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This paper examines gamma-ray shielding properties of SBC-Bx glass system with the chemical
composition of 40Si0;—10B;03—xBa0—(45-x)Ca0— yZnO— zMgO (where x = 0, 10, 20, 30, and 35 mol%
and y = z = 6 mol%). Mass attenuation coefficient (u/p) which is an essential parameter to study gamma-
ray shielding properties was obtained in the photon energy range of 0.015—15 MeV using PHITS Monte
Carlo code for the proposed glasses. The obtained results were compared with those calculated by
WinXCOM program. Both the values of PHITS code and WinXCOM program were observed in very good
agreement. The u/p values were then used to derive mean free path (MFP), electron density (Nef),
effective atomic number (Zer), and half value layer (HVL) for all the glasses involved. Additionally, G-P
method was employed to estimate exposure buildup factor (EBF) for each glass in the energy range of
0.015—15 MeV up to penetration depths of 40 mfp. The results reveal that gamma-ray shielding effec-
tiveness of the SBC-Bx glasses evolves with increasing BaO content in the glass sample. Such that SBC-
B35 glass has superior shielding capacity against gamma-rays among the studied glasses. Gamma-ray
shielding properties of SBC-B35 glass were compared with different conventional shielding materials,
commercial glasses, and newly developed HMO glasse. Therefore, the investigated glasses have potential
uses in gamma shielding applications.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Progress and development technologies have brought many risk
for humanity. For example, people may be exposed to low or high
photon energies whether this is in X-ray rooms, nuclear power
plants, or laboratories. These photons can travel fast and also can
penetrate deeply through materials. An excessive exposure to such
photons could cause many harmful effects such as genetic disor-
ders, cataracts, cancer and possibly death [1]. This triggered many
scientists to pay tremendous efforts for studying gamma-ray
interaction properties with different types of shielding materials
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[2—4]. In this regard, different materials such as alloys, ceramics,
concrete, rocks and polymers are utilized as shielding materials
against gamma-ray radiation [5—13]. Although these materials are
low cost and widely available, they also have many disadvantages
such as they are not transparent to the visible light, cracks forma-
tion and water permeability [14—16]. On the contrary, glass mate-
rials are transparent to the light and can be used to design doors
and windows in medical and nuclear establishments. Also, glasses
have many unique mechanical and physical advantages such as
hardness, excellent corrosion resistance, and ease of preparation by
different methods [17—20].

Recently, many experimental, theoretical, and Monte Carlo
Simulation (MCS) studies were carried out to study the gamma-ray
shielding  properties of different glass compositions
[4,5,7,9,12—14,17,21—27]. The significant finding of these studies is
that the heavy metal oxides (HMO) play an important role to evolve
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the gamma-ray shielding properties. For example, the glass system
of B,03-Zn0O-MgO-Bi,03 offers the best performance to block
gamma-ray radiation as Bi;O3 content increases in the glass sample
[23]. Further, Vani et al. concluded that the glasses doping with
heavy elements like barium led to improve the efficient shielding
materials [24]. Tekin et al. proposed many samples among SPCG
glasses which showed clear advantages to use as shielding against
the X- and gamma rays [25]. Agar et al. studied BaO, MoOs3 and P,05
based glasses using MCS [26]. Among the studied glasses, it was
found that BaMoP8 glass sample has an excellent gamma-ray
shielding features. Finally, Sayyed et al. evaluated the gamma-ray
shielding features for new glass system. This study was found
that Bi40B20 glass which contains the highest B,O3 mol % becomes
the best glass to attenuate gamma-ray [27].

The radiation shielding properties of any composed material
such as glass can be tested by determinig several parameters such
as u/p, HVL, Zer, MFP, and EBF. The u/p is considered as a key
parameter to characterize gamma photons interaction with shields
as well as to calculate the other aforementioned shielding param-
eters. One way to obtain u/p is experimentally by using the well-
known transmission geometry. However, this method is restricted
to limited photon energies as well as other difficulties in the sam-
ples preparation and radiation safety [28,29]. Therefore, it has
mushroomed among researchers that MCS is the best way to study
the gamma-ray shielding properties of materials [29—31]. Geant4
code was employed for several similar studies as well as MCNPX,
PHITS, and FLUKA codes were also carried out to achieve many
successful works [30,32—34]. Moreover, exposure buildup factor
(EBF) is a significant parameter in predicting and evaluating the
distribution of gamma flux in a material [35]. EBF values were
obtained by different methods such as invariant embedding
method which applied for 26 materials up to depths of 100 mfp
[36]. However, Geometric Progression (G-P) formula is the most
suitable method to calculate EBF [3,37,38]. This method is widely
applied for photon energy in the range of 0.015—15 MeV. Very
recently, the SBC-Bx glass system was studied in terms of gamma
shielding properties by using PHITS and FLUKA codes for a short
energy range between 356 keV and 2.51 MeV [39]. This study
showed promising properties of the SBC-Bx glass system, and this
encouraged us to establish an extentened investigation of the SBC-
Bx glass system.

