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Effect of thulium boro-tellurite glass system on radiation shielding parameters
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This article reports the influence of thulium oxide on gamma shielding parameters of
(B203)g.2x (TEO,)05 (Bix03)3 (TmM,05), glass system. The mass attenuation coefficient has
been obtained by the WinXCom program, whereas the effective atomic number and the
electron density have been calculated from a comprehensive and consistent set of
formulas. Appreciable variations have been observed for all parameters by varying the
chemical composition of the glass and the gamma photon energy. The theoretical results
have shown that the addition of the rare-earth oxide, Tm,O; into the glass system as the
dopant attenuates more gamma irradiation and improves the radiation shielding properties
of the glass system. The interactions between the photons and the glass materials have
been explained by the Photoelectric Effect, Compton Scattering and Pair Production.
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1. Introduction

The rising use of high-energy ionizing radiations, particularly gamma rays in many
scientific and technological fields causes radioactive pollution which poses a number of radiation
hazards to humans and the environment, necessitating the development of radiation safety and
protection to limit the radiation to safe and acceptable levels and to minimize the radiation
exposure effects. Excessive radiation exposure can cause radiation sickness and also result in long-
term health effects such as cancer and cardiovascular disease. Therefore, safeguarding the human
population and the environment from the harmful effects of radiation is critical and as radiation
applications continue to be viable in many human activities, effective shielding against nuclear
radiation is always in need for a secure living and a healthy environment.

In the field of gamma radiation shielding, it is important to understand the radiation
interaction with matter, the absorption and attenuation of gamma energy in materials and to study
the parameters of the shielding effectiveness of materials such as the mass attenuation coefficient
(um), mean free path (mfp), half value layer (HVL), effective atomic number (Ze), electron
number (Ne) and exposure buildup factor (EBF) in order to develop appropriate shielding
materials. Although the type of material used depends on the application, good radiation protection
candidates are materials with excellent optical transparency and great radiation attenuation
properties such as optical glasses. A good shielding glass combine high shielding capability and
resistance against ionizing irradiation and ensures full protection for those who work in potentially
dangerous areas, such as nuclear power plants or hospital x-ray rooms.

For gamma shielding, the glasses must possess high density, large atomic number, high
absorption cross-section, and light elements in composition (e.g., B, Li) for an efficient elastic
scattering. In this regard, heavy metal oxides such as bismuth oxide (Bi,O3) (density = 8.9 g/cm’®)
based glass is highly desirable due to its large effective atomic number (Z¢), high density, and
non-toxicity making it an excellent substitute for lead. In shielding glass applications, the glasses'
compositions are the most important factor and the weight faction of the glass system determines
the attenuation effect. The greater the weight fraction of the high atomic number and density
elements in the compositions, the more photons are attenuated [1].
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Earlier works reported that adding bismuth as a chemical modifier to boro-tellurite (B,O3-
TeO,) glasses increases the glass density, improves the structural and optical properties and also
demonstrate good shielding properties [1-4]. Boro-tellurite glasses have been extensively studied
due to the unique physical properties of tellurites and their industrial importance in the production
of glasses with desirable structural and optical properties.

The properties of boro-tellurite glasses doped with noble metal or rare earth elements have
also been extensively studied due to their unique optical properties that make them appropriate for
important applications in optics, electronics and telecommunications [5-6]. Also several works
reported improved shielding performance for these glasses [7-9]. Among all rare earth ions,
thulium is particularly intriguing as it can have important spectroscopic characteristics such as a
fluorescence that is highly sensitive to the local environment of the Tm*" ions [10], a persistent
spectral hole burning that can be carried out at room temperature making it a viable option for
high-density optical data storage [11].

The aim of this work is to determine theoretically the shielding parameters such as the
mass attenuation coefficient (uy,), effective atomic number (Z), and electron density (Ng) of
Bismuth- Boro-Tellurite doped thulium oxide glass system [(B2O3)o2x (T€02)0s (Biy03)o3
(Tm,03)y ] using WinXCom program in the energy range of 1keV-100GeV. Early works reported
the mass attenuation coefficients for various glass systems obtained by WinXCOM demonstrated
excellent accuracy comparable to the experimental results [12-15]. The theoretical calculation of
the shielding parameters also applies to polymers [16], concretes [17], alloys [18] and compounds
[19-21]. The theoretical results by WinXcom [19-21] were found to be in agreement with the
experimental values.

