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Abstract

The fluorescence parameters of the K-shell such as X-ray intensity ratios (Ki/K;,) the production cross-sections (ok;,) the
fluorescence yields (wk) of the superconducting solder alloys Snin (20:80,35:65;45:55,65:30,75:25) wt%+Bi(6)wt% were
investigated by using Ultra-Low Ge detector. The samples were irradiated by 59.5 keV y-rays from an 2**!Am annular
radioactive source. The obtained results were compared to theoretical values. The observed data showed that alloying
effect and charge transfer between the elemental composition induce the deviations with the theoretical values.
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Kursunsuz Siiperiletken Alasimlarin K Kabugu Floresans Parametrelerinin
Degerlendirilmesi

Oz

Siiperiletken lehim alagimlar1 Snln (20:80, 35:65; 45:55, 65:30, 75:25) agirlik%+Bi(%6 agirlik)'nin K-kabugu floresans
parametreleri, X-1s1m1 yogunluk oranlar1 (Ki/K), tiretim tesir kesitleri (oxi) ve floresans verimleri (wk), Ultra-Diisiik Ge
dedektorii kullanilarak incelenmistir. Numuneler, ?**Am halka seklinde radyoaktif bir kaynaktan gelen 59.5 keV y-1sinlari
ile uyarilmistir. Elde edilen sonuglar teorik degerlerle karsilagtirllmistir. G6zlenen veriler, alasim etkisinin ve element
bilesimi arasindaki yiik transferinin teorik degerlerden sapmalara neden oldugunu gostermistir.
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1. Introduction

Some lead-based alloys have been used for superconducting applications such as
superconducting power lines, high-field magnets for MRI machines, nuclear fusion reactors and
particle accelerators. However, the solder technology has been moved away to prefer lead free solders
due to harmful effect of lead on environmental and human health with the restriction of ROHS and
WHEE directives [Directive 2002/96/EC, Directive 2002/96/EC ]. The researchers have focused on
to discover novel lead-free solders. Tin based solders can be alternative to replace of lead solders
since Tin has high ductility, low melting point and adequate superconducting properties [Mousavi et
al., 2016]. Snin and SnInBi solders can be new candidate for superconducting technology, although
the critical current of the solders is lower than the lead-based solders.

Lead-based superconducting alloys are generally used in MRI magnets and large magnets.
However, the toxic nature of lead harms the environment and human health. Therefore, recently,
researchers have been trying to produce alternative lead-free solders as efficient as the lead included
solders such as PbBi, PbSn in terms of physical, electrical and magnetic properties. The current
studies (Aksoy et al.., 2023, Mousavi et al., 2016; Mousavi et al, 2016; Aksoy vd., 2016; Mousavi
vd., 2016; Brittles et al., 2016) claimed that SninBi alloys in different composition may be used to
replacement for soldering in the superconducting and aerospace applications.

X-ray fluorescence (XRF) spectroscopy is one of the most effective spectroscopic technique in
the field used to determine the physical and chemical structures of atoms and molecules. This method
is suitable for fast and multi-element analysis without causing damage. In addition, it enables
simultaneous measurement of elements with high detection sensitivity in a liquid or solid, even in
very small quantities (Cengiz, 2011). The XRF gives accurate results with the parameters which have
been used in atomic, molecular and radiation physics, material science, environmental science,
agriculture, forensic science, dosimetric computations for health physics, cancer therapy, elemental
analysis. The chemical environment of the alloys are also important for many disciplines. The
concentration variety in the alloys induce to change the sample properties including fluorescence
parameters which can be explained by the chemical effect such as charge transfer

In this study, XRF parameters of five different alloys consisting of a mixture of Sn, In and Bi
in different proportions have been studied. As a result of X-ray excitation of the chemical properties
of these elements in the alloy, the changes in cross section, fluorescence efficiency and intensity ratios

were investigated.
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2. Experimental Procedure

In this study, samples were excited by using a 50 mCi 2*!Am radioactive ring source emitting a
59.5 keV energy photon and the fluorescence cross section, fluorescence yields and X-ray intensity
ratios of Sn, In and Bi mixed alloys were calculated. The pure Sn, In, Bi elements were weighted,
cleaned in the ultrasonic cleaner, melted in the crucible, waited for 30 minutes up to 350 °C and casted
in the 13 mm radius disc shape mould. The composition was chosen as SnssinesBis, SnasInssBis,
SnesInsoBis, SnzolnsoBis, Sn7slnzsBis.

