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Abstract: The Phy-X program software was used to investigate the γ and neutron shielding properties of trivalent rare earth co-doped borate,
phosphate, and silicate glasses (G1–G10) concerning elemental composition and density. The attenuation coefficients (μ/ρ and μ), half/tenth-
value layer (HVL and TVL), and mean free path were calculated, and each revealed the influence of rare earth including the Pb, Ba, and Bi
elements. Energy and compositional dependent effective atomic number, effective electron density (Neff), and effective electron conductivity
(Ceff) of all the glasses were studied. On the high-density glasses G6, G9, and G10, the HVL and TVL values are projected to be lower than
on the other examined glasses. The neutron radiation shielding abilities of the studied glasses were investigated by determining removal cross-
section. The results were compared to those of commercially available materials such as concrete, graphite, water, and Hematite-serpentine
concrete. The γ-ray exposure buildup and energy absorption factor values of glass samples were determined in the energy range of 0.015 to 15MeV.

Keywords: co-doped rare-earth (RE)-shielding glasses, attenuation coefficient, equivalent atomic number (Zeq), buildup factors, penetration
depth

1. Introduction

Radiation is now applied in a wide range of disciplines, including
nuclear power plants, diagnostics in medicine, and agriculture. The
shielding material should possess special qualities that enable it to
effectively attenuate damaging radiation. The shielding effectiveness
of materials can be evaluated using various parameters including
linear attenuation coefficient (LAC) (μ), mass attenuation coefficient
(μ/ρ), HVL, and TVL. The HVL, TVL, and mean free path (MFP)
are all characteristics that can be used to indicate the penetration
thickness of a material. These are essential considerations when
comparing the thickness of two or more materials. The effective
atomic number (Zeff) is a measure for visualizing photon interactions
with multi-elemental materials based on atomic number. The Zeff and
effective electron density (Neff) are essential variables in various
applications, such as measuring absorbed dosage, modeling radiation
shielding, exposure, and energy absorption buildup factors. The γ-
ray buildup factors, namely the exposure buildup factor (EBF) and
the energy absorption buildup factor (EABF) are multiplicative
factors used to incorporate scattered photons’ contribution into the
normalized response to un-collided photons. The above variables can
provide valuable information about how the radiation interacts with
the attenuating substance.

Lead (Pb) and concrete are currently the most conventionally used
radiation shielding materials; however, both have drawbacks. Pure Pb
bricks are quite opaque and poisonous, and the density of concrete
diminishes over time [1, 2]. Several theoretical and experimental
studies were conducted to investigate new materials that could
replace Pb in various radiation shielding applications. Glass materials
have long been considered to be a viable concrete alternative.
Glasses are attracting researchers nowadays due to their visual
transparency as well as their potential capabilities in attenuating
ionizing radiations. There are numerous studies on the qualities of
γ-ray and neutrons shielding of various glass systems. Borate,
germinate-tellurite, phosphate, and tellurite glasses doped with metal
oxides such as barium oxide (BaO), sodium oxide (Na2O), and
erbium oxide (Er2O3) show excellent optical properties, thermal
stability, and a high shielding performance with good transparency.

There are numerous studies on various glass systems and their
qualities of γ-ray shielding in the literature. Kirdsiri et al. [3]
calculated the mass attenuation coefficient (MAC) (μ/ρ) value for
silicate glasses which included BaO, PbO, and Bi2O3. According to
these authors, the increase of PbO and Bi2O3 concentration
improved the μ/ρ. The increasing B2O3 concentration in the
telluride Pb glass system increases Zeff while decreasing the mass
attenuation coefficient and mass removal cross-section [2]. Vani
et al. [4] reported that the fluoro tellurite glass system doped with
heavy metals such as barium can increase shielding features and
replace Pb-based glasses and concrete.*Corresponding author: Murugasen Priya, Department of Physics, Saveetha
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In general, the desired shielding glass must have higher Zeff and
mass/LAC values, as well as minimum irradiation impacts on
structural, optical, and mechanical properties. Phosphate (P2O5) and
borate (BO3) are two examples of stimulating hosts that are often
utilized. The essential advantage of phosphate over other oxide
glasses like borate and silicate is its ability to remain amorphous
while also hosting high concentrations of transition metal ions.
Furthermore, phosphate glasses have several desirable features that
make them suitable for achromatizing borate flint glasses, including
high solubility of RE3+ ions, high thermal stability, low melting
point, and outstanding transparency. Because of optical uniformity,
engineering structuring ease of fabrication, and stability in dopant
concentration, glasses are the best host resources for RE3+ doping
among the numerous host resources.

