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Abstract

In this work, shielding parameters of LAS (lithium-aluminum-silicate) Li,0-AlO3-Si0O, glass samples have been reported with the help
of the WinXCom code, a Windows version of the XCOM database. The effect of increasing P»Os concentration on the shielding
parameters has been examined in the used Li,O-Al,03-SiO, glass samples. The shielding effectuality of the materials for gamma-ray
can be interpreted with the help of several different attenuation parameters which plays key role in understanding the shielding
capabilities of the material. The mass attenuation coefficient, defined by u,,, = 1/p, is the most basic coefficient used to calculate the
shielding parameters. These parameters are the mean free path (MFP), half value layer (HVL), tenth value layer (TVL), effective electron
number (N¢) and equivalent atomic number (Z.q). The exposure buildup factor (EBF) and GP fitting parameters are also calculated by
the method of logarithmic interpolation using Z.q of a LixO-Al,03-SiO> glass system. The EBF values for Li,O-Al,03-SiO; glass
samples show an inverse relation with Ne. Further, P1 (least N.) offers maximum values of EBF and P6 (highest N.) offers minimum
EBF values. The change in different shielding parameters for the selected glasses was interpreted by considering three interactions with
the substance (Photoelectric effect, Compton scattering and pair production). The obtained results show that the u,, strongly depends
on the photon energy, chemical composition and density of the shielding materials. It is clear to see that P6 glass sample having the
highest P,Os concentration is the most effective glass sample among the other glasses of Li,O-Al,03-SiO; system in nuclear radiation
shielding ability.
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P,0s5 Katkili Lityum Aliiminyum Silikat (LAS) Cam Sistemlerinin
Niikleer Radyasyon Zirhlamasina EtKisi

Oz

Bu ¢alismada, XCOM veritabaninin Windows siiriimii olan WinXCom programi kullanilarak LAS (lityum-aliiminyum-silikat) Li>O-
Al;03-SiO; cam orneklerinin zirhlama parametreleri hesaplanmigtir. Kullanilan cam 6rneklerinde P,Os konsantrasyonunun artan yiizde
oraninin zirhlama parametreleri tizerindeki degisim etkisi incelenmistir. Gama 1s1m1 i¢in malzemelerin koruyusu etkisi, malzemelerin
zirthlama etkilerini anlamada kilit rol oynayan birkag farkli zirhlama parametresi yardimiyla yorumlanabilir. u,,, = u/p ile tanimlanan
kiitle zayiflama katsayisi, zirhlama parametrelerini hesaplamak icin kullanilan en temel katsayidir. Bu parametreler ortalama serbest
yol (MFP), yar1 deger katmani1 (HVL), onuncu deger katmani (TVL), etkili elektron numarasi (N¢) ve esdeger atom numarasidir (Zeg).
Ayrica maruz kalma faktorii (EBF) ve GP fitleme parametreleri de Li,O-Al;03-SiO, cam ornekleri igin logaritmik enterpolasyon
yontemi Ve Zeq degerinin kullanilmasi ile hesaplanmigtir. Li,O-Al,03-SiO, cam ornekleri igin EBF degerleri, Ne ile ters bir iligki
gostermektedir. Ayrica, P1 cam 6rnegi icin EBF degeri maksimum degeri alirken (en az N¢), P6 cam 6rnegi i¢in minimum EBF degeri
(en yiiksek N.) hesaplanir. Segilen camlar igin farkli zirhlama parametrelerinde gozlenen degisiklik, madde ile {i¢ etkilesim g6z 6niinde
bulundurularak yorumlanmaktadir bu etkilesimler fotoelektrik etki, Compton sacilmasi ve ¢ift olusumdur. Elde edilen sonuglar, kiitle
zayiflatma katsayisi (u,,,) degerinin fotonun enerjisine, cam 6rneklerinin kimyasal bilesimine ve zirhlama malzemelerinin yogunluguna
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bagli oldugunu gostermektedir. En yiiksek P,Os konsantrasyonuna sahip olan P6 cam numunesinin diger Li;O-Al,03-SiO; cam 6rnekleri
arasindan niikleer radyasyon koruma kabiliyeti bakimindan en etkili cam numunesi oldugunu agik¢a gérilmektedir.

Anahtar Kelimeler: P,Os; gamma zirhlama; EBF.

