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Abstract. Considering the importance of the K X-ray production cross-sections (o%,) as well as the K
shell fluorescence yields (wk) for the determination of element concentrations in a given material, we have
measured them experimentally for the elements Ce, Pr, Nd, Sm, Eu and Gd using photons at 123.6 keV from
a ®"Co radioisotope source. Furthermore, the K X-rays intensity ratios (Kg/Ka) for these elements have
been investigated. The characteristic K X-rays emitted by the target were detected by a high-resolution with
an energy resolution of 160 eV full with at half-maximum (FWHM) at 5.96 keV. The experimental results
of K X-ray production cross-sections were compared with theoretically predicted values based on relativistic
Hartree-Slater and Hartree-Fock theories. Similarly, the measured K shell fluorescence yields/cross-sections
and the K X-rays intensity ratios were compared with the theoretical values. In most cases, there is an
agreement between the experimental and theoretical data within the experimental uncertainties.

PACS. 32.30.Rj X-ray spectra — 32.80.Cy Atomic scattering, cross-sections, and form factors; Compton
scattering — 32.80.-t Photon interactions with atoms — 30.70.-n Intensities and shapes of atomic spectral

lines

1 Introduction

X-ray emission is a phenomenon resulting from the de-
cay of atoms after bombardment by charged particles or
electromagnetic radiation. The study of this phenomenon
is very important for atomic, molecular and radiation
physics investigations, material analysis especially in med-
ical, geological and environmental fields using energy-
dispersive X-ray fluorescence (EDXRF) [1].

In recent decades, considerable efforts have been di-
rected to the study of X-ray fluorescence (XRF) yields,
Kgs/K, intensity ratios and K X-ray production cross-
sections. As a result of this effort, Rao et al. [2] and
Al-Nasr et al. [3] have measured K-shell fluorescence cross-
sections and yields using radioisotope and X-ray tubes.
The K, and K X-ray fluorescence cross-sections for some
elements with 73 < Z < 82 have been studied by Saleh
and Al-Saleh [4]. Ertugrul [5] measured K, L and higher
shell photoionization cross-sections using 2*' Am radioiso-
tope source (59.5 keV ~-rays) and Si(Li) detector. Some
researchers theoretically calculated K and L X-ray fluo-
rescence cross-sections [6].

K shell fluorescence yields wg were deduced from the
measured cross-sections by using the theoretical photoion-
ization cross-sections and fractional X-ray emission rates.
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Bambynek et al. [7] in a review article have fitted their
collection of selected most reliable experimental values in
the 13 < Z < 92 range. Krause [8] compiled wx adopted
values for elements 5 < Z < 110. Hubbell et al. [9] have
compiled more recent experimental values.

K shell X-ray intensity ratios (Kg/K,) for elements,
compounds and complexes have been investigated (theo-
retically and experimentally) by various authors (Ertugrul
et al. [10], Dhal and Padhi [11], Ertugrul and Simsek [12],
Rao et al. [13], Cevik et al. [14], Scofield [15,16].

There are several studies concerning with K X-ray pro-
duction cross-sections in the literature using the 57Co ra-
dioisotope. Saleh and El-Haija [17] and Seven [18] mea-
sured photon-induced K X-ray cross-sections for some
heavy elements. Apaydin and Tirasoglu [19] have mea-
sured K shell X-ray production cross-sections and fluo-
rescence yields of elements in the atomic number range
65 < Z < 92. Bennal et al. [20] measured K X-ray fluo-
rescence parameters for Ag, Cd, In and Sn elements. In
addition, Ozdemir et al. [21] measured K shell X-ray pro-
duction cross-sections for Cd, In, Sb, Te, I, Ba, La, Ce, Nd,
Sm, Tb and Dy 59.54 keV ~-rays from an ?*! Am radioiso-
tope source. Durak et al. [22] experimentally determined
K; ({ = a and §) X-ray cross-sections for K, and Kg
X-ray line for Zr, Mo, Ag, In, Sn, Ba, Ce, Nd, Gd, Dy, Er
and Yb elements using 122 keV photons.
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In the present investigation, we have measured the
K X-ray production cross-sections, K shell fluorescence
yields and K X-ray intensity ratios (Kg/Kq) of 6 elements
in the atomic range 58 < Z < 64 (Ce, Pr, Nd, Sm, Eu and
Gd). The targets were ionized using 123.6 keV photons
from a ®7Co radioisotope source, and the emitted K X-rays
and scattered v-rays were detected using a Si(Li) detec-
tor. The results of K X-ray production cross-sections were
then compared with the corresponding calculated theoret-
ical values based on relativistic Hartree-Fock and Hartree-
Slater theories. To best of our knowledge, K; (i = a1, g,
B1 and ) X-ray production cross-sections for these ele-
ments (Ce, Pr, Nd, Sm, Eu and Gd) at this energy are
being reported for the first time.

