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Fluorescence cross-sections (σKα, σKβ , σtotal), Kβ/Kα X-ray intensity ratios, probabilities of the va-
cancy transfer from K to L shell (ηKL), and Auger electrons emission ratios for Ba compounds were
studied using Ki (i = α, β) X-rays line intensities. The samples were excited by γ-rays 59.5 keV pro-
duced by the 241Am radioisotope source. The K X-rays emitted from the samples were detected with
a high resolution Si(Li) detector. The experimental results were compared with other theoretical and
experimental values of Ba compounds.
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1. Introduction

It is well known that the chemical combination
and the physical properties of atoms have an ef-
fect on X-ray emission spectra. The changes of the
X-ray fluorescence parameters of elements in chem-
ical compounds can be explained as a result of
changes in the valance electron configurations or the
charge transfer effect due to the presence of alien
elements. Measurements of the K and L shell fluo-
rescence parameters are important for the develop-
ment of more reliable theoretical models describing
fundamental ionization phenomena, because com-
parison of experimental values of X-rays with the
calculated theoretical values provide a check on
the validity of various physical parameters such as
X-ray emission rate, fluorescence yields, photoion-
ization cross-sections. For this reason, the chemical
effects on the X-ray fluorescence parameters of ele-
ments and their compounds were investigated and
interpreted by several research groups using chemi-
cal bonding type, valance band structure, oxidation
number, and symmetry. In various compounds, es-
pecially for unpaired electrons, there are different
bond distances, binding energies and the probability

of ejection Auger electrons. Changes in these pa-
rameters cause different interactions between the
ligand and the central atom [1].

In recent decades, chemical effects on the K shell
X-ray fluorescence parameters have been studied by
many researchers. Turhan et al. [2] measured the
chemical effect on K shell X-ray fluorescence pa-
rameters for some Mn and Ni compounds. Uğurlu
and Demir [3] investigated theK X-ray fluorescence
(XRF) parameters, namely the fluorescence cross-
section, the vacancy transfer probabilities and flu-
orescence yield of some fourth-period elements in
an external magnetic field (8000 Gauss) [3]. The L
X-ray fluorescence cross-sections for Ba, La and Ce
at 7, 8, 9 and 10 keV synchrotron radiation was
studied by Kumar et al. [4]. The K → Li (i = 2, 3),
K → L, and K →M shell vacancy transfer proba-
bilities for La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy and
Er at 59.54 keV using a reflection geometry were
determined by Akman [5]. Akman also determined
the K → L shell vacancy transfer probabilities for
some elements in the atomic range 30 ≤ Z ≤ 58, us-
ing the semi-empirical values of K shell fluorescence
yield and the experimental values of Kβ/Kα X-Ray
intensity ratio. Furthermore, the KLX/KLL and
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KXY/KLL Auger electrons emission ratios for the
same elements were obtained using the experimen-
tal values of Kβ/Kα X-ray intensity ratio [6]. The
K → L shell total vacancy transfer probabilities of
low Z elements, Co, Ni, Cu, and Zn, measuring the
Kβ/Kα intensity ratio adopting 2π-geometry were
analyzed by Anand et al. [7]. The K shell fluores-
cence yields, K → L shell vacancy transfer prob-
abilities and Kβ/Kα X-ray intensity ratios for Cr,
Cu, Zn, and their compounds using synchrotron ra-
diation were obtained by Mirji et al. [8]. Chemical
effects on Kα, Kβ X-ray production cross-sections
and Kβ/Kα X-ray intensity ratios for Co, Ni, Cu
and Zn elements in the phthalocyanine complexes
were studied by Doğan et al. [9], and the results were
interpreted according to the charge transfer pro-
cess. The K-shell X-ray intensity ratios, radiative
and total vacancy transfer probabilities of platinum,
gold and lead by employing the 2π-geometrical con-
figuration and the weak γ-source were measured
by Anand et al. [10]. Chemical sensitivities of the
K shell fluorescence Kβ/Kα X-ray intensity ratios
yields, the K → L shell vacancy transfer probabili-
ties for some selected cerium compounds using the
59.54 keV energy of photons emitted from a 5 mCi
241Am radioactive source were studied by Turşucu
and Demir [11]. TheK shell intensity ratiosKβ/Kα

