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The relative intensities of L-subshell x-ray fluorescence (XRF) for elements with atomic numbers 62 < Z < 83 were
measured at two excitation energies, 18 keV and 23 keV, using a synchrotron radiation source at a beamline of the Syn-
chrotron Light Center for Experimental Science and Applications in the Middle East (SESAME), Jordan. The experimen-
tally measured results of the relative intensities were compared with the calculated results using the subshell fluorescence
yield and the Coster—Kronig transition probabilities recommended by Campbell and the values based on the Dirac—Hartree—
Slater model by Puri. The experimental and theoretical results are in agreement. In this work, L XRF relative intensities for
the elements Sm, Gd, Tb, Er, Ta, W, Re, Hg, Pb and Bi at energies of 18 keV and 23 keV were measured.

Keywords: L shell, x-ray fluorescence (XRF), relative intensities, synchrotron radiation

PACS: 32.30.Rj, 32.50.+d, 32.70.Fw, 32.80.Fb

1. Introduction

Precise determination of the fundamental parameters is
essential in a variety of fields of physics, for example, dose cal-
culation in medical physics, non-destructive quantitative anal-
ysis, atomic physics, molecular physics, radiation physics and
the development of more accurate theoretical models to ex-
plain inner-shell ionization processes.'!] The theoretical x-ray
fluorescence (XRF) cross section and intensities can be deter-
mined using fundamental parameters: the fraction emission,
K-, L- and M-subshell fluorescence yields, photoionization
cross sections and Coster—Kronig (CK) transition probabili-
ties. The uncertainty in the theoretical values of fundamental
parameters, in particular the CK transition probabilities and
subfluorescence yields, is reflected in the values of the XRF
cross sections and their relative intensities. Therefore the ex-
perimental values of the XRF cross sections and the relative
intensities are used when there are significant differences be-
tween theoretical and experimental results. Moreover, it is im-
portant to compare the measured data of the L-shell line inten-
sities with the theoretical values to investigate correct funda-
mental parameter sets.

Many studies have reported the measurements as well as
the theoretical calculations of K- and L-shell XRF relative in-
tensities for different elements at different excitation energies
using various energy sources such as x-ray tubes, radioiso-
topes, synchrotron radiation and secondary targets as excita-
tion sources.

Using a radioisotope source, Darko et al.!”) reported the
intensity ratios for seven elements (Sm, W, Ir, Au, Hg, Pb and
U) at an excitation energy of 22.6 keV. The results were com-
pared with Scofield’s theoretical values and agreed upon in
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most cases. Rao ef al.’) used a secondary target as an ex-
citation source and a Si(Li) detector to measure the L x-ray
intensity ratios for Au and Pb at three photoexcitation ener-
gies (21.56 keV, 31.64 keV and 34.17 keV). Demir ez al.l*]
measured the L XRF cross sections and relative intensities in
the atomic range 78 < Z < 92. Alqadi et al. 151 determined the
L-shell x-ray relative intensities for Bi, Pr, Pt, Hg and Ba at an
excitation energy of 20.48 keV. Bansal ez al.! reported the in-
tensity ratios for elements in the atomic range 66 < Z < 83 us-
ing synchrotron radiation. Using an x-ray tube source, Ganly
et al.'’! reported the measurements of the relative total L-
subshell x-ray intensities for the elements Er, Tm, Yb, Hf, Ta,
W, Pt and Au using monoenergetic x-rays at 17.4 keV. Like-
wise, Hiremath ef al.®! measured L-subshell XRF yield ratios
and the x-ray intensities of some heavy elements (Hf, Ta and
Re) using microprobe synchrotron radiation and detected the
emitted L-shell XRF photons with a silicon drift detector.

