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1 Introduction

In the Nuclear Physics Sector, radiations are found in
many different areas, including the industrial divi-
sion, diagnosis, research labs, agricultural products
irradiation, environmental application, and health
applications. It is a challenge for a nuclear physicist
to minimize the unfavorable influences of unsafe
radiation. Gamma radiation is emitted from different
sources, divided into natural sources such as cosmic
radiation and human-made radiation such as the
radiations emitted from nuclear medical machines
[1]. In both cases, gamma radiations carry high
amounts of energy; thus, gamma photons have high
frequency and move at light speed. For these reasons,
they are very dangerous and sometimes called ion-
izing radiations. They are deliberately or undeliber-
ately lethal radiations [2—4]. Exposure to these
harmful radiations unknowingly or knowingly for
relatively long or short periods of time, but periodi-
cally, causes strong poisoning radiation and, in some
cases, leads to death. The radiation protective mate-
rials must be used to avoid these hazards arising
from radiation. The shielding materials are consid-
ered one of the most important precautionary meth-
ods that must be followed in any establishment that
uses radiation, regardless of its nature or energy, to
provide adequate protection [5-7]. For instance,
using enormous concrete blocks around nuclear
facilities is traditionally developed to protect the
surrounding environment from radiation [8]. The
apron is also used by people who work in the field of
radiography in the medical fields, as well as for the
patient during the radiation treatment process to
reduce the effects of ionizing radiation [9]. Regardless
of the material used in radiation protection, whether
it is concrete, lead, or other traditional materials used
for this purpose, all materials used must have a rel-
atively high atomic number as well as a relatively
high density, so it is not surprising to find that lead
which has an atomic number of 82, and a density of
about 11.3 g cm ™ is one of the most common mate-
rials used in radiation protection applications [10, 11].
Recent studies have shown that lead has many dis-
advantages; the most important is its toxicity and its
heavy weight, which causes health problems in the
spine of medical workers who wear the apron made
of lead and opaque lead. Therefore, it is not possible
to develop protective radiation glasses from lead [12].
Considering all these issues, investigators have been
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trying to find alternative protection materials from
the past years. Glass samples, especially those fabri-
cated with heavy metal oxides, are known to offer
sufficient gamma radiation protection [13-16]. Novel
glass systems for gamma-ray attenuation applica-
tions continue to be prepared and examined by dif-
ferent researchers [17-21].

The new generations of glasses shielding materials
are fabricated, particularly by incorporating some
heavy metal oxides such as Bi,O;, WO3, BaO... and
so on to provide almost the same function as lead or
lead composite attenuating the photons [22]. But so
far, there has been no glass system capable of per-
forming the same role that leads to radiation protec-
tion. Therefore, studies are developing novel glass
systems that can attenuate more radiation and try to
find certain glass systems with the same efficiency as
lead [21-25].

To reach this goal, and before carrying out any
experimental work, glass samples’ ability must be
examined in terms of radiation protection theoreti-
cally or by using specific simulation programs. In the
simulation, we create the same conditions for the
practical experiment in the laboratory, and through
the obtained results, we can estimate the possibility
of using the examined glass as a protective material
against radiation and then actually start the practical
experiment. In other words, the goal of the simula-
tion is to save time and effort to study the possibility
of developing a specific glass system as a protective
material for radiation and based on the simulated
results. We can change the glass’s chemical compo-
sition to obtain better radiation protection results
[26, 27]. The present work novelty has pointed to
predicting the elastic properties for the investigated
glass samples using the Makishima-Mackenzie
model. Moreover, the Monte Carlo simulation code
MCNP-5 has been used to estimate the mean track
length of the projected gamma photons inside the
studied glass samples. Based on the simulated mean
track length, other shielding properties such as the
mean free path (mfp), half-value layer (HVL), radia-
tion protection efficiency (RPE), and the transmission
factor (TF) have been calculated. Furthermore, the
BXCOM has been used to obtain the buildup factors
for exposure (EBF) and energy absorption (EABF)
through the G-P fitting method in ANSI.
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2 Materials and methods

