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L-Subshell Coster—Kronig Yields for Th
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The synchrotron photoionization method was applied to measure L-subshell Coster—Kronig yields for Th. This
method is based on the capability of tuning the energy of the synchrotron photons producing a selective subshell
ionization. A foil sample of Tb was irradiated and characteristic spectra were recorded. Data were analysed using a
new formalism (based on a matrix representation) to express x-ray fluorescence intensities involving Coster—Kronig
transitions. The results obtained were f;, = 0.201 + 0.014, f,; = 0.281 + 0.027 and f,; = 0.097 + 0.016. These
data represent valuable information for spectroscopists, considering the lack of data for L-shell parameters.

INTRODUCTION

Coster-Kronig transitions are atomic processes in
which vacancies in multiple shells ‘bubble up’ between
subshells. When these transitions are energetically pos-
sible, they are the main way by which ionized atoms
lose energy. Coster—Kronig processes are the fastest
ones that exist in atoms.

Coster-Kronig transitions have theoretical impor-
tance because they are very sensitive to the model
chosen for representing the atomic structure. Further,
they have important experimental applications in x-ray
spectrochemical analysis.

Coster—Kronig decay involves electronic transitions
between subshells in an atomic shell. They are labelled
as f¥, denoting the probability that an electron, in the
X, subshell of the X shell, fills in a vacancy of the X;
subshell. Emission processes following a Coster-Kronig
transition mainly involve weakly bound electrons. In
addition, a very small emission probability of low-
energy photons exists.

Theoretical and experimental values of Coster—
Kronig yields are scarce and very difficult to obtain.
Usually, they present large uncertainties, and discrep-
ancies between theorctical and experimental data are
observed.

Traditional methods applied to measuring atomic
parameters of L subshells are usually based on coin-
cidence techniques. These methods analyse the coin-
cidence of L emissions with K photons or nuclear
radiation. By means of coincidence techniques good
results are obtained from some L-subshell coefficients,
but these methods cannot be used for determining
Coster—Kronig yields associated with the L, subshell
because the L, — K transition is forbidden.

Synchrotron radiation (SR) has been used in many
x-ray spectrometric experiments and it has helped to
develop new experimental techniques in several areas of
investigation. In particular, SR has been used to
measure L-shell Coster—Kronig transition yields!—3
(simply denoted f;;). In addition, Werner and Jitschin*
have reported Coster-Kronig yields and ratios of fluo-
rescence yields for L shells in heavy atoms using the
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synchrotron photoionization method. This method is
based on a selective photoionization of subshells taking
advantage of the high degree of tunability of synchro-
tron radiation.’

As an improvement to the coincidence techniques,
this method allows one to obtain all Coster-Kronig
coefficients and all associated fluorescence yields in
multiple shells. Moreover, x-ray fluorescence (XRF)
measurements are improved by using synchrotron radi-
ation since higher signal-to-noise ratios can be
attained.®8

In this work, we used the synchrotron photoioniza-
tion method to obtain the L-shell Coster—Kronig yields
for Tb (Z = 65).

METHOD

Nowadays, solid-state detectors have sufficient
resolution that, together with improved spectrum-fitting
programs, it is possible to measure fluorescence inten-
sities from subshells of multiple shells. These intensities,
denoted I¥, come from some vacancy distribution N¥
and are related to it through the atomic emission prob-
abilities of the shell X. This relationship is linear and
can be expressed as

R=9N 1)
where R and N are vectors defined by
R;=1If; N;=N! 2

The matrix &/ can be obtained by means of a careful
analysis of the expressions for XRF intensities modified
for Coster—Kronig transitions:

oA = W'_'_ff" 3

i=0

where n is the number of atomic subshells of X and
matrices #” and & are given by

W= 005y, @
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0 i<j
f:’j={/x g ©)

i i1>J
where 6;; is Kronecker’s delta, wy, is the fluorescence
yield of subshell X; and I'y, denotes the emission prob-

ability of the characteristic line Ly, .
Noting that forr > n

Fr =0 6
it is possible to evaluate Eqn (3):
o =W - F)? ™
Therefore, o/ ~! is given by
gV =(1—-F)w? 8)

As we can see, the elements of /! have a simple
dependence on fluorescence and Coster—Kronig yields.
Hence the knowledge of o/ ~! is equivalent to the know-
ledge of the atomic emission probabilities.

If n different vacancy distributions N¥ are created, the
matrix &/~ ! can be obtained from the knowledge of
these distributions and the corresponding fluorescence
intensities. Now a matrix equation of the form of Eqn
(1) can be written:

R=AN ©)

where now # and 4" are matrices and their columns
are given by Eqn (2).

As the n vacancy distributions are all different, matrix
& is invertible and ./ ! can be obtained from

A= R (10)

Jitschin and co-workers!**® were the first to use the

synchrotron photoionization method to generate n dif-
ferent vacancy distributions in the subshells of a multi-
ple shell. This method is based on the possibility of
tuning the energy of the photons coming from a syn-
chrotron source. This cannot be achieved using conven-
tional sources such as x-ray tubes and radioactive
sources because the flux becomes too low.