In this work, we measured the Lsubshell XRF relative in-
tensities for elements with atomic numbers 62 < Z < 83 at two
excitation energies, 18 keV and 23 keV, using synchrotron ra-
diation at the Synchrotron Light Center for Experimental Sci-
ence and Applications in the Middle East (SESAME), Jordan.
Our experimental results are compared with theoretical calcu-
lated values using the recommended values of the subshell flu-
orescence yield (@y;) and the CK transition probabilities (f;;)
of Campbell® and the values based on the Dirac—Hartree—
Slater model by Puri et al.!'" To our knowledge, L XRF rel-
ative intensities for the elements Sm, Gd, Tb, Er, Ta, W, Re,
Hg, Pb and Bi at energies of 18 keV and 23 keV are reported

here for the first time.
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2. Experiment

The experiment was conducted using the XRF beamline
at SESAME, Jordan. The synchrotron radiation is collimated

by a double-coated (Si and Pt) mirror. To convert the radia-

(a)

SR source

Double crystal
monochromator

Focusing mirror

tion to monochromatic x-rays, a double-crystal monochroma-
tor (DCM) (Si(111) or Si(311)) is used. The beam size is about
0.4 mmx0.4 mm, which is achieved using vertically focusing
mirror. The XRF beamline provides a tunable x-ray source
over an energy range from 4.7 keV to 30 keV!!'!! (Fig. 1(a)).

Collimating mirror ¢
4

Fig. 1. (a) Diagram of the optical layout of the XRF beamline. (b) The experimental set-up.

The irradiated sample was held at an angle of 45° to the
incident beam in a horizontal plane. Fluorescence radiation
emitted from the sample was detected using a KETEK silicon
drift detector with an energy resolution of 138 eV at 5.96 keV
Fe Ko x-rays and was positioned at an angle of 90° to the
incident beam (Fig. 1(b)).

The Sm, Gd, Tb, Er, Ta, W, Re, Pb, Bi, Ti, Cr, Fe, Ni, Cu
and Zr metal plates used in this study were purchased with a
purity of 99.99% from Alfa Aesar and Sigma Aldrich. Two
samples, Ge and Hg,Cl,, were prepared from powder and
pressed into 10 mm diameter pellets using a 15 ton hydraulic
press.

3. Theoretical L XRF relative intensities

The values of the intensities /(L;) for the different lines

in the L x-ray spectrum are calculated theoretically using the

relationships proposed by Close et al.['?]

I(L;) = (ow1f13+ 011 f12f23 + 012 f23 + 013) W3F3, (1)
I(Ly) = (or1fi3 +or1fizfi3+02f23+013) 03F34,  (2)
I(Lg) = o1 Fig + (0124 011 f12) 02 Fap

+ (0L1.f13 4 OL1 f12/23 + Or2f23 + 013 ) 13 F3p, (3)
I(Ly) = op101Fiy+ (0124 011 f12) 02 F2y, 4)

where 671, 672 and 673 are the non-relativistic Hartree—Fock—
Slater based model photoionization cross sections of L sub-
131 @, @, and w3 are the
Lsubshell fluorescence yields, fi2, f13 and f23 are the CK tran-

shells Ly, L, and L3, respectively,

sition probabilities. Fy, is the fractional radiative emission rate
calculated using the Dirac—Fock model based radiative transi-
tion rates of Scofield.[!’]

Two sets of XRF cross sections are calculated at 18 keV
and 23 keV. The first set of XRF cross sections is calculated
using the recommended values of fluorescence yield (wy;) and
the CK transition probabilities (f;;) of Campbell,'”! who com-

piled the experimental values of @; and f;; and compared them

with the predictions of the relativistic Dirac—Hartree—Slater
(RDHS) model and the tabulated values of Krause e al.['4]
The second set uses Puri values derived from radiative and
non-radiative transition rates based on the RDHS model to cal-

culate fluorescence yields and CK transition probabilities. !

4. Data analysis

The measured experimental values of relative intensity
were calculated by
N(L)T (La) € (La)

T NL)T(Ly)e(L) ©)

where N(Ly) and N(L;) are the counts per time under the Ly
and L; (j = B, 7, I) peaks, respectively. T'(L;) and T (L) are
the self-attenuation correction factors of the target for the L;
and Ly x-ray energies, respectively, which are given by

1 —exp(—(u (Ej)sec 6 + 1 (E.)sec 62)pd)
' (1 (E;i)sec 6 + u(Ee)sec 6,)pd ’