Four glass samples consisting of xFe,O;—(25 —
x)Bi,O3-75Na,B4O; have been produced by Al-hajry
et al., 2005. The density, optical, and dielectric prop-
erties were measured and studied in ref [28]. Based
on the measured density and the chemical composi-
tion of the studied samples, the molecular weight My,
and molar volume V,, were calculated using Eqs. 1

and 2.
w(gmol™1) Z Xi(M (1)
M
Vum (cm3m01’1) =N (2)
pglass

where X; and (M,,); refer to the molar fraction and
the molecular weight of the constituting compounds,
respectively.

2.1 Elastic properties

Makishima-Mackenzie model has been used to esti-
mate the elastic properties of the studied Fe,Os-
Bi,O3-NayB,O; (FBN) glass system. Firstly, the
Makishima-Mackenzie model based on the energy
needed to break the chemical bond between mole-
cules in the studied glass (dissociation energy G,) and
the ionic (R) radius of each element in the glass sys-

tem [29].
Z GiX; 3)

Gt chm

G; represents the dissociation energy of ith con-
stituent in the FBN glass samples. Based on the ionic
radius values and the coordination number of the
metal and oxygen atoms constituting the glass sys-
tem, the packing factor V; was calculated according to
Eq. 4 [29].

Vi(em’mol ') = 43—HNA (XR} + YR?) (4)

where N4, R4, R, X, and Y denote Avogadro’s
number, the metal ionic radius, oxygen ionic radius,
the number of metal atoms, and oxygen atoms,
respectively. After that, the packing density of the
investigated samples was calculated based on the
packing factor, as illustrated in Eq. 5.

@ Springer

] Mater Sci: Mater Electron (2021) 32:6942-6954

P
V=SV 5
M ()

The elastic moduli, Poisson ratio (¢), and the micro-
hardness (H) corresponding to the studied glass
samples were calculated, taking into consideration
the predicted values of G; and V,, as illustrated in
Egs. (6-11) [30, 31].

E=2V,G (6)
B=12V,E (7)
R )
L=B+ ZS (9)
0:0.5—%% (10)
-

2.2 Radiation shielding features

The MCNP-5 has been used to study the gamma-ray
shielding ability of FBN glasses. An input file con-
taining the required information about the geometry
has been implemented to predict the gamma-ray
shielding properties, as shown in Fig. 1. A lead
cylinder with a thickness of 5cm shielded the
detector, glass samples, and the gamma source from
any external interference. The source was anticipated
to emit 10° photons per minute in the + Z direction.
Several gamma sources, '®®Ho with energy 0.184,
0.280, and 0.710 MeV, '*Cs with an energy of 0.662 ,
and ®°Co with energies of 1.173 and 1.332 MeV, have
been selected in the present study.

Collimator of lead

Gamma ray source ;

Sample Detector tally F4
/ v 4

Shielding of lead

Fig. 1 The geometry setup of the MCNP-5 simulation used for
the prediction of the MAC for the FBN samples
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The emitted photons were collimated using a lead
collimator measuring 10 cm in height, 7 cm in
diameter, and 2 cm in central diameter. Then the
collimated photons passed onto the FBN glass that
was positioned in the middle between the lead col-
limator and the detector. The chemical composition,
density, and molar weight of the FBN glasses are
displayed in Table 1. The detector was assumed to be
an F4 tally to calculate the incoming photons’ average
track length in the FBN glasses. The simulation was
then finished, and the output reported that less than
1% was the relative error for the average track length
measurement [32].

The linear attenuation coefficient (LAC, u) is esti-
mated on the basis of the mean track length recorded
in MCNP-5 and presented. The mass attenuation
coefficient (MAC, u,,) is used to estimate the glass’s
attenuation per unit density and can be represented
by Eq. (12) [33].

-1

= ey =3 i) (12)
where w; and (y,,);arethe fractional weight and the
mass attenuation coefficient of the element’s ith
constituents, respectively.

