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Abstract

In this study, Mga X-ray production cross-sections and average M-shell
fluorescence yields were determined by using EDXRF at 5.96 keV for Pt, Au and Tl
compounds. The photo-peak areas were used for the measurement of M X-ray production
cross-sections and also other parameters. The obtained values were compared with the
theoretical values in the literature to explain the changes in parameters. It was obtained
that the changes were resulted from the electronegativity differences between Pt, Br and
O in Pt compounds and Au, Br and O in Au compounds. As for Tl compounds, it was
obtained different results and attributed to both of the charge transfer from one element

to another and polarizability mechanisms of Tl
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Oksijen ve Bromlu Pt, Au and TI Bilesiklerinin M Kabugu Floresans

Parametreleri

Oz

Bu ¢alismada, Mpa X-151n1 iiretim tesir kesitleri ve ortalama M kabugu fliioresans
verimleri 5.96 keV enerjide, EDXRF yontemi kullanilarak Pt, Au ve TI bilesikleri i¢in
belirlenmigtir. Foto-piklerin altinda kalan alanlar M X-1s1n1 iiretim tesir kesitlerinin ve
ayn1 zamanda diger parametrelerin Sl¢lilmesinde kullanilmistir. Elde edilen degerler,
parametrelerdeki degisimi agiklamak icin literatiirdeki teorik degerlerle kiyaslanmistir.
Degisimlerin Pt bilesiklerinde Pt, Br ve O arasindaki, Au bilesiklerinde ise Au, Br ve O
elementleri arasindaki elektronegativite farkindan kaynaklandigi belirtilmistir. TI

bilesiklerinde ise degisimler hem bir elementten digerine yiik transferi hem de TI

elementinin polarize olabilmesi mekanizmalarina atfedilmistir.

Anahtar Kelimeler: Mga X-15111 liretim tesir kesiti, Ortalama M kabugu fliioresans

verimi, EDXRF
1. Introduction

The fundamental X-ray fluorescence parameters are sensitive tools for the
investigations of complex shell structures of any atom. Even small changes in electronic
structures of any atom affect the measured parameters. Also, these measured or calculated
parameters constitute an essential data for developing more sensitive devices related with
spectroscopic measurements. An X-ray transition exposes when a hole is created at the
innermost shell of any atom. The created hole will be filled by an outermost shell electron

resulting in X-ray transition [1].

The compounds that are studied in the concept of this paper have many applications
in different areas. For example, Pt and its oxidized compound is an essential material as
an electrode owing to the high capability of oxygen reduction reaction in fuel cells.
Especially, PtO, form can be originate on the surface of Pt in oxygen rich conditions or
can be originate in the case of potential-applied interfaces. The case of second one is used
for proton-exchange membrane fuel cell applications and fuel cells are important

materials for the production of clean energy [2]. In the literature, it was emphasized that
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Pt-based cancer drugs such as PtBr; had a productive radio and photosensitizer property
for clinical therapy. And the effective cancer drug could be produced if it was contained
both Pt and Br element [3]. It is known that Au element has the highest electro-
conductivity and is the most resistant element to oxidization in oxygen rich chemical
environment. Au element can be oxidized under several conditions such as 1000 atm
pressure or highly reactive chemical environments and the oxidized form of Au is usually
utilized as a catalyst [4]. Au complexes such as AuBr; are an effective material to increase
the work function of graphene [5]. Also, it is known that Tl element is used for semi-
conductor detectors, but its oxidized forms can be used in different application of any
material such as high temperature super conductors or producing of glasses which have
high refractive index. The different application area of these chemical compounds is
promoted us to investigate the M-shell X-ray fluorescence parameters at 5.96 keV not
only for elements but also the chemical compounds. The energy dispersive X-ray
fluorescence method is an easy, practical and non-destructive analyzing method to

investigate the shell structure of compounds by using the changes in X-ray transitions.