6)

where p and d are the density and thickness of the target
and u (E;) and u(E.) are the mass attenuation coefficients
(cm?-g~1) at the incident photons and the fluorescent emitted
x-ray energies, respectively. The values of mass attenuation
coefficients were taken from NIST XCO.!'"l ¢ (Ly)/e (L)
is the ratio of the efficiency values of the detector at energies
corresponding to Lq and L; energies calculated using

e(la)  IhGe(Ly)
E(Lj) o IyGe (Lj) '

@)

The IyGe factor, which includes the intensity of the incident
energy lp, the geometric factor G and the efficiency €, was
calculated from K x-ray peaks for Ti, Cr, Fe, Ni, Cu, Ge and
Zr using theoretical XRF cross section values of the K shell
(Okq and oyp) according to

Nii ®)

IyGe, =
it Bi”
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where Ny; (i = o, ) represents the area under the K; peak and
Or; 1s the XRF cross section for K; x-ray lines calculated by

€))

Oig = Ok (E) 0 Fyq, Op = Ok (E) O Fip -

Here o} (E) is the photoionization cross section!!*! and Fi(a.p)

are the fractional emission rates for K-shell x-rays. %]

Table 1. Values of fitted coefficients at 18 keV and 23 keV.

Energy (keV) ap ay ar
18 370.79 —14.17 0.179
23 290.03 37.64 -1.90

The IpGe values for L-shell x-ray energy were estimated
using the fitted curve based on the fitting equation

IGe (E) = ap+ a1 E + ayE?, (10)

where E is the energy of the x-rays and ag, a; and a, are con-

stants. Their values are given in Table 1.

5. Results and discussion

The XRF relative intensities I(L;/L¢), 1(Lg/Ly) and
I(Ly/Ly) for the elements Sm, Gd, Tb, Er, Ta, W, Re, Hg,
Pb and Bi were measured at two excitation energies (18 keV
and 23 keV) using synchrotron radiation. The experimental
results are listed in Tables 2 and 3. These tables also show the
theoretical values of relative intensities which are calculated
using the @; and f;; values of Campbell®! and the calculated
values of Puri et al.!'% using Egs. (1)~(4).

Table 2. Comparing the experimental results of relative intensities with theoretical values at an excitation energy of 18 keV.

7 I(Lﬁ/La) I(LV/La) I(Li/La)
Present experiment  Puril!%  Campbell ! Present experiment  Puril!%l  Campbell ! Present experiment  Puril!%l  Campbell !

62 1.11940.09 1.057 1.089 0.031+0.008 0.040 0.041 0.202+0.027 0.191 0.187
64 1.277+0.09 1.066 1.111 0.038+0.009 0.041 0.041 0.2384+0.028 0.193 0.194
65 1.30140.10 1.066 1.130 0.036+0.01 0.041 0.042 0.23740.03 0.191 0.194
68 1.24040.08 1.053 1.091 0.04140.008 0.043 0.043 0.22740.023 0.190 0.186
73 1.18740.07 1.082 1.080 0.039+0.006 0.046 0.046 0.19840.02 0.199 0.183
74 1.1364-0.08 1.083 1.077 0.043+0.006 0.046 0.047 0.190+0.018 0.203 0.184
75 1.086+0.12 0.898 1.054 0.04540.007 0.048 0.047 0.182+0.023 0.160 0.180
80 0.93240.08 0.920 0.962 0.04440.005 0.052 0.051 0.174+0.018 0.172 0.163
82 0.918+0.08 0.937 0.986 0.049+0.006 0.053 0.055 0.151+0.016 0.181 0.165
83 0.808+0.075 0.990 0.953 0.04940.005 0.055 0.053 0.160+0.016 0.165 0.162

Table 3. Comparison of our experimental results for relative intensities with theoretical values at an excitation energy of 23 keV.