The prepared samples for the measurement were measured with the Ultra-LEGe semiconductor
detector. They were excited by photons with an energy of 59.5 keV emitted from a 50 mCi ?*:Am
ring source. The schematic geometry set up of the detector is seen in Figure 1. The angles of the
incident photons and the emitted X-rays with respect to the surface of samples, 01 and 62, were equal
to 45° and 90°, respectively. The actual counting time for K X-ray counts were 10000 seconds. The

obtained spectra were analysed using the Nucleus program (Genie 2000).
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Figure 1: Geometry of Experimental set up of the Ultra-Low Germanium Detector.
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Figure 2. The factor l.Ge as a function of energy.

loGe yield curve were created for the experiment to calibrate the system as shown in Figure 2.
In the efficiency for energies less than the Ge K absorption shore energy was calculated with the
Equation (1).

Y =A+ By.X + B,.X? + B3. X3 1)

And the efficiency for energies greater than the Ge K absorption shore energy was calculated with
the Equation (2).

Y=A+ B;.X+ B,.X? 2)

Where the A, B,, B, and Bsare constant.

The characteristic X-rays generated by the excitation of the samples are absorbed by the atoms
in the sample as they pass through the sample. Therefore, the X-ray intensity measured by the detector
will differ from that emitted. In the studies based on intensity measurements, this difference
disappears by dividing the measured X-ray intensity by the absorption correction factor. There is a

relation between the emitted and measured X-ray intensity as following in Equation (3).



The Black Sea Journal of Sciences 14(4), 1917-1928, 2024 1921

Nieasure = NemitB (3)

Where f is the absorption factor and depends on the energy, sample atoms, incidence and exit angles
of X-rays and sample thickness. Therefore, to find the characteristic X-rays emitted from the sample,
the measured X-ray intensity B must be divided by the absorption factor. For this reason, f is called

the absorption correction factor. It is given as in Equation (4):

/ 1p)
1—exp| — (n p)(y) +(M p)(.) oD
B = Cos0, Cos0, (4)
® (M/p)(y) N (H/p)(i) oD
Cos6, Cos0,

In this Eq. 4, (Wp) (v) and (wp) (i) are the total mass reduction coefficients of the sample for the
radiation from the source and the characteristic X-rays emitted, respectively. 61 and 02 are the mean
angles of the radiation from the source and the characteristic X-rays emitted with the normal to the
sample surface, respectively. According to the experimental geometry used in our study, the angle of
incidence of 01 45° was kept constant, and the angle of X-rays coming out of the sample with the
sample surface was 90°. If the amount of substance per unit area is po (g/cm?), it is found by dividing

the weighted sample amount by the sample area. As shown in Equation (5):
u/p = w;(u/p). )

In there, wi is weight percent of the element i, and (u/p)i is the mass reduction coefficient of

the i element at E energy.
The WinXCOM program was developed by Berger and Hubbel (Berger et al., 1998). It is used
to calculate the total mass reduction coefficients at the respective energies of the elements.

2.1. The Fluorescence Parameters

The characteristic X-ray intensity is given as follows in Equation (6).

l=— 6)
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Where, N, the area of corresponding X-ray peak, ¢ is detector efficiency of the characteristic X-ray
and f self-absorption correction factor for the target material, which accounts for the absorption in
the target of the incident photons and the emitted characteristic X-rays.

The experimental K-shell X-ray intensity ratios Ii/lkj were evaluated using the Equation (7).

Ixj _ Nkj exi PBki
L= e ()
Igi Nki ¢€kj PBkj
where Nki/Nk;j (i,j=a, B) represents the ratio of the counting rates under the Ki and Kj peaks, Skj/fki is
the ratio of self-absorption correction factors of the target that accounts for the absorption of incident
photons and emitted K X-ray photons, and loGeKij/loGeKi is the ratio of the detector efficiency values
for Ki and Kj X-rays which is calculated from the fitted peak of the studied energy.

The following equations (8-10) are used to evaluate the fluorescence yield and fluorescence

cross section data of the K shell,

oki= oK. Ok. i (i= a, B) 8)
Ngi i

ki = Iocgkli(/;Kiti (= a, B) ©)
_ Nki _ X0k .