It is generally known that each atom has a set of separate energy levels. Considering
the composition of N free atoms, the distribution of the quantum states of this system is
the same as the repeating of one atom N times. The wave functions of the outer electrons
of neighboring atoms begin to overlap. These outer electrons of one atom begin to feel
the potential of the nucleus which is belong to the neighboring atom. When a vacancy is
created in an inner shell, the created vacancy will be filled by radiative or radiationless
transitions. For instance, the transitions from the outer shells or valence shells will be
more affected transitions for any chemical compounds since the change in the electron
density of any states leads to the alteration of binding energy of outer shell electrons and
so the radiative and radiationless transition rates. In this case, the increment in the
screening effect of valence electrons (or transferring of valence electrons from one
element to another) decrease the binding energy of outer shell electrons because of the
fell less nuclear charge compared to the pure state. It is known that the total probability
of X-ray transitions (include radiative and radiationless transitions) are equal to 1 and one

quantity will show increment tendency where the other is decreased.

276



It is known that M X-ray fluorescence parameters are essential for many
applications apart from the atomic physics studies including the surface chemical
analysis, dosimetric computations for health physics, cancer therapy and industrial
irradiation processing [6]. In the literature, M shell fluorescence parameters were
investigated by using different methods or different calculation procedures at different
photon energies. The experimental determination on fluorescence parameters by using
Mn K X-ray photon energy, total M X-ray cross-sections for Yb, Lu, Ta, W, Re, Au, Hg,
Tl, Pb, Br, Th and U elements were determined at 5.96 keV [7]. Also, by using >Fe
radioactive source, X-ray production cross-sections and average M shell fluorescence
yields were measured for Lu, Hf, Ta, Ir, Pt, Au, Pb, Bi, Th and U [8]. Average M shell
fluorescence yields were determined for Pt, Au and Pb elements at different photon
energies changing in the range 5.47<E<9.36 keV and from the fluorescence yield
measurements, total M shell photoionization cross-section values were deduced [9]. The
probability of the group of M X-ray production was investigated by using different photon
energies for elements 67<Z<92. The obtained parameters were used for the testing the
tabulated theoretical models by using independent particle model where the Coulomb
interactions were ignored between one electron with another in the same atom. It was
emphasized that the calculations for M shell Coster-Kronig transitions were achieved by
incorporating many particle model [10]. Using the synchrotron radiation source with
linearly polarized, M sub-shell X-ray emission cross-sections were measured for Pt, Au,
Hg, Pb, Th and U at 8 and 10 keV energies. The measured data were compared with the
obtained theoretical ones where Dirac-Hartree-Slater and Dirac-Fock approximations
were used [11]. Differential and total M shell X-ray production cross-sections of some
selected elements from Au element to U were determined at different angles by using
Si(Li) detector. The measured values were compared with the other values which were
semi-empirically fitted. It was emphasized that the differential M shell X-ray production
cross-sections were decreased by increasing emission angle and showed an anisotropic
spatial distribution [12]. Using ECPSSR theory, M shell X-ray production cross-sections
were determined both empirically and semi-empirically by proton energy between 0.1
and 4.0 MeV for elements from Hf to Th. In the study, the most reliable values were

achieved by globally fitting procedure and from the fitted equation new values were

obtained [13].
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It can be achieved more studies about the M shell calculations or measurements
using different irradiation source, different elements, different angles and different energy
ranges [14-23]. Due to the complexity structure of M shell, the parameters were
determined for pure elements and different energy ranges. But, there are not much more
studies about the M shell fluorescence parameter calculations according to the different
valence shell electronic distributions. Similar studies can be found such as chemical shift
in X-ray emission lines, electronic wave function and binding effect and multiple
ionization effects. From the wave-length dispersive X-ray fluorescence measurements,
positive and negative shifts in L X-ray emission lines were recorded for Ag, Cd and Sn
elements in different chemical compounds. And also, from the theoretical calculations of
effective charges, it was found that the calculated values were linear dependent with the
chemical shifts. The obtained chemical shifts values were correlated with the bond length
of compounds, relative line widths, effective charge, electronegativity, number of ligands
and Coster-Kronig transition process [24]. The discrepancies in the calculation of
parameters related with M subshell ionization of gold were attributed to the inadequate
description of electron binding effect at the lowest irradiation energies where the
molecular approach was important [25]. And finally, multiple ionization effects were
studied for M X-ray emission lines induced by Ar'>" ions. The obtained values of W were
compared with the calculated values of PWBA and ECPSSR theories and two extreme

assumptions were considered which called as single ionization and full ionization [26].

