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The L x-ray spectra induced by ~50-keV electron impact on metallic targets of uranium and thorium
have been analyzed and the relative fluorescence yields of the L,, L,, and L; subshell of the two ele-
ments, ®,/w; and ,/w;, have been derived. The present values of w,/w; and w, are notably different
from the latest theoretical calculations and semiempirically compiled data, and also from the previous
measurements using radionuclide decays to produce initial inner vacancies in the atoms. However, they
are reasonable for the theoretical computation of U L x-ray relative intensities induced by a few-MeV
proton bombardment on metallic uranium. The deviation is discussed and attributed mainly to an
enhancement of the total relaxation effect and the shakeup process in metals with respect to those in the
corresponding atomic systems as well as in the chemical compounds.

I. INTRODUCTION

Studies of atomic L-vacancy radiative and radiationless
transitions are in rapid progress, and a number of reliable
experimental values of the decay parameters, including
the L-subshell level widths, I'(L;), fluorescence yields
(w;), Auger yields (a;), Coster-Kronig yields (f;;), etc.
(i=1,2,3 and j >1i), are constantly emerging. The latest
ab initio relativistic theoretical calculations performed in
1981 by Chen, Crasemann, and Mark! in the Dirac-
Hartree-Slater (DHS) approach generally agree with mea-
surements of the L,- and L;-subshell level widths and
fluorescence yields, but fail to predict the L, subshell
yields. Calculations based on the independent-particle
model and the frozen-orbital approximation overestimate
the L,-level widths and Coster-Kronig rates by a factor
as large as about 2.5 or more, as well as the L, Coster-
Kronig rates more or less in some elemental regions due
to the neglect of many-body and solid effects. Since that
time, some improved treatments related to relativity, ex-
change, electron correlation, relaxation, and solid effects
have been put forward.?”® However, the need for more
experimental information to guide the theoretical work is
pronounced.

On the experimental side, the selective photoionization
of consecutive L subshells by monochromatized synchro-
tron radiation produces the desired single-initial-vacancy
state, and by means of this technique a large quantity of
data on the L-subshell yields have been obtained.’ !©
The improved method using radionuclide sources and
coincidence techniques for measuring the yields w,, w;,
and f,; of heavy elements has reduced its experimental
uncertainties in recent years.!! !> Careful measurements
with a high-resolution crystal spectrometer provided
many L subshell level widths'*!® and fluorescence
yields.!® Analyses of the diagram and satellite L x-ray
spectra induced by photon, electron, and proton impact
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have brought about fuller information concerning the
M-electron shakeup and shakeoff events, the L -L,M and
L,-L;M Coster-Kronig transitions, and the L-subshell
fluorescence yields. !’ !° However, it has been found that
some of those experimental values reported in the last de-
cade are not only different from the latest theoretical cal-
culations, the semiempirical compilations by Krause and
Oliver,?° and many old measurements, but also from each
other; examples are the unexpected deviation between the
values measured by wusing the method of the
synchrotron-radiation ionization of elemental metals and
by using the radionuclide source and coincidence tech-
nique for the L,-L; and L,-L, Coster-Kronig yields of
elements with atomic number Z =80 (Refs. 7 and 12),
and for the Sm L, — L, Coster-Kronig yield.’

In this work, we will study the L-subshell fluorescence
yields of uranium and thorium in the metallic state. Pre-
vious studies of U and Th L-vacancy transition yields
have proven to be replete with various difficulties:
effective measurements are scarce, the reported data are
scattered, and not much information about their neigh-
boring elements can be obtained. In the past decade, to
our knowledge, only one measurement of U L, ; sub-
shells was published, which was carried out using a ra-
dioactive ***Np source by McGhee and Campbell. ?
Their measured values of w, and w; for uranium disagree
with the latest calculation and the compilation, although
the experiment was carefully checked and reproduced.
The ratio of w,/w; to be derived in this work from the L
x-ray spectrum produced by electron impact on metallic
uranium also deviates from the latest calculation and the
semiempirical compilation, and even from the measure-
ment of McGhee and Campbell. In the present work, we
will give a qualitative explanation of the variation by
resorting to solid-state effects. Some experiments have
indicated that, for a given element, accompanying the
condensation of free atoms to elemental metal, the atomic
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electron binding energies will decrease by several eV, and
the Auger transition energies and rates will be
changed.?"?? In general, the Coster-Kronig decay pro-
cesses are rather sensitive to binding and decay energies.