If Ex, is the excitation energy of the least bound sub-
shell X, (see Fig. 1), the first step of our experiment is to
excite this subshell with photons of energy E,, such that
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Figure 1. Synchrotron photoionization method applied to the L
shell. The absorption edges are excited selectively by photons of
energy E,, E,and E,.

Eyx, < E, < Ey,_,. The fluorescence spectrum emitted by
the sample is then recorded.

The following step consists of exciting the absorption
edge Ey,_, with photons of energy E,_, such that
Ex,_, <E,_ | < Ex, , and recording the emitted fiuo-
rescence spectrum. The process is repeated up to the
deepest level of the shell.

Theoretical intensities must be calculated in order to
relate the n experimental spectra to the coefficients of
interest. If we consider a pure sample of thickness d,
incident photons of energy E and intensity I,(E), with
incident and take-off angles of 45°, the XRF intensity
emitted by the X, subshell is'%!!

Iy, = kDy(EYM y(E)Qx(E)I o(E) (11)
with

Ox(E) = 1-')(.-(E)wx,- I'y, (12)

1 — exp(—[u(E) + u(Elx)pd\/2)
(E) = : 13
MxB) WE) + uEly) )

0 E<Ey,

Dy(E) = {1 £ <E (14)

where k is an experimental factor depending on the
geometry and detector characteristics, Ely, represents
the characteristic emission energy of subshell X;, 7x(E)
is the partial photoelectric absorption coefficient of sub-
shell X, at energy E, u(E) represents the mass attenu-
ation coefficient of the sample to energy E and p is the
sample density.
In the case of L shell, the above formalism reduces to

ILl(El) 0
MLI(EI)
I(Ey)  IL,(E)
2= 2 2 0 15
M, (E) My (E,) (13
ILg(El) IL3(E2) ILa(E3)
M (E)) M (E;) M, (Ej)
oy, Iy, 0 0
’d = sz rLz f12 sz FLz 0
o, T (fis + /12 f23) o, T, foz @, T
(16)
TLl(El)Io(Ex) 0 0
N =K TLZ(E1)IO(E1) TLZ(Ez)Io(Ez) 0
TL3(E Do(E,) TLg(EZ)I olE3) TLg(Es)I olE3)
(17)
with
oy, Iy, 0 0
W = 0 wp, Iy, 0 (18)
0 0 I
0O 0 O
F=[f 0 0 (19)

f13 f23 0
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Figure 2. Experimental set-up used in this work.

Finally, L-shell yields are written as

W = I Li(E i)
b kt (E)M L,-(Ei)I o EJT

fori=1,2,3 (20)

fys = Ty (E)M L (E3)l o(E3)1Ly(E,) _ T4(Ey) Q1)
2 TL(EDML(EDo(EDIL(E5)  T1,(E2)
fip = T (E)ML,(E) o(EQ)IL(Ey) _ TLo(Ey) 22)

1 (EDMLEN(E,(E,)

fis = {TLa(Es)Io(Ea)
13 T (EDIo(E,)

TL,(E1)
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Figure 3. Measured spectrum of Tb excited with photons of 7.7
keV. Only L, lines are present.
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Figure 4. Measured spectrum of Tb excited with photons of 8.4
keV. Only L; and L, lines are present.
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Figure 5. Measured spectrum of Th excited with photons of 8.9
keV.L,, L, and L, lines are present.
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EXPERIMENTAL

The measurements were carried out in the Microana-
lysis Station of the PWA Group of the Frascati Nation-
al Laboratories (Italy). The experimental arrangement
was described in a previous paper.'? Figure 2 shows the
experimental set-up.

Briefly, conventional XRF or total reflection XRF
can be performed in a vacuum chamber. The synchro-
tron radiation, which comes from a six-pole wiggler, is
monochromated by a two-crystal ‘channel-cut’ mono-
chromator. The incident beam (about 10'* photons s !
mrad ! per 0.1% bandwidth for the critical energy) is
collimated by two slits at the entrance of the chamber.
An ionization chamber with a voltage-to-frequency con-
verter is used for monitoring the beam intensity. The
detection system is a typical energy-dispersive set-up. It
consists of a Si(Li) solid-state detector, a fast amplifier,
an analogue-to-digital converter and a 4K multi-
channel buffer. The whole detection system resolution is
170 eV for the K« line for Mn.

The geometry of measurements is 90° and 45° inci-
dent and takeoff directions on the plane of the synchro-
tron electron orbit. This experimental arrangement was
set in order to minimize scattered radiation, conse-
quently increasing peak-to-background ratios."?

The sample consists of a pure-element foil of Tb
(d = 0.127 nm). Figures 3-5 show the measured spectra.