In the present work, SBC-Bx glass system with the chemical
composition of 40Si0,—10B,03—xBa0—(45-x)Ca0—yZn0—zMgO
(where x = 0,10, 20, 30, and 35 mol% and y = z = 6 mol%) have been
studied to serve in various radiation shielding applications. PHITS
code and Geant4 toolkit were carried out to simulate the narrow
beam experiment to investigate gamma-ray shielding paramters
such as u/p, Zerr, HVL, and MFP. The results obtained by PHITS
Monte Carlo code were compared with those of WinXCOM pro-
gram. The EBF values for each glass were also calculated in the
energy range of 0.015—15 MeV up to penetration depths of 40 mfp.
The radiation shielding properties of the proposed glasses were
compared with some competing shielding materials. This study
would be useful for scientific community to move up the progress
in radiation protection field.

2. Gamma shielding properties
2.1. Mass attenuation coefficient (1/p)

Gamma photon experiences an attenuation as it passes a certain
material thickness. More attenuation for a given thickness refers
more preferable shielding material. Therefore, the selection of
shielding material depends mainly on attenuation degree which is
expressed by Lambert-Beer law [40]:

I=Ipe ™ (1)

where [ is an attenuated photon intensity, g is an incident photon
intensity, i (cm™!) is the linear attenuation coefficient and x is the
thickness of the material. This law is valid for all materials when the
gamma photon is monochromatic. In order to study the shielding
capacity of the material, it is reasonable to deal with mass atten-
uation coefficient (u/p) in a unit of cm?g ™. For composite materials
(e.g. glass), the u/p is given at certain photon energy by the
following relation [34,41]:

u/pz w;(i/p); (2)

where w; is a weight fraction of i constituent element in the
shielding material sample and (u/p); is a total mass attenuation
coefficient of that element at certaion photon energy.

2.2. Effective atomic number (zef)

The Zgr refers to the attenuation of the gamma-rays that occurs
due to the partial photon interactions with matter and it is given by
the following equation [41,42]:

_ > fii (%)i a)
i 5/2)(5),

Zefr
Where u/p is the mass attenuation coefficient. f; is the fractional
abundance of the element inside the glass sample, and A; is the
atomic weight. The effective electron density (Neff) is given by the
relation of [43];

nz
Nefr = Naem—o-

S A (electrons / g) (4)

2.3. Half-value layer (HVL)

Half-value layer is a very useful parameter to study the shielding
properties of gamma-ray and to estimate the penetrating power of
gamma radiation inside the sample. HVL is the thickness that at-
tenuates the incident photon intensity by one half and it indicates
to the penetration ability of the photons as the energy increases.
HVL values have been calculated for the present glasses by applying
the next formula [44,45]:

_In@2)
HVL = p (5)

2.4. Mean free path (MFP)

The mean free path is the average distance between two suc-
cessive collisions by the photons and can be obtained according to
the equation [46,47]:

1
MFP =- 6
U (6)
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2.5. Exposure buildup factor (EBF)

EBF is a correction term resulting from secondary particles that
are mostly related to Compton scattering. EBF can be computed by
using the interpolation method for the equivalent atomic number
(Zeq) according to the following equation [43].

Z1(log Ry —logR) + Z5(log R — log Ry)

log R, — log Ry 7

Zeq =

where R is the ratio of (um)comp and (4m)otar fOr @ given glass, Z;
and Z are related to the ratio Ry and R, respectively. The calculated
Zeq values for the glasses were then used to calculate the five pa-
rameters (b, ¢, a, Xk and d) of G-P fitting by using the formula [32].

P Py (logZ; — logZeq) + P;(log Zeq — logZ,)

logZ, — logZ, (8)

where P; and P; are the G-P fitting parameters, respectively. More
details were reported by Refs. [48]. Finally, EBF values can be ob-
tained by the following equations [32,43].

B(E,X):Hﬁ%ll(wq) for K#1 9)
BE.X)=1+(b-1)x for K=1 (10)

where,

tanh ()%k - 2) — tanh(-2)

— a
K(E,X)=cx?+d T )

for x<40 (11)

where x refers to mfp, E refers to the incident energy, and K(E,X)
refers to the absorbed dose [3,48].

3. PHITS Monte Carlo code

PHITS is a general-purpose Carlo particle transport simulation
code developed by JAEA [49]. This code can deal with several nu-
clear reaction models and nuclear data libraries for simulating
many types of particles collision process and interactions with
matter over wide energy range. The simulation parameters such as
materials composition, spatial geometry configuration, source
specification, and external environment have to define in a PHITS
data card with [Parameters], [Material], [Surface], [Cell] and
[Source] categories.