Additionally, in the field of atomic inner-shell ioniza-
tion and L x-ray spectroscopy, the lack of correct
knowledge of the L-subshell vacancy decay yields makes
it difficult to derive the L-subshell ionization cross sec-
tions from directly measured x-ray intensities. The pro-
nounced discrepancy between the ion-induced relative L-
subshell ionization cross sections (or relative x-ray inten-
sities) predicted by theoretical calculations and measured
experimentally has stood for 20 years,?® and was found to
be serious for heavy elements, especially for uranium.?*
In those calculations Krause’s compiled values of the de-
cay yields of heavy elements were used, which were eval-
uated in 1979 mainly on the basis of some theoretical cal-
culations and experimental data measured by employing
radionuclides in chemical compounds. To interpret and
remove the L-subshell-related discrepancy between
theory and measurements, in recent work®> we adopted
the fluorescence yields of elemental metals in calculations
of Au, Pb, and Bi L x-ray intensities, and found that the
calculated results are in good agreement with measure-
ments for few-MeV proton and “He-ion bombardment on
metallic targets. Therefore, it is significant for clearing
the air to obtain more experimental values of the L-
subshell yields by employing various techniques and
specimens.

II. L-SUBSHELL FLUORESCENCE YIELDS

In the present study, the L x-ray spectra of U and Th
reported by Goldberg?® are used to derive the relative
fluorescence yields. He measured the relative L-line in-
tensities induced by electrons in an x-ray tube worked at
a voltage ~50 kV and a current ~25 mA and recorded
with a curved mica crystal bent to a cylinder of 40-cm ra-
dius. The uranium metal and thorium alloy (30 at. %
Th+70 at.% Cu) were covered, respectively, with
copper and then soldered on a copper supporter on the
tube anode. His results related to this work are listed in
Table I, but some of them are recalculated in light of the

TABLE 1. Relative intensities of the L;-, L,-, and L;-
subshell x-ray lines measured by Goldberg (Ref. 26), ionization
cross-section ratios for 50-keV electron impact on U and Th
(Ref. 28), and present fluorescence yields.

U Th Error
I, 11.0 114 7%
I, 52.8 55.6 8%
I, 144 146 2%
03/0, 3.847 3.718 4%
0,/0, 1.180 1.183 4%
;3 0.3982 0.386° 3%
w, 0.553 0.532 9%
o 0.142 0.136 9%

*From the measurement by McGhee and Campbell (Ref. 12).
PAssumed (see text).

corrected data given in Ref. 27. The listed errors of the
x-ray intensities, I, I,, and I, are estimated from the
experimental errors of individual lines reported in Ref.
27.

The L-subshell fluorescence yields are related to the
L;-subshell ionization cross sections o;, x-ray emission
intensities I;, and Coster-Kronig yields f;;, as follows:!°

01/ 03=(03/0,+F fr30,/0,F i3t fiafs) I, /15),
(1)
wy/03=(03/0+ fp3oy/01H fi3tfiafas)
X(I,/13)/(0y/0,+f15) . (2)

In this computation, the ratios of ionization cross sec-
tions for 50-keV electrons are from Scofield’s work,?®
which were calculated relativistically in the first-order
Born approximation and are listed in Table I (interpolat-
ed for Th). The ionization cross sections of Scofield have
been tested by a recent measurement of Reusch et al.,?
using a flat crystal spectrometer to measure the L x rays
induced by electrons with energies 50 < E <200 keV, and
the comparison between them displays a good agreement
for heavy elements. The Coster-Kronig yields are from
the latest theoretical calculations of Chen, Crasemann,
and Mark,! which seem more reasonable than the com-
piled data of Krause® for the heavy elements.”!? The ra-
tio forms of the L;-subshell x-ray intensities and ioniza-
tion cross sections are beneficial to a reduction of sys-
tematic errors of the calculated results. The computed
results are

w,/w4(U)=0.357 , (3)
0,/0,(U)=1.39 , )
©,/04(Th)=0.352 , (5)
@,/a0,(Th)=1.38 . 6)

The latest experimental value for the U L;-subshell
fluorescence yield, w;(U)=0.398+0.006, was reported in
1988, and measured by McGhee and Campbell'? by using
a 23°Np radioactive source and a K x-ray—L x-ray coin-
cidence technique. This value is plotted in Fig. 1, and is
in line with the experimental data reported in recent
years for other heavy elements.!>!%2>30732 The figure
shows that almost all these data are less than the theoreti-
cal and semiempirical values. In the same year, Amorim
et al.'® measured with a curved quartz crystal the widths
I'(La,) and I'(La,) of the La, and La, lines induced by
~35-keV electron bombardment on metallic gold, thori-
um, and uranium. Prior to that measurement, Laak-
konen and co-workers®* published the widths of the Ma,
and M lines of the three elemental metals, produced by
a Cr (or Mo) x-ray fluorescence tube and recorded with a
double-quartz-crystal spectrometer; and Fuggle and Al-
varado* reported the N4- and N,-subshell widths deter-
mined by x-ray photoelectron spectroscopy. Those data
are given in Table II. From them and the expressions

[(L,)=T(La,)—[[(Ma,)—T(N,)], (7)
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FIG. 1. L;-subshell fluorescence yield w; as a function of
atomic number Z. Small dots and crosses are the compiled
(Ref. 20) and the latest theoretical data (Ref. 1) and connected
by lines to guide the eye. Experimental data: O, McGhee and
Campbell (Ref. 12); A, Kodre et al. (Ref. 30); V, Tan, Braga,
and Fink (Ref. 31); O, Rao (Ref. 32); A, Xu (Ref. 19); ¥, Xu
(Ref. 25); B, Amorim et al. (Ref. 15) (see text). Some represen-
tative error bars are plotted.