= IoGegiogPBriti  ox® (i= o, B) (10)

GKP, where ok is the K-shell photo ionization cross-section of the given element for the

excitation energy E (Scofield, 1973), wk is the K-shell fluorescence yield (Krause, 1979), and fxi is
the emission rate of the fractional X-ray for Ki X-rays (Scofield, 1974), ti (g.cm™) is the sample
thickness.

3. Results

Fgure 3. shows Ka and Kf3 shell peaks for the pure Sn and In in the examined SninBi alloys.
The plot shows the X-ray intensity (counts) as a function of the channel number, which is proportional
to the energy of the emitted X-rays. Distinct peaks corresponding to the Ko and Kf transitions for
both Sn and In are clearly visible, allowing for their identification and quantification within the alloy
samples. This data likely serves as a reference for comparing and analyzing the X-ray spectra obtained

from the actual SninBi alloys to determine their fluorescence parameters.
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Figure 3. The K shell X-ray spectra of pure Sn and In elements

3.1. Fluorescence Cross-Section

K X-ray intensity ratios, fluorescence cross sections and fluorescence efficiency values for pure

Sn, In and examined solders including Sn and In were experimentally measured by using an 2**!Am

radioactive ring source that emits 59.5 keV photons.
K shell fluorescence cross sections for pure Sn, In and alloys are given in Table 1 in comparison

with their theoretical values.
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Figure 4: The plots show the comparison the of on the theoretical and experimental values of Sn and In the
K-shell fluorescence cross- section a) ok, b) okgOf the studied samples.

Table 1. The experimental and calculated K, cross section values of the Sn and In in the studied alloys

Sn ok, Sn ok, In ok, In ok,
Samples Exp (cm?g) Theo.(cm?/g) Exp. (cm?/g) Theo. (cm?/g)
SnyolngyBig  3.2951+0.165 3.890 3.2014+0.160 3.708
SnzsIngsBig  3.332+0.167 3.890 3.22840.161 3.708
SnysInssBig  3.386+0.169 3.890 3.22940.161 3.708
SngsInzgBig  3.42410.171 3.890 3.25740.162 3.708
Sn;sInysBig 3.468+0.173 3.890 3.27140.164 3.708

Table 2. The experimental and calculated Kz cross section values of the Sn and In elements in the studied
alloys

Sn akp Sn okg Inogg Inogg
Samples Exp (cm¥g) Theo.(cm?/g)  Exp (gr/cm?) Theo.(cm?g)
SnyoInggBig 0.628+0.030 0.802 0.648+0.032 0.754
SnasIngsBig 0.652+0.032 - 0.650+0.032 -
SnysIngsBig  0.685+0.034 - 0.668+0.033 -
SngsInggBig 0.71410.035 - 0.69510.034 -

Sn,sInysBig  0.72840.036 - 0.732+0.036 -
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3.2. The Fluorescence Intensity Ratio

Table 3. The K shell intensity ratios Kz/K, of Snand In elements in the SninBi alloys

Sn Sn In In
IKg/1K, IKg/1K, IKg/1K, IKg/1K,
Samples Exp Theo. Exp Theo.

1.Sn,0IngoBis 0.1906+0.009 02061  0.2025+0.010  0.2027

2.Sn35IngsBig 0.1956+0.009 - 0.2013+0.010 -
3.SnysInssBig  0.2024+0.010 - 0.2068+0.010 -
4.SngsIngoBig 0.20841+0.010 - 0.2133+0.011 -
5.8n,5In,5;Bi, 0.2098+0.010 - 0.2247+0.012
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Figure 5. The comparison plot of the intensity ratio in terms of Sn and In elements in the SninBi alloy samles.
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Table 4. The K shell fluorescence efficiency of Sn and In alloys of the current study

1926

Sn Sn In In

wg wg* wg wg™*
Samples

Exp. Theo. Exp. Theo.
SnyoInggBig 0.71940.036  0.860 | 0.7344+0.037  0.851
SnzsIngsBig  0.730+0.037 - 0.7404+0.037 -
SnysInsgBig  0.746+0.037 - 0.743+0.037 -
SngsInggBig 0.758+0.038 - 0.754+0.038 -
Sn,sInysBig  0.769+0.038 - 0.744+0.037 -

4. Discussion

In the current study, the alloying effect of Sn and In elements in Sn,In, Bi, alloys on K shell
fluorescence cross section and fluorescence yields, K /K, X-ray intensity ratios were investigated.
The experimental results obtained are given both tables and the plots with comparison with the
theoretical values.