In this work, we have performed the narrow beam transmission
geometry which consists of radiation source, glass sample target,
detector cell, lead containers and collimators as shown in Fig. 1. This

Gamma source

Glass
sample

Detector cell

Lead collimators

Fig. 1. A total-3D view of designed simulation geometry by using PHITS code.

geometry is virtually the same as the experimental transmission
geometry used in Refs. [50—52].A disk gamma source of diameter
0.5 cm, having different photon energies ranging from 0.015 to
15 MeV, was enclosed in the lead container and placed front left the
glass sample. A disc of glass sample with various thicknesses (d)
was defined as the absorber material and placed 66 cm at distance
from the front face of the detection area. The detection cell
considered in the simulation is sodium iodide (Nal) crystal, with
7.62 cm in diameter and 7.62 cm in height adapted from Refs. [53].
The glass sample specifications including calculated weight frac-
tions of each constituent and densities of the present Si02-B203-
Ba0-Ca0-Zn0O-MgO glass systems were designated in the PHITS
material card, as given in Table 1. When photon interacted with
glass sample passing through a detection cell, incident (fy) and
transmitted (f) photon fluences were evaluated by utilizing tally
and estimator cards. In PHITS simulations, T-Track tally card was
used to score average particle fluence determined by dividing tal-
lied track lengths by the detection cell volume and the number of
source particles. Then, u/p for the investigated glass were calcu-
lated by applying the well-known Beer-Lambert law Eq. (1). In
simulation code, statistical uncertainties of the results were less
than 0.1 %, achieved for the number of photon histories being 10
million. The obtained results from PHITS code were compared with
theoretical values calculated by XCOM program [54].

4. Results and discussion
4.1. Mass attenuation coefficients

Table 1 shows the sample code, density, and fractional weight
for Si0,—B,03—Ba0—Ca0—-Zn0O—MgO glass system. From Table 1,
one can see that the density values for these glasses increase from
2.89 to 3.46 (g/cm?) as BaO content increases from 0 to 35 mol %.
The reason can be explained by that the atomic weight of BaO
(153.326 g/mol) is higher than that of CaO (56.077 g/mol). There-
fore, the glass matrix becomes denser by adding more amount of
BaO content into the glass network.

The u/p values for these glasses were determined using PHITS
simulation code in the photon energy ranges between 0.015 and
15 MeV. The validation of the simulation values with theoretical
predictions plays a basic role to know the accuracy of the present
results. Thus, PHITS results of u/p were compared to the theoretical
values obtained using XCOM software. Table 2 and 3 show the re-
sults of PHITS, XCOM, and the deviation between theoretical results
(XCOM) and simulation values (PHITS) of u/p for all of the studied
glasses. It is clear that the theoretical and simulation results of u/p
are in good agreement. The deviation between PHITS simulations
and XCOM values was evaluated according to the following equa-
tion [55]:

(1/P)xcom — (K/P)phiTs
(1/P)xcom <100 (12)

We found that the difference between the theoretical values
(XCOM) and simulated values (PHITS) is less than 2 % and this
confirms the accuracy of the present results (see Table 3). Moreover,
Table 4 and Table 5 show the results of Geant4 simulations and
XCOM standard database. The comparison between PHITS simula-
tion (Table 2 and 3) and Geant4 simulation (Table 4 and 5), shows
that PHITS simulation is superior than Geant4 simulation in terms
of the lower deviation with the XCOM standard database. Fig. 2
shows the variation of u/p with both the photon energy and the
chemical composition for each glass sample. It is obvious that the
u/p decreases with increasing the photon energy, and it increases
with increasing BaO content in the glass sample. The u/p values of

Dev. =
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Table 1

Sample code, density, and atomic composition of barium borate glass system with the chemical composition of 40Si0,—10B,03—xBa0—(45-x)Ca0—yZn0—zMgO (where X = 0,

10, 20, 30, and 35 mol% and y = z = 6 mol%).

Sample Code Density (g/cm?) Atomic composition (wt.%)

B (0] Mg Si Ca Zn Ba
SBC-B0O 2.89 0.02773 0.41093 0.03231 0.16694 0.31906 0.04304 0.00000
SBC-B10 3.06 0.02773 0.39477 0.03231 0.16694 0.25525 0.04304 0.07997
SBC-B20 3.23 0.02773 0.37861 0.03231 0.16694 0.19144 0.04304 0.15994
SBC-B30 3.37 0.02773 0.36245 0.03231 0.16694 0.12762 0.04304 0.23991
SBC-B35 3.46 0.02773 0.35438 0.03231 0.16694 0.09572 0.04304 0.27989

the glasses are found to be large around 15 keV and gradually
decrease as photon energy increases. This can be explained on the
base of the photon partial interaction processes. In the low energy
region (e.g around 356 keV), the attenuation is governed by the law
of photoelectric absorption which is proportional inversely to E3. In
the high energy region (e.g 0.2—4 MeV) Compton scattering dom-
inates the attenuation process and this is proportional inversely to
E. Beyond 4 MeV the u/p values seem to be constant due to the pair
production process dominates in this region. On the other hand, the
attenuation ability of the glass is strongly related to the chemical
composition of the glass. Such that gamma photons experience
higher attenuation as the BaO content increases in the glass sample.
Moreover, It is seen clearly that the curve of SBC-B0O glass (without
BaO content) is typical without any peak, while there are peaks in
the other curves. These peaks occur at 37.44 keV (K-absorption edge
of Ba) due to the photoelectric effect. Further, by increasing the BaO
content in the samples the peaks become more clear and high. As a
result of aforementioned discussion we can conclude that the SBC-

B35 glass has a superior ability to attenuate gamma-ray among our
proposed glasses. Consequently, it is worthy to compare the
attenuation ability of SBC-B35 glass with other conventional ma-
terials and commercial glasses (see Fig. 3). From Fig. 3, it is seen that
the mass attenuation cofficient values of SBC-B35 are higher than
those of RS-253-G18 glass, window glass type A, and ordinary
concrete taken from Ref. [56,57], and [58], respectively.