TABLE II. Experimental La,,-, Ma,-, and Mf3 linewidths
and Ng- and N;-level widths (in eV) for metallic gold, thorium,

and uranium.

Amorim Laakkonen Fuggle and
et al. and co-workers Alvarado
Element (Ref. 15) (Ref. 33) (Ref. 34)
Au La, 7.78+0.12
La, 8.08+0.16
Ma, 2.32+0.2
Mp 2.321£0.2
N7 0.41
Th La, 11.82+0.58
La, 11.80+0.42
Ma, 3.8+0.2
MpB 4.1+0.2
N, 0.75+0.16
U La, 12.02+0.57
La, 12.11+0.61
Ma, 3.8+0.2
MpB 3.94+0.2
Neg7 0.76+0.17

IN(L;)=T(La,)—[T(MB)—TI'(Ny)], (8)

we have I'(L,)=6.02 eV for Au, 8.61 eV for Th, and 8.98
eV for U. By means of the basic relation w; =Ty /T'(L;),
and the Dirac-Fock (DF) values of the L ;-subshell x-ray
emission rates®>3¢ I r» the L;-subshell fluorescence yields
@3(Au)=0.290, w;(Th)=0.380, and w;(U)=0.403 are ob-
tained, which are also plotted in Fig. 1. The three data
are well in accord with the other experimental ones. By
adopting the value of w;(U)=0.398 of McGhee and
Campbell and assuming w; (Th)=0.386 (see Fig. 1), the
yields of w; and w, are calculated from Egs. (3)-(6), and
the results are given in Table I.

McGhee and Campbell'? also presented the U L,-
subshell fluorescence yield w,(U)=0.457+0.014, but it
was calculated from the other values derived experimen-
tally. The L,-subshell Coster-Kronig transition rates and
then the fluorescence yield may be sensitive to multiple-
hole states and solid effects. Hence the w,(U) value is not
adopted in the present work.

III. DISCUSSION

The recent experimental w, values for heavy ele-
ments, 12192530732 ooether with the latest theoretical
calculations of Chen, Crasemann, and Mark! and the
semiempirically compiled data of Krause,?® are given in
Fig. 2. The figure shows that, for U and Th, the present
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FIG. 2. L,-subshell fluorescence yield w, as a function of
atomic number Z. Small dots and crosses are the compiled
(Ref. 20) and latest theoretical data (Ref. 1), and are connected
by lines to guide the eye. Experimental data: @, Werner and
Jitschin (Ref. 7); B, present values; for definition of the other
symbols, see the caption to Fig. 1.
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TABLE III. Relative L,- and L;-subshell fluorescence yields w,/w; for elements U and Th.

U Th
Krause (Ref. 20) 0.955 1.03 Semiempirical
Chen, Crasemann, and Mark (Ref. 1) 1.14 1.18 Theoretical
McGeorge et al. (Ref. 37) 1.16+0.10 Radionuclide
McGhee and Campbell (Ref. 12) 1.15+0.04 Radionuclide
Present 1.39+0.12 1.38+0.12 Metallic
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, values are remarkably greater than the measurement
by McGhee and Campbell. Krause argued when compil-
ing the L,-subshell yields of the elements with atomic
numbers from Z=288 to 96 that w, values could not lie
above his compiled data for a given Z, otherwise these
values would not be accommodated within the systemat-
ics of the tendency of the radiative and Auger rates
adopted in his compilation. However, we know from Fig.
2 that the present two values are in accord with the ten-
dency toward a more rapid increase of the recent experi-
mental yields with increasing the atomic number in the
range 72=Z <83. Krause’s systematics for heavy ele-
ments is questionable.

The ratios of w,/w; for the investigated elements are
listed in Table III. Both the measurements of McGhee
and Campbell!? and McGeorge et al.’” for uranium, car-
ried out with a radionuclide 23*Np source and a K-L x-
ray coincidence technique, are in excellent agreement
with the theoretical calculations, but they are different
from the compiled and present values. More experimen-
tal data on w,/w, for heavy elements are given in Fig. 3.
The results of Werner and Jitschin’ were obtained by
making use of the synchrotron photoionization of the me-
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FIG. 3. Relative fluorescence yield of the L, and L; sub-
shells as a function of atomic number Z. Experimental data: O,
McGhee and Campbell (Ref. 12); O, McGeorge and co-workers
(Refs. 37 and 38); @, Werner and Jitschin (Ref. 7); w, Xu (Ref.
25); M, present values. The open symbols denote the measure-
ments using a radionuclide in a chemical compound, whereas
the solid ones refer to the experiments in which a metallic target
was used. For a definition of the two curves, see the caption to
Fig. 1.

tallic targets. The data of Xu?® were from the L x-ray
spectra produced by electron and proton impact on the
elemental metals. The two w,/w; values for Cm, present-
ed by McGhee and Campbell”> and McGeorge and
Fink,’® respectively, were measured by using a **Cf
source and a K-L x-ray coincidence technique, and agree
well with each other (note that different », and w; values
at Z=92 and 96 were obtained by the two research
groups, which may be due to some unknown systematic
problems). Figure 3 shows that the w,/w; measurements
obtained by using the radionuclide and coincidence tech-
niques better follow the theoretical prediction, that the
values for photon, electron, and proton impacts on metal-
lic targets appear to be well in line, and that the compiled
values are the smallest by comparison. In the following
text, we will first test the present values for uranium and
then explain the deviations by virtue of the metallic
effects.