2 Experimental details

The geometry and the shielding arrangements of the ex-
perimental set-up employed in the present work have been
described elsewhere [23]. The samples were irradiated with
a °"Co radioisotope source emitting 123.6 keV photons
with strength of approximately 25 mCi. The radioactive
source ®"Co decays by electron conversion process into
metastable states of 5“Fe and in turn it y-photons of en-
ergies 122 (85%), 136 (11%) and 14.4 (8.5%). Since the
intensity of the 122 keV photons is predominant over that
of the 136 keV photons and as they are close to each other,
we can take the weighted average of 122 keV and 136 keV,
i.e. 123.6 keV. Spectroscopically, high purity (99.90%) tar-
gets of CeOq, Pr30y4, Nd2O3, Sm303, EusO3 and GdOg
of thickness ranging from 20 to 40 mg/cm? have been used
for the measurements. The samples were then placed at
45° angle with respect to the direct beam and fluorescent
X-rays emitted 90° to the detector. The incident beam
and fluorescence X-rays emitted from the target were de-
tected with a Si(Li) detector manufactured by Canberra
(FWHM = 160 eV at 5.9 keV, active area 13 mm?, thick-
ness 3 mm and Be window thickness 30 ym). The out-
put from the preamplifier, with pulse pile-up rejection ca-
pability, was fed to a multi-channel analyzer interfaced
with a personal computer provided with suitable software
(Tennelec PCA 1II) for data acquisition and peak analysis.
The lifetime was selected to be 5000 s for all elements.
Figure 1 shows a typical K X-ray spectrum for Nd.

3 Data analysis
3.1 Experimental method

The experimental K X-ray production cross-sections
0%, (cm?/g) were obtained from the equation [24]

Nk,
oK, = —— 1
K IoGEKiﬁK%m ( )
where Nk, (i = a1, ae, [1, O2) is the net counts per unit
time under the associated elemental photopeak; IoG, the
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Fig. 1. Typical K X-ray spectrum for Nd irradiated with
123.6 keV gamma rays emitted from 37 Co.

intensity of exciting radiation falling on sample; g, the
detector efficiency for the K X-rays of the element; m is
the mass thickness of target in gcm=2 and [k, the self-
absorption given by

5= 1 — exp [— (fine/ SINO + femt/ sin @) t] 2
o (tine/ SN0 + feme/ sing) t

where f;ne and piem: are the total mass absorption coefhi-
cients (from XCOM is database program in the electronic
version [25]) of target material at the incident photon en-
ergy and at the emitted average K, and Kz X-ray ener-
gies [26] and t is the thickness of the target in gcm™2,
0 and ¢ are the angles of incident photon and emitted
X-rays with respect to the normal at the surface of the
sample.

In the present study, the effective incident photon flux
IyGeg, (i = a, B) for the Si(Li) detector in the range
34-96 keV has been evaluated using the equation [23]

LS (3)

I()G€K. = -
" Br,mok,

where Ng,, Bk, and m and have the same meaning as in
equation (1) and o, represents the K X-ray fluorescence
cross-sections. The absolute efficiency ¢ of the X-ray de-
tector was determined by collecting the K X-ray spectra
of samples of Ce, Nd, Gd, Dy, Er, Yb, Ta, Ir, Hg, Bi, Th,
and U in the same experimental set-up.