1. Introduction

lonizing radiations such as gamma-ray and x-ray are widely used in different fields such as medical, industrial and nuclear medicine
[1]. The main idea in radiation protection is to know tolerable doses and to prevent radiation workers and the surrounding population
from taking doses above it. The obstacle to be placed between the radiation source and the person will minimize the dose taken. The
armor chosen for the different types of radiation must be different. The higher the material density and atomic number, the more
protective it is against radiation [2]. Radiation protection refers to the principle of ALARA, known as As Low As Reasonably
Achievable which means, it is necessary to administer a minimum dose which is reasonable. ALARA principle is applied according to
three basic parameters; time (as little time as possible), distance (as far as possible) and shielding [3,4]. The calculation of radiation
shielding depends on the type of radiation source, the location and energy dependence of the radiation, the mechanisms of radiation
interaction with matter, and the determination of secondary radiation sources released as a result of the interaction of radiation [5]. Many
properties of this material need to be studied to select the material to be used to reduce the effect of photon radiation. For this purpose,
the linear attenuation coefficients (i) of the substances are examined as a measure of the absorption of a photon by the substance. The
linear attenuation coefficient gives the possibility of a photon passing any interaction per unit length; it is the sum of the possibilities of
photoelectric attenuation (t), Compton scattering () and double formation (x). Today, the majority of these materials are made of lead
and lead-containing composites; however, lead has some disadvantages. First of all, these materials are heavy and this may cause some
negligence in their use. On the other hand, the toxic effect of lead used in these materials and the fact that the lead has a brittle structure
shortens the service life of the protective material [6]. In order to overcome this disadvantageous situation, the demand for glass materials
as alternative materials is increasing [7-11]. Glass-ceramic materials have the same chemical composition as glass, but have a different
structure from them. That is, typically 95-98% by volume is crystalline, while a small percentage is glassy. Glass ceramic materials are
typically characterized by certain properties. Some of those; high power, low-even sometimes negative thermal expansion coefficient,
high impact resistance, good resistance to thermal shock, and a range of optical properties. LAS (Li»O-Al>03-Si0,), a combination of
lithium aluminum silicate, is one of the most valuable and widely used glass-ceramic systems. This glass system has a wide range of
useful features such as low thermal expansion coefficient (TEC), excellent mechanical properties and high thermal shock resistance
[12-14]. It is an important step to add different nucleating agents (such as oxides) to reduce the crystallization temperature of glass-
ceramic materials and limit the tendency to convert. The nucleating agents used repeatedly are ZrO, and TiO; oxides [15-16]. In addition,
the effect of the use of P,Os oxides, known as high moisture absorbing and small crystalline glass makers such as boric oxide and silicon
dioxide, has been particularly investigated in LAS glass ceramics. Also, the glass-ceramic sample contains a small amount of MgO to
reduce the melting point and a low concentration of lithium to reduce the cost of the material. Among the various types of oxides,
phosphorus pentoxide (P,Os) known as highly hygroscopic and microcrystalline glass network former like boric oxide and silicon
dioxide. On the other hand, P»Oscan be doped with rare earth and metals to manufacture special glasses such as medical implants for
insoluble acid-resistance as well as for radiation shielding [17]. In this study, it is aimed to observe the nuclear radiation shielding
properties of P,Os additive on LAS (lithium-aluminum-silicate) glasses. In order to interpret these properties, several gamma-ray
shielding parameters have been identified with exposure buildup factor (EBF) for five LAS glass samples with different P,Os doped
[18]. In this study, the WinXCom program was used to determine the mass attenuation coefficients of glass samples [19]. Other
important gamma ray shielding parameters were calculated by using mass attenuation coefficients obtained by the WinXCom program.
These parameters are, mean free path (MFP), half value layer (HVL), tenth value layer (TVL), effective electron number (N¢) and
exposure buildup factor (EBF), respectively. Table 1 shows the density and molar percentages of P»Os doped Lithium Aluminum Silicate
(LAS) glass samples. The results from recent studies may provide a better understanding of the effect of the P,Os additive on nuclear
radiation shielding, and may also bring a different perspective to research on P,Os oxide.

Table 1. Chemical Properties of the Investigated Glasses

Sample SiO2 ALO; Li:zO MgO ZrO: TiO2 P20s5 Sb203 Density
Code (g/em’®)

P2 59 25.5 4 4 2 2 2 1.5 2.516
P3 59 24.5 4 4 2 2 3 1.5 2.519
P4 59 23.5 4 4 2 2 4 1.5 2.523
P5 59 22.5 4 4 2 2 5 1.5 2.528
P6 59 21.5 4 4 2 2 6 1.5 2.539
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2. Material and Method
2.1. WinXCom Program

Theoretically calculated mass attenuation coefficient values are given as tables in the study conducted by Hubbell and Seltzer [20].
A suitable alternative method for manual calculations is to generate the attenuation data required by the computer. The tables in the
above-mentioned study are used for these calculations. With this in mind, Berger and Hubbell [21] improved a computer program called
XCOM for the calculation of attenuation coefficients and cross-sections for any element, mixture or compound in the energy region of
1 keV-100 GeV. There have been a number of updates to this program since then, and now a web version is also available. Lately, this
well-known and widely used program has been adapted by Gerward et al. Into the Windows infrastructure, and the Windows version is
called WinXCom [22,25].