A. Test of the values of U L-subshell fluorescence yields

To test primarily the present L-subshell fluorescence
yields, we computed the relative intensities between the
LB, Ly, Ly, and La x-ray lines, ie., I5/1,,1,/1,, and
I;/1,, for a few-MeV proton impact on metallic uranium
foils. The L x-ray production cross sections o ,(L;) for
the L ,-line transition to the L; subshell (i=1, 2, and 3)
are given by

ap(Ll)zalwlrp/rR(Ll) » (9)

o, (Ly)=(oyt0f13)0 L, /Tg(Ly), (10)

Up(L3)=[U3+sz23+01(f13 +f12f23)]w3rp/rR(L3) .
(11

The L x-ray relative intensities for thin targets are given
by the ratio of production cross sections,

1,/1,=0,/0, (12)

where p denotes B, 7, etc. The L x-ray lines considered
in this work are La,;,, LB, to Lf3;, LB;s, and Ly, to
Lye Lyg, L, and L,. In the above equations,
T,/Tg(L;) is the fractional radiative width of the L -line
transition, and the DF values of I', and I'z (L;) (Ref. 35)
tabulated by Campbell and Wangﬂ’ were adopted in the
present computations. It has been pointed out®®* that
the DF L x-ray emission rates are potentially more accu-
rate than the previous Hartree-Slater (HS) values.*’ The
Coster-Kronig yields f;; are from the latest theoretical
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calculations.! Here o; is the ion-induced L;-subshell ion-
ization cross section, and ECPSSR values*! were em-
ployed. ECPSSR is abbreviated from the plane-wave
Born approximation with corrections for particle-energy
loss (E), Coulomb deflection (C), perturbed stationary
state (PSS), and relativistic effects (R),*’ and has been
widely used in atomic physics. A recent work of the au-
thors?® demonstrated clearly that the ECPSSR L-subshell
ionization cross sections are justified at least for heavy
elements and protons with energies more than 1 MeV.
Just recently, the work by Dhal, Nandi, and Padhi*? also
showed that their experimental x-ray production cross-
section ratios for 1-2-MeV/amu a particle bombardment
on pure Pb and Bi targets are in good agreement with the
theoretical calculations obtained by using the ECPSSR
cross sections and the fluorescence yields presented by us.
As mentioned in many publications, the measured ratios
of x-ray intensities (or cross sections) provide a rigorous
test of theoretical predictions and the related parameters
because many uncertainties of them are canceled or re-
duced.

The computations of I5/1,, IV /I,, and I/I, were
performed in the following four cases. In cases A and B,
the compiled and theoretical fluorescence yields w; were
used, respectively. In case C, the experimental w, and w;
values of McGhee and Campbell'? and the theoretical w,
were adopted. The result in case D was calculated by us-
ing the present w; values listed in Table I. The computed
results are given in Fig. 4, together with some experimen-
tal data collected from the compilation by Sokhi and
Crumpton.* In comparison with the experimental data,
the ECPSSR x-ray intensity ratio calculated in case D
(solid lines) is by far the best of the four results. The case
A calculation (the slashed-dashed lines) is the worst, and
both the case B (chain lines) and case C (broken lines)
ones also fail to reproduce the measured data.

For uranium targets and incident protons with energies
more than 1 MeV, the ECPSSR cross section ¢ is more
than both the 0, and o, for a given proton energy, and
the L-subshell Coster-Kronig yields are by definition less
than unity: f;,=0.051, f3=0.656, and f,;=0.138.!
Hence the intensity ratio I,,/I, depends essentially upon
the relative yields of w,/w; and w,/w;, relative cross sec-
tions of 0,/03 and 0,/0;, and relative x-ray emission
rates; the ratio forms are beneficial to reduction of the
systematic errors of the computed results. Therefore, the
origin of the deviations of the four calculations given in
Fig. 4 stems mainly from the different values of w,/w;
adopted in the four cases. Case B and case C calculations
accord well with each other because the w,/w; values
used in the two cases are nearly the same. This test
demonstrates that the present value of w,/w; is much
more reasonable than the others for proton-induced ion-
ization of metallic uranium. Incidentally, by observing
the values of the ECPSSR ionization cross sections and
the L-subshell Coster-Kronig yields for heavy elements,
one will know that when proton energy E X 1 MeV, the
ECPSSR L x-ray relative intensities I,,/I, are strongly
dependent on the relative fluorescence yields, whereas
when E 0.5 MeV the relative intensities are not only

dependent on the relative fluorescence yields but also ob-
viously on the Coster-Kronig yields.