In this study, boro-tellurite is selected as the base glass due to its specific and desirable
characteristics, such as high transparency and good gamma shielding properties when combined
with heavy metal oxides. The addition of bismuth oxide (Bi,O3) as the glass modifier is expected
to improve the shielding properties. As an innovative trial, the high density rare earth element,
thulium oxide (Tm,0Os) is added to the glass system as the dopant to replace lead.

2. Theoretical calculation for shielding parameter

Based on the mixture rule shown below, the theoretical values of the mass attenuation
coefficients of a mixture or compound are determined by WinXCom program [22].

Um = ZWi(.Um)i )

where w; is the weight fraction of element and (u,,); is the mass attenuation coefficient for
individual element. The total atomic cross-section (a4 ) can be determined from the value of the
mass attenuation coefficients obtained using the following relation [23].
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where N, is Avogadro’s number and A; is atomic weight of constituent element. The total
electronic cross-section (o ;) for the element is expressed by the following formula [23]:
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where f; is the number of atoms of element i relative to the total number of atoms of all elements
in the glass material and Z; is the atomic number of the ith element. The total atomic cross-section
and the total electronic cross-section are related to the effective atomic number (Z,;;) of the
compound by the following relation [23]:
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The electron density can be defined as the number of electrons per unit mass, and it can be
mathematically written as follows [24]:
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3. Results and Discussion

The theoretical values of the mass attenuation coefficient, ., the effective atomic number,
Z.+ and the electron density, Ng of (B203)oox (T€02)os (BinOz)es (Tm,0s), glass system are
obtained in the energy range of 1keV-100GeV for different dopant (Tm,O3) concentration. Table 1
shows the chemical composition for each glass sample with different concentration of Tm,0;. Fig.
1 shows the variation of the theoretical values of the pur, for each glass sample in the energy range
of 1keV-100GeV. The pun, values at photon energy of 662 keV are also obtained and recorded in
Table 2.

Table 1. Chemical composition of (B,03).2x (T€O2)o5 (Bi»O3)e3 (TM,03), glass system
for different dopant (Tm,QOj3) concentration (mole fraction).

100601 -

Glass Code Mole fraction of Tm,0; Chemical composition
(%) )
BiBTe 0 (B203)o2 (TeO;)os (BizOs)os

0.5TmBiBTe 0.005 (B203)0.195 (T€02)05 (Bi203)0.3 (TM203)0.005
1.0TmBiBTe 0.010 (B203)0.190 (T€02)05 (Bi203)0.3 (TM203)0.010
1.5TmBiBTe 0.015 (B203)0.185 (T€02)05 (Bi203)o.3 (TMy03)0.015
2.0TmBiBTe 0.020 (B203)0.180 (T€02)05 (Bi203)0.3 (TM203)0.020
2.5TmBiBTe 0.025 (B203)0.175 (T€02)05 (Bi203)o.3 (TM203)0.025
3.0TmBiBTe 0.030 (B203)0.170 (T€02)05 (Bi203)0.3 (TM203)0.030
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Fig. 1. Variation of the theoretical values of the mass attenuation coefficient, piy Of (B2O3)g.2x

(TeO,)o5 (Bin03)0.3 (TM,05), glass system with different Tm,0O3 concentration in the energy range of
1keV-100GeV.
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Table 2. The theoretical values of the mass attenuation coefficient, piy 0f (B203)o.2x (T€02)05 (BizO3)o3
(Tm,05), glass system with different Tm,O5 concentration at photon energy of 662 keV.