The transmission factor (TF) is also applied for the
prediction of the proportion of gamma photons that
can be transmitted with a known thickness and can
be calculated by Eq. (13).

TF = I exp(—px) (13)
I,

The half-value layer (HVL) shows the thickness of
the attenuator that can diminish the intensity of the
incoming photon to half its starting value and can be
calculated with Eq. (14) on the basis of the LAC val-
ues [34].
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HVL = (14)

The average distance between two subsequent
collisions is the mean free path (MFP). As the MFP
decreases, the number of interactions between the
incoming photons and the atoms of the material
increases, increasing the absorption and the attenua-
tion. It is also possible to calculate MFP based on
LAC values similar to HVL, as shown in Eq. (15).

! (15)

MFP =
p(em1)

In order to determine the values of other shielding
factors, such as the effective atomic number (Z.g),
equivalent atomic numbers (Z.y), exposure buildup
factor (EBF), and energy absorption buildup factor
(EABF), the BXCOM program was utilized [35].

3 Results and discussion
3.1 Elastic properties

The investigated FBN5-FBN20 glass samples’ density
has been measured experimentally, as mentioned
previously by Al-hajry et al,, 2005. The molecular
weight (M) and the molar volume (V) of the
studied glass samples were calculated according to
Egs. 2 and 3, listed in Table 1. Bi;O3 by Fe,O; con-
tents” replacement caused a decrease in the M, cal-
culated values between 151.8 and 105.54 g mol ™" for
glasses coded FBN5 with Fe,O3 content 5 mol% and
FBN20 with 20 mol % of Fe,O3, respectively. Table 1
also shows that both density and the molar V), of the
investigated glass samples decreased with increasing
the Fe,Os; substitution ratio. The studied glasses’
density ranged between 3.757 and 3.587 g cm >,
increasing the Fe,O; content between 5 and 20 mol%

Table 1 The chemical composition, density, and molecular weight of FBN glasses

Glass code  Chemical composition (mol%) Density (g cm™)  Molecular weight (g mol™")  Molar volume (cm® mol™")
F6203 Bi203 N32B407

FBN5 5 20 75 3.757 151.48 40.32

FBN10 10 15 75 3.706 136.17 36.74

FBN15 15 10 75 3.638 120.85 33.22

FBN20 20 5 75 3.587 105.54 29.42
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due to the replacement of the Bi,O; with a high
density (p = 8.9 g cm ) by Fe,O; with lower density
(p = 524 g cm ™). The V) has the same trend as the
glass density, decreased between 40.32 and 29.42
cm® mol ™}, raising the Fe,O; ratio between 5 and
20 mol%.

One of the present work’s main targets is to eval-
uate the elastic properties of the investigated FBN5-
FBN20 glass samples. The mathematical theoretical
Makshima-Makinzi model was applied to achieve
the mentioned aim based on the chemical composi-
tion, the ionic radius, and the dissociation energy of
the constituting metal oxides. According to Eq. 3, the
packing factor (V;) of the investigated glass samples
was calculated for the glass constituting compound.
The dissociation energies for each compound were
calculated relying on the chemical interaction’s
enthalpy. After that, the V; and the total dissociation
energy (G¢) have been calculated for the investigated
glass; the predicted results are listed in Table 2. The
variation of the V; and G, versus the Fe,O; ratio is
illustrated in Fig. 2. It is clear that the packing factor
of the investigated glass samples decreased from
19.50 to 18.83 cm® mol !, while the G, increased from
59.62 to 66.66 k] cm~>. The opposite trend comes out
from replacement of Bi,O3(V; = 26.1 cm® mol ™! and
G =31.6 kJ] cm ™) with Fe;O3 (V; = 21.6 cm’ mol ™"
and G; = 785 k] cm™>). This can also indicate that,
with increasing the Fe,O3 substitution ratio, the Fe—
O-Bi and Bi—-O-Bi bonds have been broken, and new
Fe—O-Fe bonds were created [28].