for 9 elements in the atomic range 40 ≤ Z ≤ 50
using a weak 133Ba γ-source at an excitation en-
ergy of 80.997 keV were determined by Tursucu et
al. [12]. Probabilities for the vacancy transfer from
the K → L shell (ηKL) for eleven high atomic num-
ber elements using the measured K and L shells
X-ray cross-sections at 123.6 keV, were measured
by Apaydın and Tirasoglu [13].

Recently, the K and L X-rays fluorescence cross-
sections, X-rays intensity ratios, average L shell
fluorescence yields, ratios of emission probabil-
ities of Auger electrons (u = p(KLX)/p(KLL),
ν = p(KXY )/p(KLL)) and the vacancy transfer
probabilities for some elements and compounds
were determined by our research group [14–16].

Although the vacancy transfer probabilities have
been studied by some authors, none of the studies
have addressed the chemical effects on the vacancy
transfer probabilities. In the present study, ratios
of emission probabilities of Auger electrons and the
vacancy transfer probability from the K to L shell
for barium compounds were determined experimen-
tally usingKi X-rays line intensity (i = α, β). These
effects are interpreted in terms of the valence elec-
tron distribution and chemical bonding. It is the
first analytical investigation of emission probabil-
ities of Auger electrons and the vacancy transfer
probabilities for Ba compounds.

Barium plays a key role in the production of many
products in the industry. Barium sulfate (BaSO4)
has γ and X-ray emission (radiopaque) and is used
in the medical sector for X-ray applications, e.g.
cancer diagnosis. It is also a compound used in
paper coatings, batteries and plastic products and

Fig. 1. Characteristic K X-ray emission spectra of
barium.

textile products. It is used as a whitening pigment
and thinner in the production of oil painting. Bar-
ium carbonate (BaCO3), another common barium
compound, is used in the manufacture of ceramics
and some types of glass. It is a component in clay
slurries used in drilling oil wells. Barium carbonate
is also used to purify some chemical solutions and
is the primary base material for the manufacture
of other barium compounds. Barium oxide (BaO)
is one of the compounds used in the removal water
from solvents and in the petroleum industry. Bar-
ium nitrate (Ba(NO3)2) is used in fireworks and ce-
ramic glazes because it gives green flames. Barium
chloride (BaCl) is used as a water softener. Barium
oxide (BaO) absorbs moisture easily and is used as
a desiccant. Barium peroxide (BaO2) forms hydro-
gen peroxide (H2O2) when it is mixed with water
and is used as a bleaching agent that activates when
wet [17].

2. Experimental procedure

The geometry of the experimental set-up was
given in our earlier paper [15]. The purity of com-
mercially obtained materials was better than 99%.
To reduce the particle size effect, the powder sam-
ples were sieved with a 400 mesh and supported
on a mylar films. The samples were excited by us-
ing the heavily filtered 59.5 keV γ-photons emitted
from the 75 mCi 241Am radiative source, X-rays
emitted from samples were detected by a Si(Li)
(FWHM 155 eV at 5.9 keV) detector system. Two
typical K X-ray spectra obtained from barium is
given in Fig. 1.

3. Data analysis procedure

3.1. Determination of detector efficiency

The values of detection efficiency IoGεKi in the
present experimental geometry were determined
in a separate experiment in the same geometry,
the K X-ray spectra of samples in the atomic
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range 19 ≤ Z ≤ 57 were used. The effective overall
detection efficiency for the present geometry was de-
termined by the following relation

I0GεKi =
NKi

σKi βKi t
, i = α, β. (1)

Here,NKi is the number of counts under photo peak
corresponding to Ki X-ray of element of interest,
σKi is the theoretical fluorescence cross-sections,
βKi is the self-absorption correction factor, t is the
mass per unit area of the sample [g/cm2].