4.2. Effective atomic number (Zef)

In order to investigate the shielding effectiveness of the glasses
to serve in gamma shielding applications, we also calculated Zegs.
Fig. 4 shows the calculated values of Z.f for all the glasses and their
variation with both the photon energy and the chemical composi-
tion of the glass. The Zg values of the present glasses vary from
11.21 to 18.78 for SBC-BOO glass, from 12.69 to 22.54 for SBC-B10
glass, from 14.09 to 26.33 for SBC-B20 glass, from 15.55 to 29.77
for SBC-B30 glass, and from 16.24 to 31.40 for SBC-B35 glass. It is

Table 2
Comparison of theoretical mass attenuation coefficient (u/p) values with those obtained by PHITS simulation code for SiO,—B,03—Ba0O—CaO—ZnO—MgO glass system.
E (keV) SBC-B0O SBC-B10 SBC-B20
XCOM PHITS %Dev.” XCOM PHITS %Dev.” XCoOM PHITS %Dev.”

0.015 15.6979 15.4727 143 18.8420 18.9364 0.50 21.9860 21.7134 1.24
0.02 6.9659 7.0706 1.50 8.4678 8.5170 0.58 9.9696 10.0379 0.68
0.03 2.2517 2.2692 0.78 2.7772 2.7785 0.05 3.3028 3.3028 0.00
0.04 1.0598 1.0645 0.45 2.9037 2.8996 0.14 4.7477 4.7408 0.14
0.05 0.6259 0.6308 0.80 1.6600 1.6637 0.22 2.6941 2.6953 0.05
0.06 0.4303 0.4309 0.15 1.0658 1.0679 0.20 1.7013 1.7051 0.22
0.08 0.2692 0.2694 0.08 0.5601 0.5602 0.02 0.8510 0.8516 0.08
0.1 0.2071 0.2076 0.23 0.3638 0.3636 0.04 0.5204 0.5210 0.11
0.15 0.1515 0.1517 0.14 0.2012 0.2010 0.13 0.2509 0.2507 0.08
0.2 0.1301 0.1307 0.43 0.1517 0.1522 0.29 0.1733 0.1737 0.21
03 0.1087 0.1090 0.26 0.1150 0.1151 0.13 0.1212 0.1212 0.02
04 0.0962 0.0967 0.57 0.0985 0.0989 0.42 0.1009 0.1012 0.30
0.5 0.0874 0.0878 0.47 0.0883 0.0886 0.35 0.0891 0.0893 0.23
0.6 0.0806 0.0809 0.42 0.0808 0.0811 0.31 0.0810 0.0812 023
0.8 0.0706 0.0707 0.15 0.0703 0.0704 0.06 0.0700 0.0700 0.01
1 0.0634 0.0635 0.09 0.0629 0.0629 0.03 0.0625 0.0624 0.12
2 0.0446 0.0445 0.30 0.0443 0.0441 0.40 0.0439 0.0436 0.83
3 0.0366 0.0361 1.44 0.0366 0.0361 1.39 0.0365 0.0359 1.82
4 0.0322 0.0318 132 0.0324 0.0320 1.28 0.0326 0.0321 1.68
5 0.0295 0.0290 1.68 0.0299 0.0294 1.62 0.0303 0.0298 1.65
6 0.0277 0.0272 1.60 0.0283 0.0278 1.57 0.0288 0.0284 1.62
7 0.0264 0.0259 191 0.0271 0.0267 1.79 0.0279 0.0274 1.88
8 0.0255 0.0251 1.48 0.0264 0.0260 135 0.0272 0.0269 1.32
9 0.0248 0.0244 1.92 0.0258 0.0254 1.61 0.0268 0.0264 1.54
10 0.0244 0.0241 117 0.0254 0.0252 0.99 0.0265 0.0263 0.90
15 0.0232 0.0231 0.34 0.0247 0.0246 0.25 0.0262 0.0261 0.29

2 Deviation between theory (XCOM) and simulation (PHITS).
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Table 3 Table 5

Comparison of theoretical mass attenuation coefficient (u/ p) values with those Comparison of theoretical mass attenuation coefficient (u/p) values with those

obtained by PHITS simulation code for SiO,—B;03;—Ba0O—Ca0—Zn0O—MgO glass obtained by Geant4 simulation code for SiO,—B,03—Ba0—Ca0—ZnO—MgO glass

system. system.
E (keV) SBC-B30 SBC-B35 E (keV) SBC-B30 SBC-B35

XCOM PHITS %Dev." XCOM PHITS %Dev." XCOM Geant4 %Dev.” XCOM Geant4 %Dev.”