Based on the calculated V; and G; of the investi-
gated glass samples, the elastic moduli Young, Shear,
Bulk, and longitudinal were calculated as listed in
Table 2. Figure 3 shows the elastic moduli variations
versus the packing density of the investigated glass
samples. The predicted results showed that the elas-
tic moduli were directly increased with the V,
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Fig. 2 Variation of the packing factor (V) and dissociation energy
(Gy) versus the Fe,Oj3 substitution ratio

Equation y=a+b'x
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Fig. 3 Variation of the elastic moduli versus the packing density
of the fabricated glass samples

increase. The moduli have the following values
57.67-85.29 GPa, 33.47-65.49 GPa, 23.77-33.24 GPa,
and 65.17-109.81 GPa for Young, Bulk, Shear, and

Table 2 The packing factor (V;), packing density (V;), dissociation energy (G;), micro-hardness (H), Poisson ratio (u), and the elastic
moduli Young (E), Bulk (B), Shear (S), and longitudinal (L) for the studied glass samples

Elastic properties

Viem®mol™) G, (kJem™) V,(em’mol™") E(GPa) B (GPa) S (GPa) u H (GPa) L (GPa)
FBNS5 19.50 59.62 0.48 57.67 33.47 23.77 021 455 65.17
FBNIO  19.28 61.97 0.52 65.01 40.93 26.32 024 4.64 76.02
FBN15  19.05 64.31 0.57 73.76 50.76 29.32 026 4.73 89.85
FBN20  18.83 66.66 0.64 85.29 65.49 33.24 028 438l 109.81
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Longitudinal moduli when the packing density of the
glass samples increased from 0.48 to 0.064 cm” mol ™.

The micro-hardness (H) and the Poisson’s ratio (o)
were calculated relying on the elastic moduli’s pre-
dicted values. Figure 4 illustrates the variation of
H and ¢ as a function of the Fe,O; insertion ratio.
Figure 4 shows that the Poisson’s ratio increased
from 0.21 to 0.28, while the H improved from 4.55 to
4.81 GPa, raising the Fe,Oj; insertion ratio from 5 to
20 mol%.

The currently predicted elastic moduli were com-
pared to the previously performed similar glass
samples, as shown in Table 3, to confirm the pre-
dicted values’ accuracy. Table 3 shows that the cal-
culated values are comparable to the values reported
by previous works [36-39].

3.2 Gamma-ray shielding properties

The shielding properties have been studied for the
FBN glasses, where the MCNP-5 code was used to
detect a few shielding parameters such as the linear
attenuation coefficient (LAC), mass attenuation coef-
ficient (MAC), transmission factor (TF), half-value
layer (HVL), and mean free path (MFP). The LAC of
the investigated FBN glasses was simulated and
presented in Fig. 5. This exhibits the LAC depending
on two main factors, which are incoming photon
energy and the Fe,O3 content in the FBN glasses. The
highest values of LAC were observed at energy
0.184 MeV. The LAC values decreased from
214 cm™' for glass FBN5 to 124 cm™' for glass
FBN20. Also, it decrease progressively with an

5 10 15 20
Fe,0; (mol %)

Fig. 4 The Poisson ratio (¢) and the micro-hardness (H) of the
fabricated glass samples at different Fe,O5 substitution ratio
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increase in the incoming photon energy. This
decrease is due to the rapidly decreasing in the
photoelectric effect, which leads to the predominance
of the Compton scattering at roughly a few hundred
keV. The cross-section of Compton scattering is pro-
portional inversely to the incoming photon energy
(Gcom® E™") [40]. At high incoming photon energy
(1.408 MeV), the lowest LAC values were achieved
and reduced in-between 0.197 and 0.186 cm™' for
FBN5 and FBN20 glasses, respectively.