Energy dispersive X-ray fluorescence analysis is a non-destructive and practical
way and the measurements can be repeated many times to shrink the statistical errors.
Since the complexity structure of M shell, there is less study about the measurement of
M shell fluorescence parameters of high atomic number elements using energy dispersive
X-ray fluorescence. Also, these obtained data is important for understanding of atomic
shell structure of any atom. Namely, a large number of data allows to the improvement
new updated theoretical models and also the development of new spectroscopic devices.
In this study, average M shell fluorescence yields and M X-ray production cross-section
values were measured for Pt, Au and Tl elements in different oxidized and bromide
compounds. The obtained data in this study will shed light for the development of new

theoretical models to understand the complexity structure of M subshell and required for
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different application areas such as radiation shielding, radiation attenuation and

dosimetric calculations.
2. Materials and Methods

The thin films examined in this study were prepared by distributing powder samples
as homogeneous as possible to 1.44 cm® area on the Mylar film. The prepared thin films
were placed in the experimental geometry to be stimulated by radioactive source and to
count the characteristic X-rays that occurred. The geometry of experimental set-up and
the calibration process are the same as in our previous studies [1, 27-29] and the produced
thin films were irradiated with 5.96 keV energy X-rays released from a filtered >°Fe
radioactive annular source which has 50 mCi activity. For each prepared sample, the
measurement time is selected as 5000 seconds to obtain statistical sensitivity. The energy
of released X-rays was determined to be larger than M sub-shell absorption edge. The
emitted X-rays from the irradiated thin films were counted by an Ultra-LEGe detector
whose FWHM was 150 eV at 5.9 keV. The obtained M shell spectra were analyzed by
using Origin Company software program using least square fitting module. The photo-
peak areas were used to determine average M X-ray production cross-sections and so
average M shell fluorescence yields of elements in studied chemical compounds. The
plotted peaks for PtO,, AuBr; and TIO, compounds were shown as Fig. 1, 2 and 3

respectively.
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Figure 1. M X-ray peaks for PtO, compound
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Figure 2. M X-ray peaks for AuBr; compound
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Figure 3. M X-ray peaks for TIO, compound

The photo-peak areas were used for the calculation of M X-ray production cross-

section values as written below.

. M Ny
Om, = (D
N]OGEM XﬂM m

aff aff

Total photo-peak area is denoted as N, . (see in Figs. 1-3), the product of the
aff

intensity of radiation impinging on sample and the geometry factor is symbolized as /,G

and finally the detector efficiency, self-absorption correction factor, the mass thickness
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of the specimens are demonstrated as ¢, ., B, « and m respectively. M denotes the
af aff

molecular weight and N is the Avogadro constant. The detailed information about the
detector geometry and the detector efficiency were explained as in our previous study [1].
The self-absorption correction factor was determined by using the total mass absorption
coefficients of studied compounds and the angles of incident and emitted radiation. The

relation for the determination of self-absorption correction factor is written as below;

1 —exp| — M Ky
cosé, cosb,
L_FL m
cos cosb,

The quantities H» and e are determined by using XCOM [30] which shows the

ﬂMX = (2)

total mass absorption for target material (or studied compounds) at the irradiated photon

0, 0

energy and at the studied emission energy [31] from the material. The angles ~' and 2
that cosine values are used in Eq. (2), shows the incident and emitted photon angles
respectively. These values are determined according to the normal of target surface. In
this study, the incident angle of the photons from the radioactive source is set as 45° and

so the emission angle for X-ray photons from the specimens will be 0.