Rare earth element dopants in glasses help in improving their
densities along with the densities, thermal characteristics, and
network structure. However, the radiation shielding capabilities of
rare earth-doped (especially co-doped) glasses have not been well
investigated. A few reports have been published on the use of rare
earth-doped glasses for shielding applications, some of which are
listed below. Naseer and Marimuthu [5] evaluated the capacity of
ytterbium and erbium co-doped bismuth (Bi) boro-phosphate glasses
with various concentrations of Yb3+ to shield against γ-radiations
and found that increasing the Yb2O3 in affects the shielding factors
of glass. Mhareb [6] studied Er3+/Sm3+ in Li2O-B2O3-MgO-Er2O3-
Sm2O3 glasses and found that the photon/neutron shielding
properties were improved as the Sm3+ content increased. Kaur et al.
[7] prepared Sm3+/Gd3+ co-doped Pb aluminophosphate glasses and
examined their prospect as high-energy radiation sensing and
shielding. Rammah et al. [8] investigated the radiation shielding
properties of Eu3+ boro tellurite glass.

Bi is a low-toxicity alternative to Pb in many industries. Due to
the environmental hazards of Pb and protectionism in the global
economy, Bi and barium are increasingly being used to substitute
Pb in radiation glass shielding [9]. Sallam et al. [10] investigated
the shielding parameters of Bi borate glasses doped transition

metals, the glass possesses high density, high refractive index, and
high optical basicity. The inclusion of transition metal oxides in
the system absorbs the electrons from the irradiation source and is
expected to enhance the shielding performance of the glass.
Among the alkaline earth oxides (i.e., BaO, CaO, SrO, and MgO),
BaO possesses the largest density, has a high Zeff, and is a non-
toxic compound. Chanthima et al. [11] found that BaO-doped
glasses have a higher shielding efficiency than typical concretes
such as hematite serpentine, basalt-magnetite, and limonite-
limonite. Kaur et al. [12] investigated the physical parameters of
the Bi borate glass system (Bi2O3-BaO-B2O3) modified barium
and discovered that adding Ba increases the Zeff while lowering
the MFP and TVL.

The study examines the shielding ability of the rare earth (RE)
co-doped borate-, phosphate-, and silicate glasses, as well as the
effect of rare earth and heavy metals (Ba, Pb, and Bi) in these
glasses on shielding applications. The attenuation coefficients,
penetration depth, Zeff, Neff, and equivalent atomic number of
glass samples were studied with exposure buildup factor (EBF)
and EABF. According to our findings, Ce3+/Tb3+ co-doped
germanate–borate–silicate (GBS) scintillating glass (G6), and Pr3+

/Nd3+ co-doped alumina boro-phosphate (G5) glasses are
excellent in radiation shielding. This research should be highly
valuable in many applications of these glasses for radiation
shielding efficacy in nuclear reactor core design and other sectors.

2. Theoretical Framework

Phy-X/PSD software1 is a user-friendly online software and
was used to compute all the relevant shielding parameters using the
density and molar concentration of composition in the following
rare earth co-doped borate, phosphate, and silicate glasses. The
glass composition and the density is an essential quantity in
radiation shielding materials, and it is directly related to the μ/ρ,
HVL, and MFP values of G1 to G10 glasses are listed in Table 1.
In general, the higher the radiation shielding characteristics of

Table 1
Glass notion, weight percentage of the elemental compositions, and density of the studied glasses

Sample
code Sample Name and Elements compositions

Density
(g/cm3)

Ref.
No.