In addition, another often-used ionization theory for
proton impact is the RPWBA-BC,** which was
developed from the plane-wave Born approximation
(PWBA), and the relativistic (R) ionization cross sections
were evaluated with Dirac-Hartree-Slater (DHS) wave
functions and include binding (B), polarization, and
Coulomb deflection (C) corrections. In recent stud-
ies,?>* the RPWBA-BC and ECPSSR ionization cross
sections, together with the theoretical DHS decay yields!
and recent experimental fluorescence yields, respectively,
were applied to calculate some L x-ray relative intensi-
ties, such as Iz/1,, 1,/1,, I,,l/Ia, etc., for proton im-
pact on heavy elements. The calculations show that the
RPWBA-BC x-ray relative intensities agree well with
measurements for proton energies 1 <E <3 MeV while
the ECPSSR ones cover a greater energy region. There-
fore, we adopted the ECPSSR values in this test. The
present ECPSSR values of U La, Lf3, Ly, and total L x-
ray production cross sections in case D for 1-5-MeV
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FIG. 4. Intensity ratios of U LS, Ly, and total L x-ray to La
line as a function of proton energy E. The experimental data,
from Bhattacharya et al. (@), Leite et al. (M), and Tawara
et al. (O), are collected from the data tables by Sokhi and
Crumpton (Ref. 44). Present calculations: —--—-- computed
by using the compiled L-subshell fluorescence yields, w; (Ref.
20); —. —-—-, computed by using the theoretical w; values (Ref.
1) — — —, computed by using the theoretical o, (Ref. 1) and
the experimental ®, and w; values of McGhee and Campbell
(Ref. 12); , computed by using the present w; values. In
those calculations, the ECPSSR ionization cross sections (Ref.
41) and the Dirac-Fock x-ray emission rates (Ref. 36) are em-
ployed.
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TABLE IV. Ratios of U La, LS, Ly, and total L x-ray pro-
duction cross sections computed using the ECPSSR (Ref. 41)
and the RPWBA-BC ionization cross sections (Ref. 45), togeth-
er with the present fluorescence yields and the DHS decay
yields (Ref. 1), respectively. In these computations the DF
emission rates (Ref. 36) were used. Proton energy E ranges
from 1 to 5 MeV.

E La LB Ly Ly

1.0 1.07 1.04 0.99 1.06
1.5 1.07 1.05 1.03 1.06
2.0 1.04 1.03 1.01 1.04
2.5 1.02 1.01 0.99 1.01
3.0 1.00 0.99 0.98 1.00
3.5 0.99 0.98 0.98 0.99
4.0 0.98 0.99 0.99 0.98
5.0 0.97 0.99 1.01 0.98

protons are in good agreement with the RPWBA-BC cal-
culations using the DHS decay yields and DF emission
rates; a comparison between them is given in Table IV.
The recently published compilation of experimental L-
shell x-ray production and ionization cross sections for
proton impact by Orlic, Sow, and Tang** may be useful
for further examination of the two ionization theories.

B. Interpretation of the deviations

The present w, values and the ratios of w,/w; obtained
from reported experiments of electron impact on metallic
uranium and thorium are much larger than the theoreti-
cal and compiled data and than measurements using the
radionuclide and coincidence techniques (see Figs. 2 and
3). The Auger process is less sensitive to the electron
binding energy than the Coster-Kronig transition. From
the basic relation w,+a,+ f,;=1, we know that the in-
crease of w, for U and Th metals probably leads to a de-
crease in the f,; values. This situation is accommodated
within the systematics of the experimental f,; values of
the elements with Z =72-82, measured by employing the
synchrotron photoionization of the pure elemental foils,
which are plotted in Fig. 5 together with the theoretical
and compiled data. The figure also shows that the onset
of the L,-L;M Coster-Kronig process is located at
Z=91, and the L,-subshell Coster-Kronig processes for
Z =90 are referred to as the L,-L,Y transitions (Y
denotes the N, O, P, and Q shells). The square symbol at
Z=90 in Fig. 5 is an approximation for guiding the eye,
which is estimated by using the present w,=0.532 and as-
suming that the Auger yields of the Th L,-subshell are
not changed when the system alters from free atoms to
the metallic state. By the same token, the L,-L;Y transi-
tion yield of metallic uranium will also drop sharply.