0.015 25.1300 249313 0.79 26.7020 26.6600 0.16 1.50E-02 25.130 24.684 1.77 26.702 26.298 1.51
0.02 11.4715 11.4940 0.20 12.2224 12.1793 0.35 2.00E-02 11.472 11.267 1.78 12.222 12.030 1.58
0.03 3.8283 3.8223 0.16 4.0911 4.0841 0.17 3.00E-02 3.828 3.789 1.02 4.091 4.015 1.85
0.04 6.5916 6.5784 0.20 7.5136 7.4876 0.35 4.00E-02 6.592 6.520 1.08 7.514 7.377 1.81
0.05 3.7282 3.7281 0.00 4.2453 4.2463 0.03 5.00E-02 3.728 3.694 0.91 4.245 4.200 1.07
0.06 2.3369 2.3364 0.02 2.6546 2.6574 0.10 6.00E-02 2.337 2.308 1.24 2.655 2.639 0.57
0.08 1.1418 1.1435 0.14 1.2873 1.2885 0.09 8.00E-02 1.142 1.126 139 1.287 1.273 1.15
0.1 0.6771 0.6773 0.04 0.7554 0.7551 0.04 1.00E-01 0.677 0.671 0.90 0.755 0.749 0.84
0.15 0.3007 0.3004 0.09 0.3255 0.3251 0.11 1.50E-01 0.301 0.297 1.30 0.326 0.322 0.94
0.2 0.1949 0.1951 0.13 0.2057 0.2058 0.09 2.00E-01 0.195 0.193 1.01 0.206 0.204 0.95
0.3 0.1275 0.1276 0.05 0.1307 0.1306 0.01 3.00E-01 0.128 0.126 1.18 0.131 0.129 0.94
04 0.1032 0.1034 0.20 0.1044 0.1045 0.12 4.00E-01 0.103 0.102 1.18 0.104 0.103 1.11
0.5 0.0900 0.0901 0.14 0.0905 0.0906 0.12 5.00E-01 0.090 0.089 1.09 0.091 0.090 0.91
0.6 0.0813 0.0814 0.15 0.0814 0.0815 0.10 6.00E-01 0.081 0.081 0.65 0.081 0.080 137
0.8 0.0697 0.0697 0.06 0.0696 0.0695 0.12 8.00E-01 0.070 0.069 1.37 0.070 0.069 1.31
1 0.0620 0.0619 0.20 0.0618 0.0616 0.25 1.00E+00 0.062 0.062 0.54 0.062 0.061 0.97
2 0.0436 0.0433 0.61 0.0434 0.0431 0.66 1.50E+00 0.044 0.043 1.38 0.043 0.043 1.30
3 0.0365 0.0359 1.51 0.0365 0.0359 1.48 2.00E+00 0.037 0.036 0.76 0.037 0.036 1.50
4 0.0329 0.0324 133 0.0330 0.0325 1.32 3.00E+00 0.033 0.033 0.84 0.033 0.033 0.52
5 0.0307 0.0303 1.56 0.0309 0.0305 1.54 4.00E+00 0.031 0.030 1.10 0.031 0.031 1.26
6 0.0294 0.0290 1.36 0.0297 0.0293 1.42 5.00E+00 0.029 0.029 0.69 0.030 0.029 1.03
7 0.0286 0.0282 1.57 0.0290 0.0285 1.53 6.00E+00 0.029 0.028 1.13 0.029 0.029 0.99
8 0.0281 0.0278 1.19 0.0285 0.0282 1.20 8.00E+00 0.028 0.028 135 0.029 0.028 1.19
9 0.0278 0.0274 1.42 0.0283 0.0279 141 1.00E+01 0.028 0.027 1.48 0.028 0.028 135
10 0.0276 0.0274 0.83 0.0281 0.0279 0.88 1.50E+01 0.028 0.027 0.95 0.028 0.028 134
15 0.0277 0.0276 0.24 0.0285 0.0284 0.28

b Deviation between theory (XCOM) and simulation (Geant4).

2 Deviation between theory (XCOM) and simulation (PHITS).

Table 4

Comparison of theoretical mass attenuation coefficient (u/p) values with those obtained by Geant4 simulation code for SiO,—B,03—Ba0—Ca0—Zn0O—MgO glass system.
E (keV) SBC-B0OO SBC-B10 SBC-B20

XCOM Geant4 %Dev.” XCOM Geant4 %Dev.” XCOM Geant4 %Dev.”