The factor IpGeg, was fitted as a function of energy
using the equation

IOGEKX = AO + AlEX + AQE)Q( + AgE)?() (4)
3
= Y AE} (5)
i,m=0

where EY is the K, and Kg X-ray energy and Ao, A1, A
and Aj are constants evaluated from a fitting polynomial.
The variation of the factor IpGeg, as a function of the
mean K X-ray energy is shown in Figure 2. The values of
the factor InGeg, (i = a1, aq, 1, B2) for each K X-ray line
of average energy Fk, are interpolated from equation (4).
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Table 1. Comparison of experimental and theoretical K X-ray production cross-sections.
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Elements OKq, (b/atom) OKa, (b/atom) okg, (b/atom) 0Kg,(b/atom)

Present Exp. Theoretical Present Exp. Theoretical Present Exp. Theoretical Present Exp. Theoretical

Values predictions Values predictions Values predictions Values predictions
HF[15] HS[16] HF[15] HS[16] HF[15] HS[16] HF[15] HS[16]

Ce  9957+7.96 - 11542 72.72+£580 -  63.01 28.41+227 - 3325 6.33+050 -  8.07
Pr  117.93 £9.43 - 12339 71.11 +£5.68 - 67.60 28.98 +£2.31 - 35.85 6.76 £ 0.54 - 8.74

ONd  119.71 +9.57 129.94 131.73 82.70 £6.61 71.35 72.31 37.114+2.96 40.09 38.57 8.87+£0.71 10.28 9.45
528m  147.86+11.82 -  149.47 93.55 £7.48 - 82.65 47.20+3.77 - 44.45 11.50+£0.92 - 10.95
SFEu  142.66 & 11.41 156.54 158.72 91.81 +£7.34 86.73 87.93 47.08+£3.76 49.24 47.56 12.104+0.96 12.70 11.75
61Gd  165.76 + 13.26 166.05 168.23 101.90 +8.15 92.29 93.53 55.22 +4.41 52.56 50.80 14.30 +£1.14 13.79 12.75

HF: Hartree-Fock, HS: Hartree-Slater.
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Fig. 2. The variation of the factor IpGe as a function of the
mean K X-ray energy.

The K shell fluorescence yields were measured using
the relation N
9k
wi = (6)
ok (E)

where oj; is the total K shell X-ray production cross-

section and UIIZ is the K shell photoionization cross-section
for given element at excitation energy (FE), taken from
Scofield [27].

The Kg/K, X-ray intensity ratio values have been cal-
culated using the relation [28]

IKﬁ o NKﬁ ﬂKa Eﬁ
IK, Nk, Bk, kg

(7)

where Nk s and Nk, are the net counts under the Kz and
Ko peaks, Bk, and [k, are the self-absorption correction
factor of the target ek, and ek, are the detector efficiency
for Kg and K, X-rays, respectively.

3.2 Theoretical evaluation

The theoretical K X-ray production cross-sections were
evaluated by using the relation [17]

X

0%, = 0k (E)wk Fk,

(8)

where UIIZ (E) and wk have the same meaning as in equa-

tion (6), Fk, is the fractional X-ray emission rate for K;
X-rays and are defined as

Ik
Fx,, = oL 9
Ko = T 4 I, 9)
TI
Koy = 722 FK,,, (10)
IKal
Ik
Fyx. = IKﬁlFK“ (11)
Ix./
FKBI2 IKB2 FKal (12)

where I, is the K; X-ray intensity. The values of inten-
sity ratios were taken from Scofield based on relativis-
tic Hartree-Fock theory [15] and relativistic Hartree-Slater
theories [16]. The values of semi-empirical values wg were
taken from the fitted values of Bambeynk et al. [29].

4 Result and discussion

The present measured and theoretical (based on relativis-
tic Hartree-Fock and Hartree-Slater theories calculated by
Scofield [15,16]) values of the K; (i = aq, az, (1 and
(B2) X-ray production cross-sections in the atomic range
58 < Z < 64 are listed in Table 1.