In Fig. 5, the measurements using the radionuclide and
coincidence techniques of McGhee and Campbell, !? Catz
and Meyers'® and Semmes et al.*’ are in good agreement
with the compiled data for Z <90, though on an average
the former are a little lower. This is not strange because
the compiled f,; values for these elements were evaluated
in 1979 mainly from the existing experimental data mea-

sured via vacancy production through nuclear disintegra-
tions. In the range from Z=70 to 90, the theoretical cal-
culations are a little higher, but Werner and Jitschin’s
values are obviously lower than the compiled data.
Werner and Jitschin did not present a clear interpretation
of the origin of the unexpected deviation; they suggested
only that it might stem from unrecognized instrumental
problems or from the different ways of initial vacancy
creation. Just recently, Stotzel et al. of that research
group’ again found that their value for the Sm L,-L,Y
transition, f;;=0.18+0.03, measured by using the same
method, was surprisingly smaller than the existing data,
predicted by the latest theoretical -calculation
(f13=0.332), compiled by Krause (f;3 =0.30£0.03), and
extrapolated from previous experimental values of its
neighboring elements. By observing the theoretical ener-
gies of Sm L-L; Coster-Kronig transitions, they deemed
that multielectron effects are of minor importance for
theoretical calculations, and that any possible coupling
between the radiative and radiationless transitions should
not significantly affect the transition rates.

It is natural that the different mechanisms for creating
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FIG. 5. L,-L; Coster-Kronig transition yield f,; as a func-
tion of atomic number Z. Experimental data: O, McGhee and
Campbell (Ref. 12); O, Catz and Meyers (Ref. 13); A, Semmes
et al. (Ref. 47); ®, Werner and Jitschin (Ref. 7); A, Stotzel
et al. (Ref. 9); A, present estimate (see text). For definition of
the two curves, see the caption to Fig. 1. The open symbols
denote the measurements using a radionuclide in a chemical
compound, whereas the solid ones refer to the experiments in
which a metallic target was used.
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initial vacancies affect more or less the Coster-Kronig
transition yields. However, it is known from Figs. 3 and
5 and the above description that the different types of ra-
dionuclides (creating different initial vacancy distribu-
tions due to the a, 8, and electron-capture decays) evi-
dently do not hinder the experimental f,; data from their
consistency, and that the different types of L-shell ioniza-
tion by photon, electron, and proton impacts on speci-
mens of metallic foils bring about better-matched f,; and
@, /w5 values. This indicates that the effect of the mecha-
nisms of initial vacancy production on the f,; yield for
heavy elements is slight, and that f,; values are poten-
tially classified due to the different specimens used in the
experiments. One should bear in mind that the theoreti-
cal work is carried out on an atomic system, whereas the
experimental subjects are generally solid specimens ex-
cept for inert gases, and further that the specimens used
in the radionuclide and coincidence techniques are al-
ways chemical compounds (salts), whereas the targets im-
pacted by photon, electron, and proton beams are often
elemental metals (sometimes alloy foils are used). Hence
the deviation of the f,; values in the two cases (com-
pounds and metals) can probably be ascribed mainly to
the physical and chemical environments in which the in-
vestigated atom exists.

The Coster-Kronig energies, which depend on the
binding energies of the atomic-orbital electrons, greatly
affect the transition rates. In an atomic system, the
Coster-Kronig electron energy for an L;-L; X, transition
process (i=1, 2, and 3; j > i; X denotes an outer shell), as-
suming that the electron orbitals from the initial to the
final states are frozen and the process is possible, can be
expressed in the form

Eck(Li _LJXk )at
=E [Ll ]ion_E [L]Xk ]ion
=6(L)— 6(L;))— EX ) —HL,,Xy) (13)

where ck indicates that the Coster-Kronig process arises
in an atomic system; E[L; ],,, and E[L;X, ], stand for
the total energy of an ion with a single hole in the L; sub-
shell and with two single holes in the L; and X, subshells,
respectively; &(L;), &(L;), and 6(X,), respectively,
denote the binding energy of an electron in each of the
three subshells; and #(L X ) denotes the interaction en-
ergy of the two final-state holes in the L; and X, orbitals.
When the adiabatic relaxation effect is included, which
always occurs due to a change of the electronic charge of
the atom (or ion), this expression can be rewritten within
an intermediate-coupling model as follows:2"48

Ea(Li=L;X a,r = Eo(Li =L X ot Rot( L, X)
=6(L;)—6(Ly)—6(X; )~ HLj, X,
+R (L, X) . (14)

Here the adiabatic relaxation correction term, R,(L,X),
accounts for the decrease in the final-state energy result-
ing from the atomic orbital contraction due to the altered
electronic structure of the free atom. The value of
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R (L, X) is nearly independent of the involved subshells,
but depends upon the principal quantum numbers of
shells containing the holes. In a heavy atom only the re-
laxation of outer shells is of importance.