The other factor that affects the LAC is the chem-
ical composition of FBN glasses. With increasing the
Fe,O; content in FBN glasses, the investigated glas-
ses’” molecular weight increased associated with
decreasing in the Z.¢ values of the FBN glasses. At a
low Fe,O3 insertion ratio (i.e., 5 mol%), the LAC
reached the highest values for FBN5. In contrast, the
LAC values dropped to lower levels for the FBN20
glass sample with 20 mol% of the Fe;Os;. The LAC
values decreased in ranges 2.14-0.19 cm™' and
0.946-0.19 cm™ 'for glass samples FBN5 and FBN20 at
gamma photon energies ranging between 0.184 and
1.408 MeV, respectively. The LAC was moderately
reduced with the increasing Fe,O; contents to the
FBN glasses. This decrease is due to the direct pro-
portion of the CS cross-section with the Zgg (0com®
Zeff)-

The MAC is calculated based on the simulated data
from the MCNP-5 code and XCOM software pro-
gram. The difference between the simulated and
calculated MAC was calculated using Eq. (16) and
tabulated in Table 4. The diff (%) was found lower
than 8% for all studied FBN glasses.

[(:um)mcnp - (”m)xcom]
(:um)mcnp

Diff (%) = x 100 (16)

The investigated glass samples’ mass attenuation
coefficient (for examples, FNB5 and FNB 20) was
compared to some experimental measurements for
previously fabricated Bi;O; and PbO-based glass at
gamma photon energy 0.662 MeV, as shown in Fig. 6.
The BiyO3-based glass was represented by Bi30 and
Bi70 reported by Kaewkhao et al., [41], and the PbO-
based glass represented by Pb5 and Pb55 fabricated
by Limkitjaroenporn et al., [42]. Moreover, the com-
parison was extended to include the commercial
glass samples(RS 253, RS 253 G18, RS 323 G19, RS
360, and RS 520) fabricated by SCHOTT AG [43].
Figure 6 depicts that the investigated glass sample
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Table 3 Comparison between the elastic properties of the studied FBN5, FBN10, FBN20, and some previously prepared glass systems

Sample code Composition (mole fraction) Density E (GPa) B (GPa) S (GPa) L (GPa)
(g cm™)

FBNS5 (present work) 0.75Li,B404, 0.2Bi,03, 0.05Fe,05 3.757 57.67 33.47 23.77 65.17

FBN10 (present work)  0.75Li,B407, 0.15Bi,03, 0.1Fe,03 3.706 65.01 40.93 26.32 76.02

FBN20 (present work)  0.75Li,B40-, 0.05Bi203, 0.2Fe,03 3.587 85.29 65.49 33.24 109.81

G1 [36] (0.15Bi,03,0.15M005,0.4B,), 0.2 SiO,, 0.09 Na,O, 3.053 71.06 73.11 26.83 108.88
0.01Fe,03

5Ba [37] 0.05Ba0, 0.3Bi,0;, 0.65B,05 497 68.04 52.29 26.88 84.21

15 [38] 0.6B,03, 0.15Bi,03, 0.10Na,0, 0.1Ca0, 005A1,0; 4.218 67.6 53.9 26.2 88.8

10 [39] 0.05A1,0;, 0.29 N,20, 0.56B,05, 0.1Bi,0;3 3.229 92.7 67.6 - -

FBNO has a p,, equal to 0.0873 cm? gfl, which is less
than the u,, reported for glass samples Bi70 (0.1024

LAC (em™)

Fig. 5 The linear attenuation coefficient LAC (cm™ ') as a
function of the energy and the amount of Fe,O3

cm? g™ 1), Pb55 (0.1014 cm? g™ '), and Rs 520 (0.0965
cm? g_l). In contrast, the FBNO u,, is greater than that
reported for glass samples Pb5 (0.0804 cm” g~ '), RS
253 (0.076 cm® g~ '), and RS 253 G18 (0.0753 cm?® g™ 1).
Finally, the p,, for the investigated glass sample FBNO
is convergent with glass samples RS323 G19 (0.0858
em® g ") and RS 360 (0.0888 cm® g™ ).