z 1(Lg/La) I(Ly/La) 1(Li/Lq)
Present experiment  Puril'®!  Campbell®] Present experiment  Puri('”)  Campbell®] Present experiment  Puril'”)  Campbelll®]
62 0.18840.02 0.208 0.206 1.114+0.09 1.123 1.166 0.03240.008 0.040 0.041
64 0.20940.02 0.211 0.214 1.248+0.09 1.131 1.193 0.039+0.009 0.041 0.041
65 0.198+0.028 0.209 0.215 1.254+0.10 1.134 1.217 0.039+0.012 0.041 0.042
73 0.183+0.018 0.216 0.200 1.163+0.09 1.146 1.148 0.04140.006 0.046 0.046
74 0.173£0.017 0.221 0.202 1.092+0.086 1.148 1.146 0.04740.007 0.047 0.047
75 0.161+0.017 0.166 0.197 1.03140.08 0.917 1.118 0.05040.008 0.048 0.047
80 0.159+0.017 0.178 0.172 0.86240.08 0.938 0.993 0.05040.006 0.052 0.051
82 0.1434+0.015 0.157 0.165 0.8454+0.079 0.954 0.964 0.06540.008 0.053 0.053
83 0.1534+0.015 0.193 0.169 0.844+0.077 0.969 0.979 0.05140.006 0.054 0.053
The total uncertainties of the relative intensity values are  intensities in the case of 23 keV.
estimated as the quadrature sum of the uncertainties of the dif-
q 1.600 I(Lg)/I(L,)-18 keV
ferent measured quantities: the number of counts in the peak 2 1.400 T
o 9 I
(< 5%), the attenuation correction factor (2%) and, IyGe fac- % 1.200 i ii i ;;T
. . o . < 1.000
tor (1%—4%). Since the L; x-ray intensities are lower in ex- £ 0.800 ; ; ;Q
o) . o]
perimental measurements, it should be noted that the value of 2 0.600 B
I(L;/Lgy) is subject to considerable uncertainties. e 0.400 4 Puri
P ® Camp.
It can be seen from Tables 2 and 3 and Figs. 27 that good 0.200 © Exp.

agreement was found between the experimental and theoreti-
cal relative intensities at both excitation energies (18 keV and

23 keV), although the agreement was better for the relative

0
60 62 64 66 68 70 72 74 76 78 80 82 84 86
Z

Fig. 2. I(Lg/Ly) verses atomic number (Z) at excitation energy of 18 keV.
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0.300 I(Ly)/I(La)-18 keV
2 0.250 Il
B
o i ll I T
e fu WL
= L
g 0150 T
k5
g 0.100 A Puri
0.050 W Camp.
Exp.

0
60 62 64 66 68 70 72 74 76 78 80 82 84 86
Z

Fig. 3. I(Ly/L¢) versus atomic number (Z) at excitation energy of 18 keV.
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0.060
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E J l
o 0.030 | \
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% 65 10 75 80 85

Z

Fig. 4. I(L; /L) versus atomic number (Z) at excitation energy of 18 keV.
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® Camp.
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Fig. 5. I(Lg/Lq) versus atomic number (Z) at excitation energy of 18 keV.
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0
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Fig. 6. I(Ly/L) versus atomic number (Z) at excitation energy of 23 keV.

Figures 1-6 show that the present experimental results are
closer to the calculated values of Campbell than to the Puri
values. The average relative deviation between the measured
experimental values of relative intensities /(Z;/L¢,), I(Lg /Lq)
and I(Ly/Lg) and theoretical values of Puri e al.l'" at 18 keV
were found to be ~ 13%, ~ 12% and 12%, respectively, and
for Campbell®! ~ 9%, ~ 7% and 10%, respectively.

0.080 I(L)/I(Lo)-23 keV
.. 0.070 [
Z |
% 0.060
=]
£ 0.050 ,T.T 3 oad
E 0.040 % Jll !IT -
z 1
< 0.030 H
= A Puri
@ 0.020 ® Camp
0.010 Exp.
0
60 65 70 75 80 85

Z

Fig. 7. I(L; /L) versus atomic number (Z) at excitation energy of 23 keV.

In the case of 23 keV the corresponding values for Puri
were ~ 9%, ~ 7% and 10%, respectively, and for Campbell
~ 6%, ~ 10% and 3%, respectively.

Therefore, the experimental results are generally consis-
tent with the theoretical results obtained using the recom-
mended values of L-subshell fluorescence yield and CK prob-
abilities by Campbell at both excitation energies (18 keV and
23 keV).
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