In metals, there exist many free electrons in the con-
duction band. As soon as a core hole is created in an
atomic shell, the free electron will move from other parts
of the conductive metal to try to screen the localized pos-
itive ion in the ionization process, and thus the initial
state of the Coster-Kronig transition in the metal approx-
imately corresponds to a system with an extra conduction
electron in the vicinity of the ion; that is, the screening of
the core hole by valence-band electrons is increased with
respect to that in the corresponding free-atom system.
This process is referred to as extra-atomic relaxation, *>*°
which is strongly dependent on the electronic property of
the material. The extra-atomic relaxation energies are
determined by more long-range Coulomb interactions,
and depend mainly upon the charge of the ion; i.e., this
metal-state correction is approximately a characteristic of
the element, and is nearly independent of the exact nature
of the shells and the radiationless transition process.**~>!
It always tends to lessen the electron binding energies,
i.e., for a given element

Gt <6t s (15)

and thus increases the radiationless transition energies
for a system from the vapor to the metallic state. There-
fore, the Coster-Kronig energy in a metallic system?!>1>52
is expressed by

Eq(L; = LX) mer
=E g (Li— L X et t R LX)+ R o Z)
= (L )mes— 6L Doy — 6( Xy dpes — AL, X )
+RALX)+R o Z) (16)

where the met and ext subscripts stand for the metallic
system and the extra-atomic relaxation, respectively. The
extra-atomic relaxation energy #.,,(Z), which is related
to the total metal-state contribution to the Coster-Kronig
electron energy, depends on atomic number Z and is
about a few eV.?>°1>* Hence in metals the relaxation en-
ergy R is the sum of the atomic relaxation energy %,
and the extra-atomic relaxation energy 7., i.e.,

ﬁmetzﬁat—*_ﬁﬁt . (17)

In a chemical compound 7., is very small because of the
lack of such free charges, and so the vacancy transition
processes are more similar to those in the corresponding
atomic system. It is worthwhile to remember that for a
radiative transition both the atomic relaxation and
extra-atomic relaxation effects on the x-ray energy and
emission rate are slight since there is no change in the
charge state of the studied atom. "4

Note that the electron binding energies for atomic sys-
tems refer to the vacuum level while those for solid states
refer to the Fermi level, since there exists a continuum of
levels available above the Fermi level and the outgoing
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electrons need not escape from the solid. A common ap-
proach to express the solid-state binding energy relative
to the vacuum level is given by

&(vacuum)= &(Fermi)+¢(Z) , (18)

where @(Z) is the work function of the elemental metal
with atomic number Z; for example, ¢ (W)=4.55 eV, ¢
(Au)=5.1 eV, and ¢ (U)=3.63 eV.>* For chemical com-
pounds, particularly insulators, the choice of a reference
level is more difficult because of localized charging of the
experimental specimen.

Concerning the Coster-Kronig transition rates, the
theoretical calculations for atomic systems by Karim,
Chen, and Crasemann? and Fritzsche, Fricke, and Sepp5
have shown that the free-atomic relaxation reduces the
L -subshell rates from a few percent to about 10%:; for
example, about 12% for Ar L,-L, ;M and 10-20 % for
Zn L,-L, ;X transitions. For L,-subshells, the reduction
of the Coster-Kronig rates will be smaller a priori since
the L,-subshell Coster-Kronig electrons have higher en-
ergies. Moreover, recent work by Tulkki and
Mintykenttid>* indicated that the atomic relaxation effect
depends not only on the energy of the outgoing electron,
but also on the number of electrons in subshells above the
final-state holes, and that when the atomic number Z in-
creases the atomic relaxation effect becomes larger result-
ing in more reduction of the transition rates. In conse-
quence, inclusion of extra-atomic relaxation in a metal
will reduce the Coster-Kronig rate further with respect to
the relaxation in the corresponding atomic system if the
transition is possible, because the total relaxation energy
due to a core hole increases from #,, in free atoms to
R 4+ R exe in the metallic state.

In addition, we should investigate how the electron
shakeup and shakeoff events that precede the Coster-
Kronig transitions change when an atomic system alters
to the metallic one. These events are an atomic process
by which an orbital electron is excited automatically with
a given probability either into an unoccupied outer orbit-
al (shakeup) or into the continuum (shakeoff, in an atomic
system) as the consequence of a sudden change in the
effective charge felt by that orbital electron. This change
can arise instantaneously either by an alteration in the
nuclear charge due to a radioactive disintegration or by a
rapid loss of the core electron such as in photoionization
and electron- and ion-induced ionizations.>® The average
excitation energy involved in the shakeup and shakeoff
events can be approximated by 1.8 times the binding en-
ergy of the subshell from which the event occurs, and the
threshold energy for a shakeoff event is near the binding
energy.’®>’ For a given atom, the probability of the
events largely increases with the principal quantum num-
ber of the shaking shell. In an atomic system, the shake-
up of inner-shell electrons is relatively unimportant, but
for the outermost shells the shakeup and shakeoff are
nearly of equal importance. For an atom that is in a con-
densed medium or is part of a molecule, the event proba-
bilities for the valence shells will be considerably altered
though essentially unchanged for the inner shells.