The self-absorption correction factor was calcu-
lated from

βKi =
1− exp

[
−
(

µinc

cos(φ1)
+

µKi
cos(φ2)

)
t
]

(
µinc cos(φ1) + µKi cos(φ2)

)
t
, (2)

where µinc and µKi are the mass absorption coeffi-
cients of the incident photons and the emitted Ki

X-rays [18], respectively. The angle of photon inci-
dence is ϕ1, and the angle of emitted characteristic
X-ray from the sample is ϕ2 with respect to the
normal to the sample surface.

Theoretical fluorescence cross-sections can be
computed using

σKi = σK(E)ωK FKi , (3)
where σK(E) represents the K-shell photo-
ionization cross-section obtained from Scofield [19]
for samples at related energy E, ωK represents the
K-shell fluorescence yield taken from Krause [20].
The quantities, FKα and FKβ , represent theKα and
Kβ fractional X-ray emission rates and are defined
as

FKα =

(
1 +

IKβ
IKα

)−1
(4)

and

FKβ =

(
1 +

IKα
IKβ

)−1
, (5)

where intensity ratio IKβ/IKα is taken from
Scofield [21]. The results of I0Gε are shown in Fig. 2
as a functions of the average Ki (i = α, β) X-ray en-
ergy [keV].

3.2. Determination of K X-ray production
cross-section, intensity ratio

and fluorescence yield

Experimental Ki X-ray fluorescence cross-
sections for Ba compounds were evaluated using the
relation

σKi =
NKi

εKi βKi t

1

I0G
(6)

for i = α, β, where NKi is the number of counts
under the Ki X-ray photo peak, I0 is the inten-
sity of exciting radiation, G is the geometry fac-
tor, εKi is the detector efficiency for Ki X-rays, t is
mass per unit area of the sample [g/cm2] and βKi
is the self-absorption correction factor of the target
material and calculated from (1). The mass absorp-
tion coefficients of incident photons and emittedKi,
µinc, and µKi are given in Table I.

Fig. 2. The detector efficiency I0GεKi averages for
Ki (i = α, β) in function of X-ray energy [keV].

TABLE I

Mass absorption coefficients: µinc, µKi [cm
2/g] (where

i = α, β) and sample thickness t [g/cm2].

Samples µinc µKα µKβ t

Ba 8.686 8.291 5.865 0.037

BaF2 6.845 6.658 4.664 0.033

Ba(ClO3)2 4.085 4.320 3.068 0.018

BaCl2 5.880 6.155 4.350 0.024

BaSO4 5.220 5.214 3.700 0.022

BaO 7.800 7.461 5.283 0.016

Ba(OH)2 7.001 6.713 4.758 0.005

Ba(NO3)2 4.654 4.512 3.214 0.016

BaCO3 6.102 5.867 4.165 0.030

The experimental X-ray intensity ratios IKj/IKi
(j = β1, β2, i = α1, α2) were evaluated using [22]

IKj
IKi

=

(
NKj
NKi

) (
βKi
βKj

) (
εKi
εKj

)
, (7)

where (NKj/NKi) is the ratio of counting rates
under the peaks Kj and Ki, (βKi/βKj ) is the
ratio of the self-absorption correction factor of
the target, and (εKi/εKj ) is the ratio of the de-
tector efficiency values for Ki and Kj X-rays,
respectively.

The semi-empirical K shell fluorescence yield ωK
was determined using [2]

ωK =
σtot

σK (E)
, (8)

where σtot represents the totalK X-ray fluorescence
cross-section obtained experimentally, and σK(E)
is the K-shell photoionization cross-section taken
from tables published by Scofield [19].
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TABLE IIExperimental and theoretical Ki (i = α, β) X-ray fluorescence cross-section [cm2/g] values.