It is known that the probability of the production X-rays for studied electronic shells
or sub-shells can be determined by measuring the X-ray production cross-section values.
In our detector system, all X-ray transitions from upper shells to M shell cannot be
resolved since it has low resolution value to separate M, and Mg X-rays. And so the

average M shell fluorescence yields can be determined by using the ratio of the total M

shell X-ray production cross-section, o, , to the M shell photoionization cross-section,

ol at5.96 keV [32].

Oy =—5 (3)
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3. Result and Discussion

The electronic distribution is [Xe]4f'*5d°6s' for Pt, [Xe]4f'*5d'%s' for Au and
finally, [Xe]4f'*5d"°6s’6p' for TI. M, and Mg X-ray lines are emitted from N sub- shells
by the absorption of photons in My and My levels and the valence states are located in N
shells for studied elements in different compounds. To investigate the valence shell
structure by using X-ray transitions, the empirical M shell X-ray production cross-section
and average M shell fluorescence yields are measured and demonstrated as Tables 1 and

2 respectively for Pt, Au and Tl compounds with calculated values in other studies.

Table 1. My X-ray production cross-sections of Pt, Au and Tl compounds

é OMap GMX

3 Ex Theoretical Exp. Fitted Exp. Exp. Fitted
) P [33] [34] [34] [9] (8] [35]
Pt 7.008+0.357 6.41 8.23+0.34 8.538  8.454+0.70 9.24+0.74  8.65

PtO, 8.811+0.449 -- - - - - -
PtBr, 8.461+0.432 -- -- - - - -
Au 7.731+£0.394 7.28 9.38¢0.49 9.211 9.226+0.70 10.12+0.81 9.51
AU203 9.856+0.503 - - - - - -
AuBr;  9.626+0.491 -- -- - - - -
Tl -- 8.67 -- - - - 11.38
TIO, 10.376+0.529 -- - - - - -
TLO;  10.588+0.540 -- -- - - - -
TINO;  10.108+0.516 -- - - - - _
TLCO; 10.277+0.524 -- -- - - - -

According to Table 1, it will be seen that Mg X-ray production cross-sections are
different from the elemental and other values in the literature [8, 9, 33—-35]. But it must
be noted that Mg X-ray production cross-section values in the literature are cited as Ref.
[33] and other values denote the total M shell production cross-section values where all
transitions from N shell to M shell are considered. The measured Mg X-ray production
cross-section values 37% and 32% higher for PtO,, PtBr, compounds, 35% and 32%
higher for Au,O3, AuBr; compounds, finally 19%, 22%, 16% and 18% higher for TIO,,
T1,03, TINOs3, TI,CO3 compounds respectively. Since the studies which referenced as [8,
9, 34, 35] considered all M shell X-ray transitions, the comparisons will be made by using
Ref. [33] where the calculations are performed by using only M, and Mg transitions. The
reason of these differences can be explained by using different notions such as bond

energy, electronegativity, screening effect or effective nuclear charge.

282



Table 2. Average M-shell fluorescence yields of Pt, Au and Tl compounds

Specimens D45
Experiment Fitted Theoretical Theoretical
[35] [36] [37]
Pt 0.0211+0.0011 0.0257 0.0252 0.0264
PtO, 0.0265+0.0014 -- -- --
PtBr, 0.0254+0.0013 -- -- --
Au 0.0229+0.0012 0.0278 0.0267 0.0276
AuyO5 0.0286+0.0015 -- -- --
AuBr; 0.0279+0.0014 -- -- --
Tl - 0.0323 0.0298 0.0303
T10, 0.0284+0.0014 -- -- --
T1,04 0.0290+0.0015 -- -- --
TINO; 0.0277+0.0014 -- -- --

T1L,CO4 0.0282+0.0014 -- -- -

The differences can be explained by using the electronegativity value of elements
and it can be reach to Pauling electronegativity values in Table 3 for elements included

in chemical compounds.