Glass code Mass attenuation
coefficient

(g/lcm?®)

BiBTe 0.08529
0.5TmBIiBTe 0.08536
1.0TmBIiBTe 0.08544
1.5TmBIiBTe 0.08551
2.0TmBiBTe 0.08558
2.5TmBiBTe 0.08566
3.0TmBiBTe 0.08573

From the graph, in general, the py, values increase as the dopant (Tm,03) concentration
increases. The glass sample 3.0TmBiBT (with composition 0.03 mol of Tm,0s) displays the
highest uy in the energy range of 1keV-100GeV. As can be seen clealy in Table 2, glass sample
0.170(B,05) 0.5(TeO,) 0.3(Bi,03) 0.030(Tm,03) gives the highest value of ., with 0.08573 g/cm®.
A previous work using WinXcom studied the mass attenuation coefficients (/p) of different
concentrations (0.1-2.0 mol%) of Tm**doped multicomponent borosilicate glasses with 10 mol%
Li,O or MgO within the 0.015-10 MeV energy range. The results revealed that the (u/p) values for
the glasses increase with the addition of Tm,0;. The 2.0 mol% Tm,0; doped glasses showed a
better ability to attenuate gamma-rays in comparison to other glass samples, so the addition of
Tm, O3 content leads to improvement of the shielding efficiency of the prepared glasses [25].

The decrement and increment of one py, line with the other pn, lines in the graph are
influenced by the photon energy, the glass density [26] and also the chemical composition of the
glass. Given in Table 3 are the density values of the materials used in the glass system.

Table 3. Density values of the materials used in the glass system.

Materials Density

(g/em’)
Tellurium (1V) dioxide, TeO, 5.8
Boron oxide, B,0; 2.46
Bismuth oxide, Bi,O4 8.9
Thulium (I11) oxide, Tm,04 8.6

For energy less than 1 MeV, the uy, values for all glasses decrease rapidly as the photon
energy increases. This is due to the Photoelectric Effect between the atoms in the glass and the
gamma ray photons. In this energy region, sharp discontinuities (zigzag curve) also known as
“absorption edge” can be observed from the graph. The absorption edge corresponds to the binding
energy of electrons from atoms’ bound shells. A photon having an energy just above the binding
energy of the electron has a tendency to be absorbed more than a photon with an energy slightly
below this edge. For photons below the edge, the interaction with electrons from the shell (K, L, M
and/or N) is energetically impossible and therefore the probability drops abruptly. At energy range
of 1 MeV to 7 Mev (1 MeV < E <7 MeV), the un, values of all glasses decrease slowly with the
increment of the energy and it becomes nearly zero when the energy is almost 7 MeV. When the
energy of the photon passes the maximum energy of the photoelectric interaction, the Compton
Scattering mechanism takes place. Part of the total photon energy will be transferred to the
electrons in the outer shells (recoil electrons) and the rest of the energy continues to scatter in
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different directions at low photon energy (scattered photons). The Compton Scattering mechanism
is conversely relative to the photon energy and it changes linearly with the atomic number, Z [27].
The atomic number, Z for boron, oxygen, tellurium, thulium and bismuth are 5, 8, 52, 69 and 83,
respectively. At high energy region (E > 7 MeV), the u, values for all glasses increase slowly until
the energy reaches 30 GeV (E = 30 GeV) and then become constant until the energy reaches 100
GeV (E =100 GeV. In this region, the Pair Production becomes the dominant mechanism between
photons and atoms inside the glass materials. Similar pattern of graphs are also shown for glass
system with different composition such as in [(TeO,)o7 (B203)oslix (Bi2Os)y glass system [2].
Although glasses with Bi,O; composition have higher density than BaO glasses, the graphs of their
mass attenuation coefficients against photon energy display similar patterns. This shows that the
variation of p, in the energy range of 1keV < E < 100GeV is not influenced by the atomic number,
Z but is mainly influenced by gamma energy [2]. This behavior was also observed in the previous
works by [28, 29, 30].