G1 Ce3+/Dy3+ co-doped alumina boro-phosphate glass
40 H3BO4+ 49 H6NO4P+ 10 Al2O3+ 0.5 CeO2+ 0.5 Dy2O3

3.129 [13]

G2 Ce3+/Sm3+ co-doped alumina boro-phosphate glass
40 H3BO4+ 49 H6NO4P+ 10 Al2O3+ 0.5 CeO2+ 0.5 Sm2O3

3.096 [13]

G3 Ce3+/Dy3+ co-doped alumina-barium borate glass
60 B2O3+ 28 BaCO3+ 10 Al2O3+ 1 Ce2O3+ 1 Dy2O3

3.381 [14]

G4 Ce3+/Sm3+ co-doped alumina-barium borate glass
60 B2O3+ 28 BaCO3 +10 Al2O3+ 1 Ce2O3+ 1 Sm2O3

3.342 [14]

G5 Pr3+/Nd3+ co-doped alumina boro-phosphate glass
40 H3BO4+ 49 H6NO4P+ 10 Al2O3+ 0.5 PrO2+ 0.5 Nd2O3

3.118 [14]

G6 Ce3+/Tb3+ co-doped GBS scintillating glass
25.3 SiO2+ 24 B2O3+ 3 BaO +9 Al2O3+ 30 Gd2O3+ 3 P2O5 +5 Tb2O3+ 0.2 Ce2O3+ 0.5
Sb2O3

4.796 [15]

G7
G8

Dy3+/Pr3+ co-doped lithium borate glass
27.5 Li2O+ 71.7 B2O3+ 0.5 Dy2O3+ 0.3 Pr6O11

27.5 Li2O+ 71.3 B2O3+ 0.5 Dy2O3+ 0.7 Pr6O11

2.430
2.581

[16]

G9
G10

Eu3+/Nd3+ co-doped silicate glass
45 SiO2+ 20 K2O+ 5 Na2O+ 16 PbF2+ 10 LiF+ 1 Eu2O3+ 3 Nd2O3

45 SiO2+ 20 K2O+ 5 Na2O+ 18 PbF2+ 10 LiF +1 Eu2O3+ 1 Nd2O3

3.807
3.789

[17]

1Available at https://phy-x.net/PSD
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glass, the more electrons and atoms per unit volume of the material
that can interact with γ-photons/neutrons. Table 1 outlines the molar
fraction of various types of rare earths co-doped with the host glass
composition.

3. Shielding Parameters

3.1. Mass and linear attenuation coefficient

γ-ray photons with intensity Io penetrate a layer of materials
with density ρ and thickness t, resulting in intensity I determined
by the Beer-Lambert law:

I
Io
¼ exp � µ

ρ

� �
t

� �
(1)

Rearrange the above equation to get the mass attenuation coefficient
(MAC), and it is a normalized LAC per unit density of a substance
that produces a constant result for a particular element or substance
(i.e., independent of the density of the material).

µ

ρ
¼ t�1 ln

Io
I

� �
(2)

The μ/ρ for a mixture and composite can be determined theoretically
by the following relation:

µm ¼ µ

ρ
¼

X
wi

µ

ρ

� �
i

(3)

Here, Wi = (niAi/ΣjniAj) is a weight fraction; Ai and ni are the ith

element’s atomic weight and number of formula units, respectively.

µ ¼ ln

Io
It

� �
t

(4)

where It is the intensity at a depth of t cm. The LAC increases with
increasing physical density and the atomic number of the absorbing
material.

3.2. Half-value layer and tenth-value layer

The HVL is the most common quantitative parameter for
describing the materials’ attenuation ability. The HVL and TVL
indicate the material thickness required to reduce radiation dose
by one-half and one-tenth of the initial dose, respectively. The
formulae below describe the HVL and TVL values with the μ.

HVL ¼ Xh ¼
ln 2
µ

(5)

TVL ¼ Xh ¼
ln 10
µ

(6)

The quantity of radiation that travels through a particular thickness of
material is determined by the energy of individual photons along
with materials atomic number (Z) and the density (ρ)

Themean distance between two subsequent contacts of the photon as
it travels through the materials, and it is derived by LAC, The MFP is:

MFP ¼
R1
0 x e�µx dxR1
0 e�µx dx

¼ 1
µ

(7)

The energy distribution of the particles about the medium and the density
affects the MFP.