Table 3. Pauling electronegativity values of elements

Paulin
Element 7 Electronegagtivity
C 6 2.55
N 7 3.04
0] 8 3.44
Br 35 2.96
Pt 78 2.28
Au 79 2.54
Tl 81 1.62

From Table 3, it can be seen that oxygen atom is the most electronegative and it
will cause maximum changes in the chemical compounds. When the Pt and Au
compounds are examined, the maximum changes (37% and 35%) can be seen for oxidized
compounds of Pt and Au. The brominated compounds of Pt and Au show lesser increment
(32%) in the measured M, and Mg X-ray production cross-section values. The reason of
these differences is the effective nuclear charge felt by outer N shell. The most
electronegative atoms in the same chemical compound attract the outer shell electrons of
neighbouring atom. In this case two situations are possible. First is the transferring of
outermost electrons caused by the electronegativity differences between atoms in
chemical compound and second is the polarizability of high atomic number atoms. First

case increases the probability of X-ray production for atoms with lower electronegative
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value. Since transferring of outer shell electrons from lower electronegative atom to
higher increases the effective nuclear charge in lower electronegative element, the
electronic levels will shift toward to internal levels. The inner shell electrons are more
tightly bound than that of outer shells. The increment in the binding energy of electrons
increases the probability of X-ray transitions. In the second case, the element with the
highest electronegative value polarizes the high atomic number element even if the most
electronegative element has smaller size. The polarized states shift to the outermost levels
reducing the binding energy of electrons. The decreasing binding energy increases the
non-radiative transition probability and so the reductions should be observed in the
measured M, and Mg X-ray production cross-section values. But in this study, no

reduction is observed.

The similar tendency can be seen for Tl compounds in Table 1 but an important
point has been identified. First identified point is that, the measured parameters in Table
1 are not dependent on the oxidation state of Tl. Fig. 4 shows the M, and Mg X-ray
production cross-section values for produced chemical compounds in this study. In this
figure, the points in right side are belong to the Tl compounds and it can be seen that the
change ratio of parameters are not related with the decreasing oxidation state which are
+4, +3 +1 and +1 for TIO,, T1,0O3, TINO; and T1,COj; respectively. Second, the changes
are lower for oxidized compounds of Tl than that of Au and Pt. And third, the percentage
change ratios are the lowest for TINOs; and TL,CO; compounds even if two

electronegative elements than Tl are included.

Fig. 5 shows the average M shell fluorescence yield of Pt, Au and Tl compounds.
From the measurements, it is observed that the error bars are within the experimental error
limits and so nothing can be said about the changes of M shell fluorescence yield
measurements. The uncertainties in the measurements result from the non-uniform
thickness (<2%), counting statistics (<3%), [(Ge factor (<2%) and finally absorption
coefficients at incident and emitted photon energies (<3%). In this study the experimental

error limit is determined as less than 7%.

The changing inside experimental error limit is due to the closeness of M shell in

high atomic number elements. The innermost shells are attracted by nucleus and these
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shells feel the most effective nuclear charge. And so, these electronic levels cannot be

easily affected by the changes in electronic structure or number of valence electrons.
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Figure 4. The changes of Mg X-ray production cross-section values
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Figure 5. The average M shell fluorescence yield of compounds
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4. Conclusions

The measurements of M shell parameters in the concept of this study will shed light
on the complex structure of M sub-shell and X-ray transitions from upper shells to this
studied shell for different Au, Pt and Tl compounds even if the M, and Mg X-rays cannot
be resolved from each other. And more X-ray parameters must be determined for pure
elements, alloys or compounds for the theoretical investigations and for the designing of
new, more sensitive and technological devices for quantitative analysis, radiation
measurement and etc. More data will be helpful for the understanding of complex
structure of electronic shell and quantum mechanical motion of electrons which obeys

Heisenberg uncertainty principle.

The complexity structure of M sub-shell cause to fewer studies compared to the K
and L shells. Since the oxygen is the most electronegative element, the biggest percentage
changes are observed in Ma3 X-ray production cross-section values for PtO, and Au,0Os.
For the average M shell fluorescence yields, the values change inside experimental error
limit since these sub-shells cannot easily be affected by the different number of electrons.
Also, it is believed that these measurements will constitute fundamental data for the

theoretical estimations of atomic structure calculations.
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