Samples
σKα σKβ σtot

Exper. Theor. Exper. Theor. Exper. Theor.
Ba 5.128± 0.214 5.163 1.139± 0.046 1.172 6.267± 0.250 6.203

BaF2 5.549± 0.236 1.374± 0.055 6.923± 0.284

Ba(ClO3)2 5.490± 0.225 1.348± 0.057 6.838± 0.287

BaCl2 5.481± 0.229 1.342± 0.060 6.823± 0.274

BaSO4 5.416± 0.217 1.303± 0.052 6.719± 0.289

BaO 5.379± 0.215 1.290± 0.053 6.668± 0.274

Ba(OH)2 5.378± 0.217 1.283± 0.055 6.662± 0.267

Ba(NO3)2 5.356± 0.214 1.278± 0.051 6.634± 0.271

BaCO3 5.310± 0.211 1.276± 0.054 6.586± 0.277

3.3. Determination of K to L shell vacancy
transfer probability and Auger electrons

emission ratio

Ratios of emission probabilities of Auger elec-
trons (u=p(KLX/p(KLL), ν=p(KXY )/p(KLL))
were determined using following equations de-
scribed in detail by Schönfeld and Janßen [23], i.e.,

x =
IKβ
IKα

=
σKβ
σKα

, (9)

υ =
p (KXY )

p (KLL)
= x2, (10)

u =
p (KLX)

p (KLL)
= 2x. (11)

In (9)–(11), X and Y define M,N,O, . . . shell elec-
trons. As seen in (10) and (11), the characteriza-
tion of Auger electrons is expressed by terminology
with three letters. Each letter has a different mean-
ing. The initial vacancy is defined by the first letter.
The second letter represents the shell from which an
electron fills initial vacancy. The third letter repre-
sents the ejected Auger electron shell. For exam-
ple, the KLM Auger electron is an electron ejected
from theM shell when a K shell vacancy is filled by
an L electron [2]. The vacancy transfer coefficient
ηKL describes the mean number of vacancies pro-
duced in the L shell by one vacancy in the K shell.
If all radiative and nonradiative processes and the
production of two vacancies in the L shell by the
ejection of the KLL Auger electrons are taken into
account, the quantity ηKL is given by

ηKL =
2− ωK
1 + x

. (12)

4. Results and discussion

Fluorescence cross-sections (σKα , σKβ , σtot),
Kβ/Kα X-ray intensity ratios, vacancy transfer
probabilities from K to L shell (ηKL), and ra-
tios of emission probabilities of Auger electrons

(u = p(KLX/p(KLL), ν = p(KXY )/p(KLL)) for
pure Ba and BaF2, Ba(ClO3)2, BaCl2, BaSO4,
BaO, Ba(OH)2, Ba(NO3)2, BaCO3 compounds
were studied using Ki X-rays line intensities (where
i = α, β). The overall error in the present measure-
ment is estimated to be ≈ 5%. This uncertainty
was attributed to the uncertainty of the photon
intensities (≤ 3%), detector efficiency (≤ 3%),
mass per unit area of samples (≤ 1%) and the
self-absorption correction factor (≤ 1%) in the
measurements.

The uncertainties of cross-section were deter-
mined according to the expression [2, 24]

Uncert. =

(
∆β

β

)2

+ (exp. results)

×

√(
∆N

N

)2

+

(
∆I0Gε

I0Gε

)2

+

(
∆t

t

)2

, (13)

where ∆N represents the uncertainty of counts rate
under the photo peak, N is the number of counts
rate under the photo peak, I0Gε represents the de-
tector efficiency, ∆I0Gε is the uncertainty in I0Gε,
t is the mass thickness of the sample, ∆t repre-
sents the uncertainty of mass thickness, β is the
self-absorption correction factor and ∆β represents
the uncertainty of the self-absorption correction fac-
tor.

The experimental Kα, Kβ X-ray fluorescence
cross-sections and the total K-shell X-ray fluo-
rescence cross-section were determined using (6).
The experimental K shell X-ray fluorescence cross-
section values are given in Table II with calcu-
lated fluorescence cross-section from (3). Differ-
ences between experimental results obtained from
the barium compounds and pure Ba for σKα ,
σKβ and σKtot X-ray fluorescence cross-sections
are ≤ 4–8%, 12–21%, 6–10%, respectively. Also, it
was found the differences between the experimen-
tal results and the calculated theoretical values for
the same parameters are 3–7%, 9–18% and 9–11%,
respectively.
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TABLE III

Experimental and theoretical X-ray intensity ratio, X-ray fluorescence yield and K to L shell vacancy transfer
probabilities (ηKL) values.