Figure 7 displays the TF variation of the studied
FBN glasses vs. the thickness of the glass at known
incoming photon energies (0.184, 0.280, 0.662, 1.173,
1.332, and 1.408 MeV). Two remarkable factors are
observed having an effect on TF. The first factor is the
incoming photon energy. At low energy (0.180 MeV),
the lowest TF values were achieved and decreased
from 0.12 to 2.27 E=% % for FBN5 glass, while the
highest values of TF are decreased from 0.29 to
0.002 % for FBN20 glass. Moreover, at high energy
(1.408 MeV), the TF for FBN5 glass was found to
decrease from 0.82 to 0.37 % and from 0.83 to 0.38 %
for FBN20 glass. A decrease in the wavelength of the
gamma photon leads to an increase in the incoming
photon energy, which increases the penetration of the

Table 4 The mass attenuation coefficient of the studied FBNS, FBN10, FBN15, and FBN20 samples

Energy ~ Mass attenuation coefficient (cm” g~ ')
MeV)
FBN 5 FBN10 FBN 15 FBN 20
MCNP- XCOM diff (%) MCNP- XCOM diff (%) MCNP- XCOM diff (%) MCNP- XCOM diff (%)
5 5 5 5
0.184 0.5492  0.5024 8.5163 0.4795 0.4272 10.9084 0.3427 0.3416 0.3222 0.2638 0.2433 7.7625
0.28 0.2319  0.2315 0.1619 0.2073  0.2067 0.2782 0.1779 0.1784 0.3059 0.1456 0.1459 — 0.2202
0.662 0.0873 0.0877 — 0.3790 0.0849 0.0852 — 0.3310 0.0820 0.0823 — 0.2739 0.0788 0.0790 — 0.2009
1.173 0.0582 0.0591 — 1.5189 0.0579 0.0587 — 1.2878 0.0576 0.0582 — 1.0294 0.0573 0.0577 — 0.7237
1.332 0.0541 0.0548 — 1.3051 0.0539 0.0545 — 1.1007 0.0538 0.0542 — 0.8765 0.0536 0.0539 — 0.6228
1.408 0.0525 0.0531 — 1.2346 0.0524 0.0529 — 09733 0.0522 0.0526 — 0.7657 0.0521 0.0524 — 0.5371
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Fig. 6 Compares the mass attenuation coefficient of the
investigated glass FBN samples with other commercial and
previously prepared glass samples
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incoming photon power. Therefore, photons’ inter-
actions inside the FBN glasses diminished, and the
TF of an incoming photon increased. Second, it was
noticed that as the glass thickness increased, the TF
decreased. For the investigated glass sample FBN5 at
gamma photon energy around 0.184 MeV, the TF
reduces from 0.12 to 2.27 E=%, with increasing the
glass thickness between 1 and 5, respectively. The
reason for this decrease is that the photons required
more time to pass the thicker thickness of glass. Thus,
more interaction between the material atoms and the
gamma photons will be carried out inside the mate-
rial layers, which causes more resistance for passing
the incoming photons. As a result, the TF for the
incident photons decreased with increasing the glass
thickness.

The half-value layer (HVL) is an another important
parameter in the radiation shielding field [44].
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Figure 8 shows that the HVL has an inverse correla-
tion with the LAC, according to Eq. 1. With the
increase in incoming photon energy, HVL is quietly
increased for different energies. HVL increased from
0.32 to 3.51 cm for FBN5 glasses while it raised from
0.73 to 3.71 cm for FBN20 at photon energies between
0.184 and 1.408 MeV. In the chosen energy range
(0.365-1.406 MeV), CS interactions were found to be
prevalent, so HVL«E.

This figure (Fig.8) depicts the simulated HVL
affected by Fe,O; content in the FBN glasses. For
FBNb5and FBN20, respectively, the HVL rose from
0.32 to 0.73 cm at photon energy 0.184 MeV. It is
found at different contents of Fe,Oz in the FBN
glasses, the molecular weight and density increase. In
addition, when LAC and Z.g increase, the HVL of
FBN glasses decreases.