3.3. Effective atomic number (Zeff), electron
density (Neff), and conductivity (Ceff)

The Zeff is the percentage of total electrons in a sample that
interacts with photons. It is calculated by dividing the total
atomic cross-section (σa) by total electronic cross-section values
(σe) [18].

Zeff ¼
σa

σe
¼

P
i fiAi

µ

ρ

� �
iP

j
Aj

Zj

µ

ρ

� �
j

(8)

Here, σa = 1
NA

P
i fiAi

µ

ρ

� �
i
and σe = 1

NA

P
i
fiAi
Zi

µ

ρ

� �
i
, where NA and

fi are the Avogadro’s number and fractional abundance, respec-
tively. The Neff refers to the number of electrons per unit mass,
and it is closely related to Equation (7). The Neff per unit volume
of the material can be calculated using mass attenuation coefficient
(μm) and electronic cross-section (σe) [18]:

Neff ¼
µm

σe
¼ NA

M
Zeff

X
i
ni (9)

where μm and Σi ni = n are the average atomic weight and the total
number of atoms. The Ceff is the samples’ effective conductivity,
which is measured in (S/m). Ceff is proportional to Neff and can
be calculated as follows:

Ceff ¼
Neff ρe

2τ

me

� �
103 (10)

where τ = (h/2лKBT) is the average relaxation time.

3.4. Buildup factor and neutron removal
cross-section ΣR

EBF is a concept derived from secondary particles, which are
primarily associated with Compton scattering (CS). The
interpolation method for the equivalent atomic number (Zeq) can
be used to calculate the EBF, as given in below [19]:

Zeq ¼
Z1 log R2 � logRð Þ þ Z2 ðlog R� log R1Þ

ðlog R2 � log R1Þ
(11)

where R = (μm)Compt/(μm)total for a given glass, Z1 and Z2 are
connected to the ratio R1 and R2, respectively. For the evaluation
of photon buildup parameters, the G-P fitting method includes
five fitting parameters, b, c, a, Xk, and d, which are dependent on
Zeq and photon density. The following logarithmic interpolation
formula is often used to interpret the G-P fitting coefficient:

P ¼ P1 log Z2 � log Zeq

� 	 þ P2 ðlog Zeq � log Z1Þ
ðlog Z2 � log Z1Þ

(12)

where P1 and P2 designate the G-P fitting parameters. The following
formulae can be used to calculate EBF values.

B E;Xð Þ ¼ 1þ b� 1
K � 1

Kx � 1ð Þ for K 6¼ 1 (13)
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B E;Xð Þ ¼ 1þ b� 1ð Þx for K ¼ 1 (14)

where K(E,X) = CXa + d
tan h x=Xk � 2

� �
�tanh �2ð Þ

1�tanh �2ð Þ for x≤ 40 mfp is
the absorbed dose, and E refers to the incident energy.

The generic formula can be used to compute the removal
cross-section for substances using the value of ΣR/ρ or ΣR for
different elements in the mixture and composites:

ΣR ¼
X

i
ρi ΣR=ρð Þi (15)

For a material sample with m substances, the removal cross-section
ΣRs

(cm−1) will be:

ΣRs
¼

X
m
X¼1

ρX

X
R
=ρ

� �
X (16)

Table 2 illustrates the various shielding parameters of the studied
glasses utilized by the Phy-X software program.

4. Results and Discussion

Radiation shielding characteristics for RE co-doped borate,
phosphate, and silicate glass systems (G1–G10) were estimated
using Phy-X/PSD software in the energy range of 1 KeV to 100
GeV. Figure 1 depicts the relationship between incident γ-photon
energy and μm, as well as photon interaction with all glass samples
in various energy regions (Photoelectric absorption (PEA), CS, and
pair production (PP) in the electronic and nuclear fields). The μm
values are considered to be influenced by thermal, chemical, and
molecular structure. The first layer that the radiation beam
encounters attenuates considerably more photons than subsequent
layers, resulting in an attenuation decrease as a function of photon
energy. The μm of all glasses decreases as the photon energy
increases, and discontinuities occurred at some photon energies that
related to the binding energies of the electrons in the different shells
of heavy elements such as Ce3+, Dy3+, Sm3+, Pr3+, Eu2+, and
Nd3+ ions. When the energy of the γ-rays is only above the binding