Samples
Kβ/Kα ωK ηKL

Exper. Other Exper. Other Exper. Other
Ba 0.222± 0.013 0.227 [21] 0.892± 0.053 0.902 [20] 0.907± 0.054 0.890 [25]

0.236 [25] 0.899 [26] 0.887 [29]

0.227 [26] 0.89214 [28] 0.905 [30]

0.235 [27] 0.882 [31]

BaF2 0.248± 0.014 0.985± 0.059 0.813± 0.049

Ba(ClO3)2 0.246± 0.015 0.973± 0.058 0.824± 0.049

BaCl2 0.245± 0.014 0.971± 0.058 0.826± 0.049

BaSO4 0.241± 0.014 0.956± 0.057 0.841± 0.050

BaO 0.240± 0.014 0.949± 0.057 0.848± 0.051

Ba(OH)2 0.239± 0.014 0.948± 0.057 0.849± 0.051

Ba(NO3)2 0.239± 0.014 0.944± 0.057 0.852± 0.051

BaCO3 0.240± 0.014 0.938± 0.056 0.857± 0.051

The experimental K X-ray intensity ratios,
IKβ/IKα , were compared with the theoretical val-
ues (Scofield, 1974) and other experimental val-
ues [25–27], see Table III. It can be seen that the
differences between experimental values for the Ba
compounds relative to pure Ba are in the range of
8–12%. Also, it is determined that the experimen-
tal K X-ray intensity ratios agree with the theo-
retical prediction from Scofield (1974) within range
of 6–9% and the differences between the present
and other experimental values of the intensity ra-
tios (IKβ/IKα) are within range ∼ 2–9%.

The experimental K shell fluorescence yields
(ωK) and the experimental K X-ray fluorescence
cross-sections were determined using (6). The ex-
perimental values of the K shell fluorescence yields
were compared to other experimental [26] and the-
oretical [20, 28] values in Table III.

Empirical K shell fluorescence yields (ωK) from
the available experimental data for elements with
6 ≤ Z ≤ 99 were calculated by Kahoul et al. [28].
A comparison is made between the results of the
procedures and the literature theoretical and em-
pirical values. It is seen that the calculated values
for Ba agree with our experimental values for pure
Ba. Also, the differences between our experimen-
tal values for pure Ba and other experimental [26]
and theoretical values were determined to be 0.78–
1.12%. Changes of experimental values with respect
to pure Ba are in the range 5–11%.

The values of the K to L shell vacancy transfer
probabilities (ηKL) are given in Table III with other
experimental and theoretical values [25, 29–31]. The
differences between the experimental values relative
to the pure Ba of the K to L shell vacancy transfer
probabilities (ηKL) are ∼ 6–11%. The agreement
between the present results and other experimental

and theoretical values of the K to L shell vacancy
transfer probabilities are found to be 4–8%, 4–8%,
6–11%, 3–9%.

Finally, the Auger electrons emission ratios (u, ν)
were obtained by (10) for KLX/KLL and (11) for
KXY/KLL using experimental intensity ratios for
elements and compounds. In Table IV the Auger
electrons emission ratios are given with theoretical
calculation and other experimental and theoretical
results. The agreement between the experimental
values of the u = KLX/KLL Auger electrons emis-
sion ratios are within ∼ 7–12%. We also note that
the experimental ν = KXY/KLL Auger electrons
emission ratios agree with the theoretical predic-
tions in the range 16–25% range.

As can be seen from the experimental values, K
X-ray parameters are affected by the chemical struc-
ture of the sample. It is observed that the chemical
effect on theKβ and (IKβ/IKα) intensity ratios and
KXY/KLL (ν) Auger electrons emission ratios is
remarkable. The reason for this is that the transi-
tions occur in the valance shell or the shells near
to the valance shell.†1 It is a well-known fact that
the orbital energy levels of L, M , N and O shells
get closer to each other as the quantum number n
increases, and outer energy levels become sensitive
to the chemical environment. Thus, according to the
crystal field theory, the outer energy levels are more
strongly affected by ligands.