Figure 9 exhibits the variation of Z. versus the
energy of gamma photon and Fe,O; content.
According to the range of gamma energy
0.015-15 MeV, various interactions have been con-
ducted. The photoelectric effect (PE) is the first
interaction observed at low photon energies between
0.015 and 1 MeV. Where Z.¢'s values have fallen with
the increase in photon energy in the range
(0.015-1 MeV), this decrease is due to the cross-sec-
tion of PE, where apg o E~>°. The increase at around
0.080 MeV may reflect Bi K-edge (~ 0.090 MeV). The
second interaction is observed above 0.1 MeV, where
the CS is dominant, the estimated values for Z.g

Fig. 8 The HVL of the studied glasses versus the incoming
gamma photon and Fe,O5 content
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Fig. 9 The effective atomic number (Z.g) of the studied glass
samples at various gamma photon energies

reduced progressively with an increase in photon
energy. Furthermore, at high gamma energies with
several MeV, the pair production (PP) has appeared.
The cross-section of PP is gpp o log E, and Zg's values
increased with increasing gamma energy.

The Buildup factors are usually applied to charac-
terize the accumulation of gamma photons. Two
main factors are used to explain the passing of
gamma photons through the material thickness.
These factors are the exposure buildup factor (EBF)
and energy absorption buildup factor (EABF).
BXCOM program has been used to calculate EBF and
EABF for the energies between 0.015 and 15 MeV.
Figures 10 and 11 display the EBF and EABF
dependence on incoming gamma photon energy,
sample penetration depth (PD) in the unit of mfp,
and the glass composition. EBF and EABF are affec-
ted by the interaction type inside the material. At low
photon energies, PE will appear. The incoming pho-
ton will interact with the glass material and expel one
boundary electron. With increasing the photon
energy above 0.1 MeV, the interactions will increase,
and the Compton scattering will eject a boundary
electron. The rest of the incoming photon energy
leads to the accumulation of the scatter photons
inside the glass material. Above 2 MeV of incoming
photon energies, the accumulation of scattered pho-
tons decreases due to the glass material’s PP inter-
actions. Thus, the values of EBF and EABF decrease.
The highest accumulation factors EBF and EABF
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Fig. 10 The dependence of the exposure buildup factor (EBF) on the photon energy and penetration depth

values in the present FBN glasses are observed at
FBN5 and FBN10 related to 5 and 10 mol% of Fe,Os,
respectively. After that, the EBF and EABF values of
the FBN glasses decrease gradually with increasing
Fe,O5 contents.

The penetration depth (PD) also affects the EBF
and EABF values. With increasing the depth of FBN
glasses of up to 20 mfp, photons’ accumulation
gradually increases. This is due to the photons
remaining inside FBN glasses that need more time to
penetrate the thickness of FBN glasses; therefore,
photons” accumulation increases. It is achieved with
the lowest values of EBF and EABF at low PD
(PD = 0.5 mfp) and the highest values at high PD
(PD = 20 mfp).

4 Conclusion

The molar volume V), and the molecular weight My,
of the FBN glass samples were estimated. The Vy,
calculated values decreased from 46.32 to 29.42
cm® mol~!. The My was reduced from 151.48 to
105.54 g mol ™!, with an increase in the Fe,Os inser-
tion ratio between 5 and 20 mol%, respectively. The
elastic properties were estimated relying on the
Makishima-Mackenzie model. The moduli increased
in the range between 57.67-85.29 GPa, 33.47-65.49
GPa, 23.77-33.24 GPa, and 65.17-109.81 GPa for
Young, Bulk, Shear, and Longitudinal moduli,
respectively. Also, the Poisson’s ratio increased from
0.21 to 0.28, and the micro-hardness improved from
4.55 to 4.81 GPa, raising the Fe,Oj; insertion ratio from
5 to 20 MeV. The simulated results depict that the
highest LAC achieved at 0.184 MeV decreased from
2.138 to 0.946 cm ™}, raising the Fe,O; insertion ratio
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Fig. 11 The dependence of the energy absorption buildup factor on the gamma photon energy and penetration depth

between 5 and 20 mol%, respectively. The substitu-
tion of BiO; by Fe,O3 contents reduces the gamma-
ray shielding properties of the FBN glass samples
and reduces photons’ accumulation inside the glass
samples (EBF and EABF).
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