energy of the innermost electron shell, such as the K-shell of the
atoms interacting with photons, the K-edge suddenly increases in
γ-ray absorption. Physically, PEA of photons causes this abrupt rise
in attenuation. As a result, strong peaks appear when photoelectric
interaction occurs at specific energies, indicating the presence of two
attenuation factors at the same energy. These peaks become more
apparent at the binding energy for elements with a relatively high
atomic number (rare earths). The μm value of G3, G4, and G6
glasses has a unique pattern due to the presence of L- and K-
absorption edges in Ce3+ ions.

In an energy region of 0.1 to 1 MeV, the values of the attenuation
coefficient were nearly consistent. This is because in this energy
zone, the CS dominates, which is independent of atomic number
(Z). The photon energy increases above 10 MeV, and the influence

Table 2
γ-ray/neutron shielding parameters formulae with unit

Shielding parameters Formula Unit

Mass attenuation coefficient (MAC) µm orð Þ µ

ρ
¼ t�1 ln Io

I

� 	
cm2/g

Linear attenuation coefficient (LAC) μ = ln
Io
Ið Þ
t cm−1

Half-value layer (HVL) HVL = Xh = ln 2
µ

cm
Tenth-value layer (TVL) TVL = Xh = ln 10

µ
cm

Total atomic cross-section σa = 1
NA

P
i fiAi

µ

ρ

� �
i

cm2/atom

Total electronic cross-section σe = 1
NA

P
i
fiAi
Zi

µ

ρ

� �
i

cm2/electron

Effective atomic number Zeff =
σa
σe
¼

P
i
fiAi

µ

ρð ÞiP
j

Aj
Zj

µ

ρð Þj
–

Effective electron number Neff =
µm
σe

¼ NA
M Zeff

P
i ni Electrons/g

Effective conductivity Ceff =
Neff ρe

2τ

me

� �
103 S/m

Equivalent atomic number Zeq ¼ Z1 log R2�logRð Þ þ Z2 ðlog R�log R1Þ
ðlog R2�log R1Þ

–

Neutron removal cross-section ΣR ΣR =
P

i ρi (ΣR/ρ)i cm2/g

Figure 1
Mass attenuation coefficient (μ/ρ) of rare earth co-doped glasses
(G1–G10) as a function of photon energy range 1 KeV–100 GeV
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of CS rapidly faded because PP became the dominant mechanism and
it is related to Z2. The PEA is preferred inmedical applications because
it is dependent on the atomic number of the absorbing material,
whereas the CS is dependent on the electron density [20]. The
Compton Effect is less dependent on the atomic number of the
substance than the photoelectric effect. As a result, as the amount
of B2O3 in the zone dominated by the PEA increases, the μm value
decreases in G7 and G8 glasses. Because the G6, G9, and G10
glasses have a high Z and ρ, they respond to the PP more in the
higher energy region, resulting in a relatively high μm. The LAC
(μ) values (Figure 2) of all the glass samples followed nearly
identical patterns as μm values vs. photon energy.

According to the Equations (7) and (8), the HVL and TVL
values associated with MFP are all identical and proportionate.
Figure 3 (a) and (b) illustrate the variation in HVL and TVL of all

the glass samples. HVL has the exact opposite of attenuation
coefficient values in terms of energy dependence. With increased
photon energy, the attenuation coefficient declines quickly,
causing the penetrating ability to increase. As a result, HVL
values for all glasses have increased as the acceleration decreases
as the energy increases. It is discovered that the energy of a
mono-energetic beam of γ-photons with the same penetrating
ability as the spectrum of photons reaches its highest value at a
certain energy point known as effective energy, where the HVL
gets the highest value (Figure 3(a)). Furthermore, γ-photon
penetration diminishes as energy increases, resulting in a
saturation of the HVL value for all glasses.