2.2. Calculation method of shielding parameters

The u,, = p1/p (mass attenuation coefficient) coefficient is a non-density-dependent coefficient and is calculated according to the
law of Lambert-Beer for the attenuating materials examined.

Hmx = In() (1)

where I, I and x are the incident photon intensity, attenuated photon intensity and thickness of the sample, respectively. On the other
hand, the u,,, (cm?/g) values of compounds and mixture of different elements are theoretically formulated with the help of the mixture
rule [26] defined by equation 2.

() = ) Wil @

where w; and are (i,,); the weight fraction and mass attenuation coefficient of the ith element. The u,, values of the sample glasses
might be calculated for specific energy values with the help of the WinXCom program.

The effective atomic number (Z.f) of the sample glasses can be calculated by taking the ratio of the total atomic and electronic
cross-sections.

Ora NLAZifiAi (%)i
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2
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In the equation 3, the N4 is Avogadro constant, f; is the fractional abundance of ith element and 4; is the atomic weight of the ith
element. The effective number of electrons is calculated by the following formula.

_W/p) Naleyy M
Ne = Orer  (A) '(A)_Zini

2.3. Essential theoretical parameters for gamma-ray shielding

4)

To describe the radiation shielding efficiency for glass samples the essential theoretical parameters like HVL, TVL and MFP are
interpreted for gamma-ray shielding. The HVL, TVL and MFP can be calculated by the mass attenuation coefficient (u,,) presented in
Eq. 5-6-7;

0.693

HVL = —— (5
HUmpP
n10

TVL = — (6)
HUmpP

MFP = — (7)
UmP

2.4. The exposure buildup factor

While a single element has the atomic number Z, the compound materials have the equivalent atomic number (Z.q) and describe the
properties of glass systems. The Z.q was used for calculating the exposure buildup factors (EBF) and the G-P fitting parameters.

_ Zy(logR; — logR) + Z,(logR — logR,)
- logR, — logR,

(8)

eq

where the R; and R; are the ratio of ( My )compton/( B ol and Z1 and Z, refer the atomic numbers of the glass samples. G.P fitting

parameters (b, c, a, Xy, d) for the glass samples were achieved by interpolation of equation § and detailed calculation procedures can be
found from many studies [27-30]. Detailed studies on shielding parameter calculations are available [31-34].
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3. Results and Discussion

Initially, theoretical calculations was used to compare the p,,, measurement results of the samples. For the calculation, the WinXCom
code in the energy region of 0.015 MeV-15 MeV were used (can be seen in Table 2). The variation of p,, values according to glass
samples can be seen in Figure 1. The figure shows a quick decrease in the MAC values of the sample glasses to 0.03 MeV. The reason
for this is that at low energies, the photon interacts with the substance in relation to Z*/E*®. Then, as the photon energy value increases,
a slower decrease is observed [35-37]. This is because Compton scattering and pair production processes are predominant in medium
and high photon energies depending on Z and Z2. Finally, the glass sample P6 possesses the highest p,,, values among the studied
glasses.

Table 1. Mass Attenuation Coefficients (i) for the Glass Samples Estimated by WinXCom Program