DATA ANALYSIS AND RESULTS

Three spectra were obtained by means of the photoion-
ization procedure described under Method. For each
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Table 1. L fluorescence yields of Th

Parameter This work

w, 0.102+0.014 0.090+0.014 0.087
W 0.209+£0.030 0.194+0027 0186 0.165+0.018

2

w, 0175 0.188%0.016

3

2Ref. 12.
b Pyri et al.2®
© Bambynek et a/.2%

Previous work® Theory® Experiment®

spectrum, the intensity of three lines must be deter-
mined. For convenience, we chose the fluorescence lines
denoted Lf; , (M2, M3—-1L1), Lg, (M4-»L2) and
Loy 5, (M4, M5 — L3), since they are the most intense
lines of each group.

The resolution of our solid-state detector is not suffi-
cient to separate all the fluorescent lines of the recorded
experimental spectra. Thus overlapping effects appear,
and fitting procedures are needed. Basically, these pro-
cedures fit Gaussian functions to peaks and polynomial
functions to the background. In the case of strong over-
lapping, the intensity of a hidden peak can be predicted
using the intensity ratio of this line with respect to a
resolved one.

The experimental spectra were analysed with two
special programs: AXIL'* and SPA.!% Although these
programs implement different algorithms to achieve the
fitting, the difference between the peak intensities
obtained by each program was negligible. The errors of
the fitted peak intensities did not exceed 1%.

Calculated intensites were corrected by several
factors, the most important of which are described
below.

The first correction carried out was related to dead
time. Photons arrive randomly at the detector and they
have a chance to do this during a period in which the
system is not counting. We represent our detection
system with a non-paralysable model.'® The calcu-
lations show that this correction is negligible for our
solid-state detector.

Detection efficiency was another correction con-
sidered. For the solid-state detector, detection efficiency
is assumed to be constant in the range of energies used
in this work. Therefore, the detected fluorescence inten-
sities are proportional to the emitted ones. This is not
true for the ionization chamber, where detection effi-
ciency has a significant dependence on energy.

Escape peaks in the fluorescence spectra were also
taken into account. These peaks appear when the char-
acteristic photons of Si escape from the active volume of
the detector. Escape peak intensities have to be added
to the calculated intensities of the main lines.

Table 2. Coster—Kronig yields of Tb

Parameter This work Theory® Experiment®
fis 0.097+0.016 0.158  0.066+0.014
fia 0.201 £0.014 0216 0.41 £+0.36
fis 0.281+0.027 0.334 0.43+0.28

® Puri et al.2®
® Bambynek et a/.2%

The last correction considered was related to second-
ary fluorescence. Enhancement effects are produced
because L, lines can excite L, and L, subshells, and L,
lines can excite the L; level. Theoretical calculations of
secondary fluorescence were carried out to adjust peak
intensities. In most cases the correction was negligible.

Electron correlation effects were neglected in accord-
ance with calculations and considerations of Werner
and Jitschin.*

Mass attenuation coefficients were taken from
McMaster et al.'” and Heinrich,'® photoelectric cross-
sections for L subsiells were those reported by
Scofield!® and calculated as in Refs 20 and 21, emission
probabilities were obtained from the compilations of
Scofield???®* and Khan and Karimi,2* fluorescence
yields were taken from Bambynek et al.?® and Puri et
al.% and the energies of the emission lines were those
compiled by Bearden,?” Birks?® and Bearden and
Burr.?®

In a previous paper,'? ratios of L fluorescent yields
were evaluated for different elements (ratios were neces-
sary to eliminate the influence of the parameter k). In
this work, we recalculated these ratios for Tb using the
more precise photoelectric cross-section for L subshells
reported by Scofield.!® The choice of these partial cross-
sections avoids the use of absorption edge jumps.2® As
can be seen in Table 1, the new values are equivalent to
the old ones.

On the other hand, Coster—Kronig yields have been
shown to be more sensitive to the use of partial cross-
sections instead of absorption edge jumps. An impor-
tant improvement is achieved when Scofield’s
cross-sections are considered.

Table 2 shows the calculated Coster—Kronig prob-
abilities compared with experimental and theoretical
values reported in the literature.*25-2¢ In general, they
agree very well with the other data, showing a better
agreement with theoretical values.

Errors were estimated by propagation. Although the
experimental factor k [see Eqn (11)] was eliminated
from the equations (avoiding the poor statistics of the
ionization chamber that monitored the incident beam),
the errors were about 10%.

2

CONCLUSION

Generally, reviews on atomic transition probabilities
present mathematical expressions for the relationship
between fluorescence intensities and atomic vacancy
distributions created in multiple shells. These expres-
sions increase in complexity when more complicated
shells are considered. In this work we have developed a
simple mathematical formalism based on matrices.
Expressions for emission probabilities were obtained in
a very simple way within the framework of this formal-
ism.

Finally, the inclusion of Scofield’s partial cross-
sections instead of the use of absorption edge jumps has
proved to give more accurate values of Coster—Kronig
yields for Tb.
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