In earlier experiment [22], the authors used the same
method for K X-ray production cross-sections, but they
only measured K; (i = a and ) X-ray production cross-
sections (ok, and O‘KB) in the atomic region 40 < Z < 70
at 122 keV photon. So this values can not been com-
pared with the present values. The present values have
been plotted as a function of the atomic number as shown
in Figures 3a—3d. As can be seen from this figure, the
K X-ray production cross-section values increase with in-
creasing atomic number since three reasons: (i) increase in
the fluorescence yield with Z; (ii) the possible increase in
the K-shell photoionization cross-section at a given pho-
ton energy with Z because with increasing Z, the photon
energy is closer and closer to the K-shell ionization thresh-
old; (iii) outer shells have more electrons than smaller
atomic number elements. It can be seen from Table 1 and
Figures 3a—3d that the experimental values are in good
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Fig. 3. Comparison of measured K shell X-ray production cross-sections, o, with theoretical values as a function of atomic

numbers (a—d).

agreement with the theoretical ones within the experi-
mental uncertainties. Because experimental results for K;
(i = a1, ag, f1 and [B2) X-ray production cross-sections
at the same energy cannot be found in the literature, the
comparison is not made with the other experimental val-
ues. The agreement between the presently measured K X-
ray production cross-sections and theoretical predictions
for Sm, Eu and Gd are good within the range 0.2-9% for
Hartree-Fock and 1-12% for Hartree-Slater theory, respec-
tively. In addition, the same agreement for Ce Pr and Nd
is changed within the range 8-13% and 4-25% for Hartree-
Fock and Hartree-Slater theory, respectively. Kg, and Kg,
cross-sections for these elements might caused this large
values because of peak overlapping. One other reason for
that may be the chemical effects.

The experimental error is estimated to be more than
8% and is getting larger with decreasing atomic number.
It might be several reasons for this effect. The most im-

portant one is the very strongly dependence of detector
efficiency with decreasing energy. This error is attributed
to the uncertainties in different parameters used to de-
duce K X-ray production cross-section, K X-ray fluores-
cence yields and Kg/K, values; namely, the error in the
area evaluation under the K, and Kg X-ray peak (<3%),
in the absorption correction factor ratio (<2%), the prod-
uct IoGe (5-7%) and the other systematic errors (2-3%).
In this work, in order to reduce the absorption, thin sam-
ples were used as the target; furthermore, an absorption
correction was also performed for each sample. In order
to reduce the statistical error, the spectra were recorded
and about 103-10¢ (or more) counts were collected un-
der the K, and Kg peaks. Fitting the measured spec-
tra with multi-Gaussian functions plus polynomial back-
grounds using software program separated the K, and Kg
photopeak areas.
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Table 2. K shell fluorescence yields wg .

Elements

WK

Present Exp. Semi-empirical Theoretical predictions

Values reference [8] reference [29]
58Ce  0.857 £+ 0.068 0.912 0.910
9pr  0.872 4+ 0.069 0.917 0.914
ONd  0.904 +0.072 0.921 0.918
62Sm  0.967 £+ 0.077 0.929 0.926
53Eu  0.891 4+ 0.071 0.932 0.929
54Gd  0.966 + 0.077 0.935 0.932
Table 3. K shell intensity ratios Kg/Ka.
Elements Ks/Ka
Present Exp. Values  Theoretical predictions
HF [15] HS [16]
58Ce 0.2460 + 0.005 - 0.2316
S9pr 0.2376 + 0.005 - 0.2336
6ONd 0.2402 + 0.005 0.2504 0.2354
629m 0.2451 4+ 0.008 - 0.2389
63Eu 0.2549 + 0.003 0.2549 0.2405
51Gd 0.2622 + 0.005 0.2570 0.2426

HF: Hartree-Fock, HS: Hartree-Slater.

The K X-ray fluorescence yields wg derived from the

experimental data have been compared with the values
tabulated by Krause [8] and Bambeynk et al. [29]. As can
be seen in Table 2 that our experimental values closely
agree with them. Furthermore, the experimental K X-ray
Kjs/K, intensity ratios are also in agreement with the the-
oretical values calculated for these elements (see Tab. 3).
We believe that the obtained data will be helpful to those

us

ing radioisotope XRF techniques for elemental analysis.
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