0.015 15.6979 15.4727 143 18.8420 18.9364 0.50 21.9860 21.7134 1.24
0.02 6.9659 7.0706 1.50 8.4678 8.5170 0.58 9.9696 10.0379 0.68
0.03 22517 2.2692 0.78 2.7772 2.7785 0.05 3.3028 3.3028 0.00
0.04 1.0598 1.0645 0.45 2.9037 2.8996 0.14 4.7477 4.7408 0.14
0.05 0.6259 0.6308 0.80 1.6600 1.6637 0.22 2.6941 2.6953 0.05
0.06 0.4303 0.4309 0.15 1.0658 1.0679 0.20 1.7013 1.7051 0.22
0.08 0.2692 0.2694 0.08 0.5601 0.5602 0.02 0.8510 0.8516 0.08
0.1 0.2071 0.2076 0.23 0.3638 0.3636 0.04 0.5204 0.5210 0.11
0.15 0.1515 0.1517 0.14 0.2012 0.2010 0.13 0.2509 0.2507 0.08
0.2 0.1301 0.1307 0.43 0.1517 0.1522 0.29 0.1733 0.1737 0.21
0.3 0.1087 0.1090 0.26 0.1150 0.1151 0.13 0.1212 0.1212 0.02
04 0.0962 0.0967 0.57 0.0985 0.0989 0.42 0.1009 0.1012 0.30
0.5 0.0874 0.0878 0.47 0.0883 0.0886 0.35 0.0891 0.0893 0.23
0.6 0.0806 0.0809 0.42 0.0808 0.0811 0.31 0.0810 0.0812 0.23
0.8 0.0706 0.0707 0.15 0.0703 0.0704 0.06 0.0700 0.0700 0.01
1 0.0634 0.0635 0.09 0.0629 0.0629 0.03 0.0625 0.0624 0.12
2 0.0446 0.0445 0.30 0.0443 0.0441 0.40 0.0439 0.0436 0.83
3 0.0366 0.0361 1.44 0.0366 0.0361 1.39 0.0365 0.0359 1.82
4 0.0322 0.0318 1.32 0.0324 0.0320 1.28 0.0326 0.0321 1.68
5 0.0295 0.0290 1.68 0.0299 0.0294 1.62 0.0303 0.0298 1.65
6 0.0277 0.0272 1.60 0.0283 0.0278 1.57 0.0288 0.0284 1.62
7 0.0264 0.0259 191 0.0271 0.0267 1.79 0.0279 0.0274 1.88
8 0.0255 0.0251 148 0.0264 0.0260 135 0.0272 0.0269 1.32
9 0.0248 0.0244 1.92 0.0258 0.0254 1.61 0.0268 0.0264 1.54
10 0.0244 0.0241 117 0.0254 0.0252 0.99 0.0265 0.0263 0.90
15 0.0232 0.0231 0.34 0.0247 0.0246 0.25 0.0262 0.0261 0.29

b Deviation between theory (XCOM) and simulation (Geant4).
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Fig. 2. Variation of mass attenuation coefficient (cm?/g) with photon energy for
Si0,—B,03—Ba0—Ca0—-Zn0—MgO glass system by using PHITS and XCOM codes.
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Fig. 3. Comparison of the attenuation ability of SBC-B35 glass with commercial glasses
and conventional concrete.

found that for a given glass the maximum Z¢ value is observed at
0.04 MeV. It is also observed that SBC-B35 glass possesses a
maximum Zeg, while SBC-B0OO glass possesses a minimum Zeg. This
is due to that the partial photon processes are directly related to Z
(atomic number) of the material constituent elements. Such that
the photoelectric process depends on Z* and the Compton process
depends on Z. Therefore, Max. Zeg is for SBC-B35 glass which
contains the highest weight fraction of Ba (0.27989%), while the
Min. Zefr is for SBC-B0O glass which does not contain Ba in the glass
chemical composition. In fact, the good shielding materials should

= BaO (mol.%)
—&— SBC-B00
20 ~®SBC-B10
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—8— SBC-B30

25 SBC-B35

Z off
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10 40

Fig. 4. Effective atomic number (Z.s) as a function of photon energy for
Si0,—B,03—Ba0—Ca0—Zn0—MgO glass system.
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Fig. 5. Effective electron density (Neg) as a function of photon energy for
Si0,—B,03—Ba0—Ca0—-Zn0—MgO glass system.

have a higher Z.. For example, the gamma-rays interact more with
high Z.¢ materials leading to decrease the photon energy that be-
comes incapable to penetrate the material. Thus, SBC-B35 is a
better shielding material among the present glasses. By using Eq.
(4), the Negf can be calculated and these values are drawn in Fig. 5.
From this figure, it can be seen that the behavior of Neg with the
photon energy is similar to that Z.g for all the studied glasses.
Unlike Zer, however, the Negr values do not show a strong depen-
dence of photon energy. Such that the Neg values vary from 2.99 to
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Si0,—B,03—Ba0—Ca0—-Zn0O—MgO glass system.

5.01 for SBC-BOO glass, from 2.95 to 5.25 for SBC-B10 glass, from
2.93 to 5.43 for SBC-B20 glass, from 2.88 to 5.51 for SBC-B30 glass,
and from 2.86 to 5.54 for SBC-B35 glass.

4.3. Half value layer (HVL)

HVL was calculated to estimate the required thickness to
attenuate half of incident gamma photons. HVL values give
particular information of the shielding capacity for the studied
glasses against gamma-rays (e.g. the lower HVL, the higher
shielding capacity). HVL values were calculated by Eq. (5) and
drawn in Fig. 6. The last figure depicts the relations between HVL —
photon energy and HVL — BaO content. The HVL values increase

with increasing the photon energy, such behavior of HVL with the
photon energy reflects the partial photon interactions with the
glass samples. On the other hand, at a given photon energy the BaO
content plays an important role to decrease the HVL values of the
studied glasses. Therefore, SBC-B35 glass is a promising candidate
for gamma-ray protection applications among our glasses.

