed universal curve for the
L -shell ionizations for various elements can be
drawn for each projectile. Once the universal
curves are established, we can use the curves

to determine the average fluorescence yield of
the L shell which has not accurately been known,
by measuring the total L-shell x-ray production
cross sections, possibly even with scintillation
counters or proportional counters. A similar
procedure was proposed by Garcia® for determin-
ing the fluorescence yield of the K shell.

IV. CONCLUSIONS

The x-ray production cross sections of the La,
LB, Ly, LI, and Ln transitions in Au, Bi, and U
have been measured in proton (1.0-4.5 MeV) and
helium-3 ion (3.0-9.0 MeV) impacts. The mea-

Bi, AND U IN PROTON... 1569
T — T T T T —T
191 i . .
0 helium-3 ion impact
&
S
o L .
x
o
20| —
L
3 "
‘ L o Au
6< o Bi}» present
=2l -
500 .Y
X Pb (Tawara et al)
rx — BEA(Garcia) b
1-22 11 ] 1 ] 1 |
0 002 .06 010 T4 8

Eh /36 O,

FIG. 15. Total L-shell ionization cross sections for
SHe* impact expressed in a universal form. The nota-
tions are the same as in Fig. 14.

sured x-ray production cross sections are gener-
ally better reproduced by the PWBA than by the
BEA, when the fluorescence yields and Ccster-
Kronig yields calculated by McGuire are used.
The observed ratios in the L-shell x-ray produc-
tions in proton impact to those in helium-ion im-
pact o(He)/40(H) deviate significantly from the
theoretical predictions and are much smaller than
unity at low energies, approaching unity around
the highest energy investigated. The observed
crossover points in the Lo and LI x-ray produc-
tion ratios are in agreement with Eq. (9). How-
ever, those in the total L-shell x-ray production
ratios disagree with the formula. It is pointed
out that this discrepancy can be due to the differ-
ence of the energy and density distributions of
electrons in the L shell from those in the K shell.

It is also shown that the observed total L -shell
ionization cross sections can be represented in a
single smoothed curve which at high energies
agrees with the BEA curve of Garcia derived for
the K -shell ionization.
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