In a metal, the binding energies of the orbital electrons
are several eV less than those in the corresponding free
atoms (or ions), since the former refer to the Fermi level
and the latter to the vacuum level, and the outgoing elec-
tron in a shakeoff event need not escape from the metal
but is shaked up to the Fermi level (shakeoff and shakeup
merge into shakeup), accompanied by an extra-atomic re-
laxation of the atomic orbitals. As a consequence, the
metallic effect leads to a notable decrease of the threshold
required for these shakeup events. Therefore, the shake-
up probability greatly rises, particularly for the outer-
most shells. This argument is reasonable. In previous
studies of the satellite and diagram L x-ray spectra in-
duced by electron impact on metallic zirconium and by
x-ray photons incident on silver metal, the author'® found
that the M-electron shakeup probabilities due to a hole in
the L shell are about 1.4 and 1.7 times as large as the cal-
culations for the free atoms, respectively. We may expect
that the shakeup probabilities of the more outer shells, Y
(Y denotes the N, O, P, and Q shells), remarkably in-
crease, and that the Y electrons are heavily stripped off
by the shakeup, particularly for heavy elements (note that
some of the valence electrons moved into the conduction
band when the atomic system was condensed to the me-
tallic state). For these atoms in a metal with atomic
number Z, the Y electrons behave as if they appear in an
atom with atomic number Z +Z’, and we can see from
Fig. 5 that the f,; value will drop. Furthermore, the
number of Y electrons that participate in the L,-L;Y
Coster-Kronig process is obviously reduced, and so the
f»3 value will further decrease.

In summary, because there are many free electrons in
the conduction band and the binding energies of the or-
bital electrons refer to the Fermi level in metals, the me-
tallic effects reduce the electron binding energies, in-
crease the total relaxation energy due to a core hole, and
decrease the L,-L;Y Coster-Kronig yields of the heavy
elements. In addition, the metallic effects lead to a de-
crease in the electron shakeoff thresholds, an increase in
the shakeup (and shakeoff) probabilities of the outer elec-
trons, and thus a further reduction of the L,-LY transi-
tion yields. For a given element the L-shell Coster-
Kronig process in a chemical compound is more similar
to that in the atomic system because there are few or no
free electrons there.

The above philosophy can be also used to explain the
decrease of the L,-L; Coster-Kronig yields, f3, of Ag,
Sm, etc., measured by the synchrotron photoionization of
the elemental metals®!® with respect to the theoretical
calculations (many-body effects should be added). In fact,
the surprisingly small value for the Sm L,-L; Coster-
Kronig transition, f;3(Sm)=0.18, reported by Stotzel
et al.,’ is well in line with the value of the Ag L,-L;Y
Coster-Kronig yield f3y(Ag)=0.179, which was suggest-
ed in 1977 by Chen et al.*® in order to interpret the Ag L
x-ray satellite and diagram spectrum induced by x-ray
photoionization of silver metal, and also with
f13y(Ag)=0.177, which is obtained from the values of
Sf13m=0.37 (Ref. 17) and f,3;=0.547 (Ref. 59) derived
from the L x-ray measurements for proton impact on
silver targets.



7842

IV. CONCLUSIONS

The relative fluorescence yields of atomic L, L,, and
L5 subshells of metallic uranium and thorium, w,/®; and
/w3, were derived from published L x-ray spectra pro-
duced by 50-keV electron impact on a uranium metal and
thorium alloy and recorded with a curved mica crystal
spectrometer. The present values of ®,/w;=1.39 and
®,=0.553 for U and w,/®w;=1.38 and w,=0.532 for Th
are all much large than the latest DHS calculations, sem-
iempirical compilations, and measurements using the ra-
dionuclide sources to create initial inner vacancies, but
are well in line with the experimental data obtained by
means of the synchrotron photoionization and the
electron- and proton-induced ionization of the elemental
metals with 72 <Z <83. As a first test, using the present
U L-subshell fluorescence yields and the ECPSSR ioniza-
tion cross sections we calculated the relative L x-ray in-
tensities I5/1,, I, /1, and Iy, /I, induced by few-MeV
proton bombardment on metallic uranium, and it was
found that the experimental L x-ray intensities are far
more favorable to calculations using the present fluores-
cence yields than to those using the other yields.

To explain the deviations among w, (and f,;) values of
the heavy elements obtained from the theory and
different measurements, the metallic state effects on the
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electron binding energies, the relaxation, the shakeoff and
shakeup events, and the L-vacancy decay yields have
been studied in this work. In consequence, we attribute
deviations between the present yields and the others
mainly to metallic effects. For a given system from free
atoms to the metallic state, the orbital-electron binding
energies of the atoms (or ions) decrease, the kinetic ener-
gies of the L,-L; Coster-Kronig electrons and the shake-
up probabilities of the outer-orbital electrons increase,
the transition rate of the L,-L; Coster-Kronig processes
drop, and then the L,-subshell fluorescence yields ascend
because of the presence of the free electrons and the Fer-
mi level in the metal. Measurements using radionuclides
in some chemical compounds are more near the theoreti-
cal data for the corresponding free atoms. It follows that
at least two sets of databases for the L-subshell vacancy
transition yields should be established: one that is favor-
able to the atomic system, and another that is favorable
to the metallic one. Hence more experimental data from
different laboratories, where various elemental specimens
and measuring techniques are employed, are expected.
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