When an atom takes part in a chemical bond-
ing, the valance atomic orbitals participate in the
formation of molecular orbitals of the compounds.

†1The origin of Kβ X-ray is electron transitions from the
M and N shells to K shell.
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TABLE IVAuger electrons emission ratios for Ba compounds.

Samples
u = p(KLX)/p(KLL) v = p(KXY )/p(KLL)

Exper. Other Exper. Other
Ba 0.444± 0.026 0.477 [23] 0.049± 0.003 0.057 [23]

0.472 [25] 0.472 [25]

BaF2 0.495± 0.030 0.061± 0.004

Ba(ClO3)2 0.491± 0.029 0.060± 0.004

BaCl2 0.490± 0.028 0.060± 0.004

BaSO4 0.481± 0.029 0.058± 0.004

BaO 0.479± 0.029 0.057± 0.004

Ba(OH)2 0.477± 0.029 0.057± 0.004

Ba(NO3)2 0.477± 0.029 0.057± 0.004

BaCO3 0.480± 0.029 0.058± 0.004

The structures of these molecular orbitals are deter-
mined by the nature of the component atoms in the
bond. When creating molecular structures, valance
electrons are either transferred from an atom or
shared as electron pair between compound atoms.
This process depends on the electron affinity and
electronegativity of the atom. The atom having the
largest electronegativity more strongly attracts the
electrons of its component atoms. Therefore, the
atoms in a compound change the order of the elec-
trons. According to our results, F and Cl are halogen
and possess a higher value of electron affinity and
electronegativity with respect to the other atoms
in the compounds investigated in this study. Thus,
F and Cl strongly influence outer shell electrons (or
valance electrons) of the component atoms in their
compounds.

The chemical bonding type (ionic, metallic, and
covalent) and the bond length affect the K shell flu-
orescence parameters. According to the molecular
orbital theory, molecular orbitals get closer to the
nucleus as the interatomic distance increases. The
approach towards the nucleus leads to higher elec-
tron bond energies. The valance state of the atom
has a profound effect on lineshapes and related pa-
rameters of spectra, such as the Auger event and
relative intensity. Valence electrons that participate
in the formation of chemical bonds are removed
from the atom, and this effect causes a change in
the electronic screening and a change in outer shell
binding energies. These variations affect the life
time of the state, and therefore the intensity and
lineshapes of the characteristic X-ray are modified.
The change of the intensity and the shape of the
peak strongly affect the radiative and non-radiative
transitions probabilities. For this reason, the ra-
tios of emission probabilities of Auger electrons
(u = p(KLX/p(KLL), ν = p(KXY )/p(KLL))
are affected by the chemical environment of the
emitting atoms and a more remarkable change
was observed in the Auger parameters compared
to others.

5. Conclusions

Some K X-ray parameters for Ba compounds
were studied using the Ki(i = α, β) X-rays line in-
tensities. The experimental results were compared
with other theoretical and experimental values of
Ba element. According to the results, when the mea-
sured value for the compounds and those for pure
Ba are compared, the percentage changes in ex-
perimental values were determined. In particular,
it was observed that the chemical effect was more
dominant in the X-ray parameters measured for Kβ

X-rays. These changes shows that the X-ray param-
eters are affected by the chemical structure. Factors
such as the type of bond, the bond lengths, the state
of the valence electrons, the oxidation number play
a role in the formation of the chemical effect.

For the experimental K-shell X-ray fluorescence
cross-sections, it was observed in the studied Ba
compounds that the chemical effect was higher in
F and Cl compounds, and the F and Cl com-
pounds were more affected by the chemical struc-
ture. As a reason for this result, it can be said
that F and Cl have high affinity and electronega-
tivity values. During bond formation, these values
affect the valance electron population and the elec-
tron arrangement of atom, and this rearrangement
in the atomic structure influences the characteris-
tic X-rays emitting from the atomic levels. Thus,
it is seen that affinity and electronegativity values
are one of the most important parameter for the
chemical effect.
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