4.4. Mean free path (MFP)

The average distance traveled by photon between two succes-
sive interactions is measured by MFP. The MFP values can confirm
the competence of the glasses under the study to serve in gamma-
ray shielding applications. Fig. 7 represents the relation between
MFP - photon energy and MFP - BaO content for the studied glasses.
It is clear that the MFP is small when the photon energy is low and
becomes higher as the photon energy increases. Thus, in practical
application it is better to increment the thickness of the glass
because of the high energy photons can penetrate the glass more
deeply. Moreover, it can be noted that the surplus of BaO content in
the glass sample has a considerable effect to improve the shielding
effectiveness of these glasses. Such that the photon interaction
depends on the atomic cross sections that related to Z* at the low
photon energies (photoelectric absorption) and related to Z at the
high photon energies (Compton scattering). Thus, the probability of
the photon interaction increases as Z¢ increases, which means that
the attenuation of photons will be very high leading to decrese MFP
of the glasses involved [59]. Therefore, SBC-BO0 glass (with free
BaO) possesses a maximum MFP, while SBC-B35 (with 35 % BaO
content) possesses a minimum MFP and offers superior gamma-ray
shielding properties among our proposed glasses. In Table 6 the
gamma-ray shielding effectiveness of SBC-B35 glass is compared in
terms of MFP with that of recently published glasses. This com-
parison reveals that the SBC-B35 glass has a very close equivalent
shielding properties with those glasses newly developed such as
Bi10 [23], TeZnBa5 [24], OD [25], BaMoP8 [26], Pb30 [32], and
Bi20B40 [27].

4.5. Exposure buildup factor (EBF)

The significant gamma-ray shielding parameters such as the
equivalent atomic number (Zqq) and G-P exposure buildup factor
(EBF) coefficients were studied and listed in Table 7 for SBC-B35
glass system. The variation of EBF with photon energy is shown
in Fig. 8 for all the glasses at different penetration depths 1, 5,10, 20,
30, and 40 mfp. These plots are generally similar to those obtained
for different glasses and concretes elsewhere [3,32]. From Fig. 8, it
can be seen that the values of EBF are very small at the low photon
energies due to the photoelectric effect. At the intermediate photon
energies, the EBF values suddenly increased and reached the
maximum in these energies. This behavior can be explained by
multiple scattering events of Compton effect. Finally, due to the pair
production effect in high photon energies, the EBF values slowly
increased at the high penetration depths (40 mfp). Furthermore,
Fig. 8 shows a strong relation between the EBF and the penetration
depths for each glass sample at specific photon energy. Such this
relation is that EBF increase as penetration depth, and the
maximum EBF value is observed at 40 mfp for all the glasses. The
reason is that secondary photons are more produced as mfp in-
creases due to the multiple Compton interactions. Also, one can
observe atypical changes (like peaks) due to absorption edges of
high-Z elements such as Ba element [3]. In Fig. 9 all the studied



Y.S. Rammah et al. / Nuclear Engineering and Technology 53 (2021) 282—293 289

Table 6

Comparison of the gamma-ray shielding effectiveness of SBC-B35 glass with some competing gamma-ray shielding glasses in terms of MFP.
Energy (MeV) SBC-B35 Bi-10 [23] TeZn-Ba5 [24] 0D [25] BaMo-P8 [26] Pb-30 [32] Bi20-B40 [27]
0.015 0.0075 0.0051 0.0041 0.0024 0.0108 0.0044 0.0029
0.02 0.0164 0.0069 0.0090 0.0033 0.0060 0.0065 0.0040
0.03 0.0489 0.0198 0.0269 0.0068 0.0171 0.0187 0.0113
0.04 0.0266 0.0415 0.0131 0.0144 0.0264 0.0398 0.0170
0.05 0.0471 0.0734 0.0235 0.0258 0.0478 0.0709 0.0302
0.06 0.0754 0.1160 0.0382 0.0415 0.0777 0.1125 0.0484
0.08 0.1554 0.2322 0.0817 0.0865 0.1650 0.2254 0.1004
0.1 0.2648 0.1111 0.1454 0.0497 0.2880 0.1143 0.0602
0.15 0.6145 0.2902 0.3821 0.1345 0.7034 0.2954 0.1628
0.2 0.9727 0.5443 0.6799 0.2629 1.1555 0.5465 0.3179
0.3 1.5310 1.1494 1.2501 0.6008 1.8944 1.1175 0.7265
0.4 1.9168 1.7310 1.6917 0.9635 24122 1.6425 1.1662
0.5 22114 2.2328 2.0319 1.2989 2.8063 2.0831 1.5739
0.6 24579 2.6604 2.3101 1.5960 3.1332 2.4550 1.9363
0.8 2.8751 3.3632 2.7662 2.0947 3.6808 3.0617 2.5447
1 3.2379 3.9423 3.1515 2.5076 4.1543 3.5635 3.0487
2 4.6069 5.8205 4.4658 3.7277 5.8791 5.2078 4.5495
3 5.4833 6.8136 5.1263 4.2020 6.8740 6.0721 5.1571
4 6.0695 7.3984 5.4603 4.3877 7.4680 6.5644 5.4166
5 6.4649 7.7416 5.6149 4.4368 7.8150 6.8397 5.5030
6 6.7299 7.9326 5.6701 44156 8.0098 6.9820 5.4985
7 6.9031 8.0231 5.6649 4.3602 8.1030 7.0401 5.4470
8 7.0129 8.0529 5.6252 4.2862 8.1319 7.0466 5.3694
9 7.0761 8.0379 5.5641 4.2052 8.1161 7.0163 5.2802
10 7.1072 7.9984 5.4928 41210 8.0743 6.9671 5.1860
15 7.0303 7.6371 5.1192 3.7445 7.7354 6.6139 4.7381