E (MeV) MAC (@) (WinXCom)
P2 P3 P4 P5 P6
0,015 6,5163 6,5299 6,5436 6,5573 6,5710
0,02 3,7895 3,7955 3,8014 3,8074 3,8133
0,03 1,3003 1,3020 1,3038 1,3056 1,3074
0,04 0,8697 0,8704 0,8712 0,8720 0,8727
0,05 0,5382 0,5386 0,5390 0,5394 0,5398
0,06 0,3837 0,3839 0,3841 0,3844 0,3846
0,08 0,2517 0,2518 0,2519 0,2520 0,2521
0,10 0,1986 0,1987 0,1987 0,1988 0,1989
0,15 0,1487 0,1487 0,1488 0,1488 0,1488
0,20 0,1285 0,1285 0,1285 0,1286 0,1286
0,30 0,1077 0,1077 0,1077 0,1077 0,1078
0,40 0,0954 0,0954 0,0954 0,0954 0,0954
0,50 0,0867 0,0867 0,0867 0,0867 0,0867
0,60 0,0800 0,0800 0,0800 0,0800 0,0800
0,80 0,0701 0,0701 0,0701 0,0701 0,0701
1,00 0,0630 0,0630 0,0630 0,0630 0,0630
1,50 0,0513 0,0513 0,0513 0,0513 0,0513
2,00 0,0442 0,0442 0,0442 0,0442 0,0442
3,00 0,0360 0,0360 0,0360 0,0360 0,0360
4,00 0,0314 0,0314 0,0314 0,0314 0,0314
5,00 0,0285 0,0285 0,0285 0,0285 0,0285
6,00 0,0266 0,0266 0,0266 0,0266 0,0266
8,00 0,0241 0,0241 0,0241 0,0241 0,0241
10,00 0,0227 0,0227 0,0227 0,0227 0,0227
15,00 0,0212 0,0212 0,0212 0,0212 0,0212
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Figure 1. Mass attenuation coefficients ( Hy ) of the sample glasses with photon energy from 0.015 to 15 MeV.
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There are three main parameters used to specify the material thickness in selected photon energy, as well as to forecast the ability of the
glass samples to be studied, such as MFP, HVL and TVL. Low values indicate superior protection ability. As can be seen from Figures
2 and 3 the P6 glass sample having the highest energy and maximum P»,Os composition was found to reduce MFP, HVL and TVL values
of Li,0-AL03-Si0; glass system and improve the gamma attenuation capacity.
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Figure 2. Mean free path (MFP) of investigated glass samples.
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Figure 3. a)Half (HVL) and b) tenth value layer (TVL) of investigated glass samples.
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The variation of MFP values for P2, P3, P4, P5, P6 glass samples are in the region of 0.06099 - 18.78489, 0.06079 - 18.75868, 0.06057
- 18.72511, 0.06033- 18.68425, 0.05994 - 18.5995 respectively.

Figure 4 shows the N values of LiO-Al,03-SiO, glass samples that vary with photon energy and elemental composition of glass
samples. As can be clearly seen from the figure, the N. values are highest in the low energy zone and a sudden drop is observed after
0.1 MeV. N, values slightly increase after 1.022 MeV energy value which is dominated by the pair production process. In addition, N
values increase with the increase of P,Os in LixO-Al,03-SiO- glass system according to Figure 4 the sample P2 has the maximum N,
value among the samples and these values vary between 4.8702-3.2496.
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Figure 4. Effective electron density (N.y) of the glass samples with photon energy

Variation of equivalent atom numbers Z.q of glass samples for photon energies region from 0.015 MeV to 15 MeV can be seen in Figure
5. With the highest Z.q value, P6 yields the minimum EBF values. The Figure 6 represents the EBF variations of P2-P3-P4-P5-P6 glass
samples at different photon energies using penetration depths 1, 2, 5, 10 mfp. As in the other graphs examined in this study, EBF graphs
show the effect of partial photon interactions. When all glass samples are taken into consideration, EBF values take the smallest values
at low energies. On the other hand, it is beholded that these values are higher in the middle and high energy regions. As can be seen
from the Figure 6, the increase and decrease in EBF factors are due to different processes depending on photon energy. However, the
heavy elements in the elemental composition of glasses cause an increase in the cross-section values of pair production and lead to the

formation of more secondary photons. Therefore, especially in high penetration depths, EBF values are increased.

T T T T T
18 N P2
o e P3
17 4 poed —A—P4 |
] >l ~v P5
poal P6
16 s
-~
| ¥ i
15
=8
Q
N
14 H /
13 /‘
121 b 1,500 1,502 1,504 1,506 1,508 1,510 ;\ _ 7
1 Photon energy (MeV) i o ST
11
——r ——ry —
0,01 0,1 1 10

Photon energy (MeV)

Figure 5. Evaluation of equivalent atomic numbers with incident photon energy range of 0.015-15 MeV
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4. Conclusions

In this work, shielding parameters of LAS (lithium-aluminum-silicate) Li,O-Al,03-SiO; glass system reported with the help of the
WinXCom program in the photon energy region of 0.015-15 MeV. We examine the impact of P,Os addition on shielding parameters.
The shielding effectuality of the materials for gamma ray can be interpreted with the help of several different parameters. These are the
mass attenuation coefficient (jim), mean free path (MFP), half value layer (HVL), tenth value layer (TVL), effective electron number
(Ne), equivalent atomic number (Zq) and exposure buildup factor (EBF). According to the results, it can be understood clearly that the
P6 glass sample having the highest P,Os addition is the most effective glass sample among the other glasses of Li,O-Al,03-SiO> system
in nuclear radiation protection. In addition, when P,Os contribution increases in LixO-AlO3-SiO, glass system, the density of glass
samples also increases. This suggests that the P6 glass sample in ther present work is useful shielding material for protection from

gamima rays.
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