The values of Z are also plotted against energy for each glass system as shown in Fig. 2.
The graphs vary with gamma ray energies ranging from 1 keV to 100 GeV and the Z values
range between 16.73 and 39.42. As can be seen from the graph, the Z. values increase in the
energy region of E < 10 KeV and decrease as the energy rises to 1 MeV. The Z graph for all
glass systems changes drastically in this energy region (E < 1 MeV). The drastic changes (up and
down) are due to the absorption edges of Bi (K-, L- and M-edge), Te (K-, L- and M-edge) and Tm
(K-, L- and M-edge). However, the low absorption edge (K-, L- and M edge) displayed for BiBTe
glass, is due to only Bi and Te elements. It is well known that chemical effects are appreciable
only near the absorption edges [31]. As the energy increases to 18 MeV, the Z values show a
slow increment. The Compton Scattering mechanism is dominant and the interaction cross section
is directly proportional to the atomic number, Z [29]. The Z values then become constant for
energy above 100 MeV. This behavior is attributed to the dominance of Pair Production.

——BiBTe
——0.5TmBiBTe
——1.0TmBiBTe
——15TmBiBTe
——2.0TmBiBTe
2.5TmBiBTe
——3.0TmBiBTe

Effective atomic number

[y
w

10
1.00E-03 1.00E-02 1.00E-01 1.00E+00 1.00E+01 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Photon energy (MeV)

Fig. 2. Effective atomic number, Zg of (B,O3)g.2.x (T€O2)05 (Biz03)03 (TM,03), glass
system for different Tm,O3 concentration in the energy range of 1keV-100GeV.

Fig. 3. shows the variation of N against energy for each glass system. Since the graph
pattern is similar to that of the Z., a similar approach can be described. At the low energy range of
E < 0.01 MeV, both Z and N display the same graph pattern and both obtain maximum value
due to photoelectric absorption. Over the intermediate region (0.05 MeV < E < 5 MeV) where
Compton Scattering prevails, the two parameters decrease with energy and then become constant
in the high energy region and around 100 MeV. This is attributed to the dominance of Pair
Production. Similar pattern graphs of Z. and N, for photon energies from 1keV to 100 GeV were
also observed by [2, 32,33,34,35]. The Z and N, values were believed to be influenced by the
chemical composition, molecular and thermal environment [36].
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Fig. 3. Electron density, Ng of (B203)o.2x (T€O2)05 (Bio03)o.3 (TM,03), glass system for different
Tm, 05 concentration in the energy range of 1keV-100GeV.

Several previous works highlighted the significance of the rare-earth elements doped in
glass systems for radiation shielding where the results showed that the glass systems displayed
significantly better shielding properties. A previous work highlighted the significance of erbium
doped tellurite glasses where the mass attenuation coefficients (u/p) and the effective atomic
numbers (Zr) were determined for the glass systems at photon energies of 20 keV, 30 keV, 40
keV and 60 keV using WinXcom. The results showed that overall the erbium doped tellurite
glasses showed significantly better shielding properties [37]. Another work also using WinXCom
studied the mass attenuation coefficients (u/p), effective atomic number (Ze) and the electron
density (N.) of strontium doped borate glasses and results showed that the (wp) and Zes values
increased with the increase in the Bi,O3 content [38].

4. Conclusion

As expected, the addition of thulium oxide (Tm,0s) into the glass system as the dopant
attenuates more gamma irradiation and improves the radiation shielding properties. The results
show that the mass attenuation coefficient (i) increases as the Tm,O3 concentration increases.
Glass sample 3.0TmBIiBT with composition of 3.0% mol of Tm,0O; gives the highest mass
attenuation coefficient (u,) in the energy range of 1lkeV-100GeV. This indicates that the
(B203)0.170 (TeO2)o5 (Bi03)o3 (TMy03)0.030 glass is more efficient in attenuating more gamma rays
and in providing better shielding in the selected energy range. The results also show that all the
shielding parameters, the mass attenuation coefficient (u.,) the effective atomic number (Z) and
the electron density (Ng) in the energy range of 1 keV — 100 GeV, are very much affected by the
incoming gamma photon energy and the glass chemical composition. The interactions between the
photons and the glass materials are explained by the Photoelectric Effect, Compton Scattering and
Pair Production. In conclusion, the theoretical results of this study demonstrates the advantages of
the bismuth-boro-tellurite glass doped with thulium oxide as a new candidate for gamma radiation
shielding material in the selected energy range.
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