Table 7 of the chemical composition of the glass. Such that SBC-B0OO has

Equivalent atomic number (Zq) and G-P exposure buildup factor (EBF) coefficients
for SBC-B35 glass system.

Energy Zeg b c a Xk d

0.015 19.40 1.004 1.440 —0.482 5.780 0.324
0.02 19.72 1.010 0.115 0.700 11.050 —-0.864
0.03 20.18 1.022 0.362 0.202 15.530 -0.105
0.04 33.30 3.695 0.344 0.060 29.480 —0.092
0.05 34.10 2.950 0.043 -0.218 16.470 0.045
0.06 34.60 1.237 0.519 0.105 13.180 —0.051
0.08 35.26 1.212 0.273 0.387 13.590 -0.179
0.1 35.61 1.464 0.224 0.177 14.320 -0.112
0.15 35.94 1.300 0.305 0.409 14.220 -0.113
0.2 36.03 1.138 0.539 0.140 13.980 —0.069
03 36.17 1.247 0.501 0.174 14.390 —0.096
04 36.34 1.347 0.647 0.112 14.390 —0.066
0.5 36.46 1.448 0.730 0.083 13.970 —0.051
0.6 36.55 1.514 0.817 0.057 14.070 —0.040
0.8 36.65 1.554 0.876 0.040 13.950 —-0.032
1 36.67 1.596 0.946 0.020 13.810 -0.022
1.5 34.11 1.609 1.014 0.003 13.340 -0.014
2 29.34 1.568 1.069 —0.007 12.750 —-0.015
3 25.01 1.544 1.048 0.005 13.010 —-0.032
4 23.81 1.509 1.003 0.023 13.320 —0.050
5 23.27 1.519 0.947 0.044 13.590 —-0.067
6 22.93 1.503 0.916 0.057 13.730 —-0.079
8 22.57 1.465 0.916 0.063 13.980 —0.082
10 22.41 1.454 0.943 0.061 14.100 -0.079
15 22.34 1.465 1.051 0.046 14.110 —0.068

glasses were plotted as a function of photon energy at certain
penetration depths of 5 mfp and 40 mfp. From this figure, one can
see that the BaO content plays an important role in decreasing the
EBF values leading to improve the shielding capacity of the glasses.
Such that SBC-B35 glass has the lowest values of EBF either at 5 mfp
or 40 mfp. Thus, SBC-B35 glass is a promising shielding glass for
gamma-ray applications. Fig. 10 demonstrates the behavior of EBF
as a function of the penetration depth at specific photon energies
such as 0.15,1, 8, and 10 MeV for all the studied glasses. At 0.15 MeV,
The EBF values of all the glasses, except SBC-BOO, are independent

very large values, while all the other glasses have values around 1.
This is attributed to the photoelectric processes which proportional
to Z* at the low photon energy (i.e. 0.15 MeV). At 1 MeV, EBF values
of the studied glasses decrease with increasing the BaO content due
to Compton scattering process which proportional to Z at this en-
ergy region. At 8 and 10 MeV, the variation of EBF with the pene-
tration depth is completely changed from that at the previous
energies. For example, the SBC-B35 glass possesses the highest EBF
values, while the SBC-B0O0 glass possesses the lowest EBF values.
This change of the EBF might be interpreted by the pair production
processes.

5. Conclusion

SBC-Bx glass system in the chemical composition of
40Si0,—10B,03—xBa0—(45-x)Ca0—yZn0O—zMgO (where x = 0, 10,
20, 30, and 35 mol% and y = z = 6 mol%) has been successfully
investigated in terms of gamma-ray shielding properties. The ra-
diation shielding parameters of the glasses were obtained by using
PHITS code and WinXCOM program. The values of u/p generated by
using PHITS code agree well with those calculated by using
WinXCOM program. The results indicated that the values of u/p, Zes
and Nefrincrease and the values of HVL, MFP, and EBF decrease with
increasing BaO content in the glass sample. For radiation shielding,
the selection of an appropriate glass can be done based on data of
Zet, HVL and MFP, consideration of exposure buildup factors and
also, according to the desired application. Hence, the SBC-B35 glass
is an excellent candidate for shielding applications from gamma-
rays among various conventional concrete and commercial
glasses. This work on shielding properties of the SBC-Bx glass
system would be useful for the scientific community to design,
develop or select a proper shielding glass for gamma-ray
applications.
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