The obtained and theoretical data shows the difference for K shell X-ray fluorescence
parameters. The main differences come from considered one is the transfer of valence electrons from
one element in atoms to the other elements, and the second is the rearrangement of valence electrons
with individual metal atoms (Ayliket, 2010).

It is known that X-ray emission spectra are affected by the chemical combination and physical
properties of X-ray emitting atoms. Changes of X-ray fluorescence parameters for elements in
chemical compounds or alloys are explained not only a result of changes in valence electronic
configurations or the charge transfer effect, but also by changing in non-radiation transitions such as
Auger, Coster-Kronig, or super Coster-Kronig, as radiative transitions are governed by non-radiation
transitions. (Aylikci et al., 2010, Cengiz, et al. 2017, Gldiumen,2017).

K-shell fluorescence parameters depend on the concentrations of the alloying elements. (Cengiz
et al.,2014; Alim et al., 2018, Aylik¢1 et al.,2010). The K shell cross sections of the studied samples
were given in Table 1 and Table 2 that showed the differences of the theoretical and the experimental
data of Sn and In element in the SninBi alloys. According to the pure Sn element, in the Ko cross-
sections decreasing were observed as 14.3% in the SnssingsBig, 12.9% inthe SnygingsBig, 11.9%
inthe SnggingoBig, 15.3% in the Sn,oIngyBig and 10.8 % in the Sn,sIn,sBig, respectively. It can
be said that the increasing Sn content in the SninBi alloys caused an enhancing in the Ka cross

sections of both Sn and In as seen in the Table 1.
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In the Table 2, The Kj cross sections were given. According to the data, with the increasing Sn
content in the SninBi alloy, In terms of Sn element, the decrease was observed in the Kg cross sections
as 18.7% in the SnssIngsBig a, 14.6% in the SnysingsBig, 11.1% in the SnggingoBig, 21.7% in
the Sn,oIngyBig alloy and 29% in the Sn,sIn,sBig alloy.

As similar comparison with the K, for In element in the SninBi alloy, it was observed that
increasing Sn content induce enhancement by increasing Kp cross sections for In and Sn. The ratios
of K cross section 13.8% in SnzsIngsBig, 11,4 % in SnygIngsBig, 7.8 % SngsInzoBig, 14,1% in
SnyolnggBig, %16,2 in Sn,cIn,sBig. This situation can be explained by the population change in
the valence state electrons by the rearrangement of the single atom with atoms between the valence
energy levels. Besides, the plots in the Figure 4a and 4b show the comparison on the theoretical and
experimental values of Sn and In the K-shell fluorescence cross- section of the studied samples that
explains the phase changing cause the difference between the theoretical and experimental values.

In the current study, the intensity ratios were given in Table 3 and seen that there was not much
difference between the alloys. It remained within the experimental error rate as 0-1 %. In the Figure
5 the comparison plot of the experimental and theoretical values of intensity ratios for Sn and In
elements in the SninBi alloys.

In table 4 and Figure 6, the K shell fluorescence yield wy values of the studied alloys,
comparison with theoretical pure Sn and experimental Sn values of fluorescence yield for each
samples are as 15% in SnsclngsBig, 13.2% in SnycInssBig, 16.3% in Sn,oIngyBig, 11.8% in
SngsIngoBig, 12,5% in Sn,cIn,sBig alloy samples.

The overall error in this study was estimated to be 6%. This error is the result of adding together
the uncertainties in the different parameters used to evaluate sub-shell fluorescence yield and cross
sections, namely target thickness (1%), peak area evaluation (1.5%), loGe product (2%), and the

absorption correction factor (1.5%).

5. Conclusion

In this study, the fluorescence parameters of SnInBi alloys in different compositions were
investigated. The obtained results were compared to the theoretical values. The results are in
agreement with the theoretical values, and they showed that increasing Sn content in the SninBi alloy
enhances the fluorescence parameters. These findings may be useful for determining alloy
compositions for various applications with solder systems. Specifically, the increase in fluorescence
cross-sections, yields, and intensity ratios observed with increasing Sn content may affect the X-ray
emission properties of the alloy and, consequently, its behaviour in applications. This data can provide

important information for X-ray analysis of the alloy in soldering processes, for example, or for X-
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ray characterization of the alloy in superconducting applications. In future work, the effect of varying
Sn content in SnInBi alloys on fluorescence parameters could be investigated in more detail, and this
data could be used to design new alloy compositions with better performance and suitability for

various applications.
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