In addition to HVL values, TVL is a factor that specifies the
material thickness needed to lower the incoming γ-photon energy
to (1/10)th of the original value. It is particularly useful in medical
radiation applications. Figure 3(b) depicts the variability in TVL
values as a function of incident γ-photon energy. Their changes
are identical to the HVL values in terms of energy and material
compositions. The density of the material has a significant impact
on the MFP of γ-photon penetration through it. The energy of
photons influences their probability of interacting, particularly
with the photoelectric effect. As the photon energy increases, the
probability of interactions decreases and the MFP increases as a
result, as shown in Figure 4.

In the low-energy zone where the PEA is dominant, HVL, TVL,
and MFP values are lowest and increase as incident photon energy
increases. Glasses with high transparency, high mechanical strength,
high melting point, and good homogeneity, as well as compositions
of elements with a high atomic number, are chosen for radiation
shielding applications, taking into account the low HVL, TVL, and
MFP values [18]. The presence of Ba2+ heavy metal ion in certain
glass compositions, together with Al2+ ion as a strengthening agent
in host elements, leads to high density. The low HVL, TVL, and
MAC were explored by relatively high-density glasses such as G6,
G9, G10, G4, and G3, whereas the low-density and the highest
B2O3 content glasses G7 and G8 had larger values of these
parameters. Low HVL materials are recommended for low cost in
shielding applications since a lower HVL value equals a thinner
material that halves the penetrating photon flux. The glasses G7 and

Figure 2
Linear attenuation coefficient (μ) of rare earth co-doped glasses
(G1–G10) as a function of photon energy range 1 KeV–100 GeV
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(a) Half-value layer of the rare earth co-doped glasses (G1–G10) as a function of photon energy range 1 KeV–100 GeV and (b) tenth-

value layer of the rare earth co-doped glasses (G1–G10) as a function of photon energy range 1 KeV–100 GeV
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G8 contain the elements, although the increase of mole fraction of Pr3+

ion by decrease borate in G8, resulting a lower penetration layer values
thanG7. The glass sampleG6 is preferred for shielding purposes since it
has a lower HVL, TVL, and MFP value than the other studied glasses,
even though theMFP findings of the studied glasses were identical. The
reason for the lower HVL could be due to its very high density when
compared with other glasses taken in this study. The HVL of Pb,
ordinary concrete, and G6 at 15 MeV is 1.08, 13.9 [21], and 2.8 cm
respectively. Table 3 shows the maximum values of HVL, TVL, and
MFP corresponding to the effective energies of all the glasses.

Figures 5 and 6 illustrate the variation of Zeff and Neff with a
photon energy range of 1 KeV – 100 GeV for all glass samples
(G1–G10), respectively. The Zeff decreases as photon energy
increases, which is because high-energy photons can travel deeper
into the absorber material without interaction. The γ-photon
attenuation ability of the absorbent material is reflected in the
magnitude of the Zeff value. Photons are highly attenuated in these
materials because elementals with high Zeff values are the chosen
targets for more photon collisions. Since Equation (9) relates these
two parameters, it can be seen from these graphs that the variations

of Zeff and Neff with photon energy are nearly identical. The Zeff
and Neff are a metric that can be used to predict the ionizing
radiation response of different elemental configurations. At the
lower energy band, all glasses have two peaks traced in both Zeff
and Neff. When photon energy is near the L- and K-absorption
edges of the elements (Ce, Dy, Sm, Pr, Eu, and Nd) contained in
the glasses, there are abrupt changes in Zeff and Neff values due to
the jump inμm values at the L- andK-absorption edges of the elements.

The photon energy dependence of total atomic cross-section
(σa) and electron cross-section (σe) is prominent only at low
energies, resulting in high responses of both Zeff and Neff to the
energy region. As a result, several partial photon-interaction
mechanisms are accurately related to the composing element “Z”
These interactions are important in Zeff variation with γ-ray
energy, and it is interesting to note that the Z-dependence of the

Figure 4
Mean free path of the rare earth co-doped glasses (G1–G10) as a

function of photon energy range 1 KeV–100 GeV
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The maximum value of HVL, TVL, and MFP associated with

their effective energy of all glasses

Sample
code

Effective energy
(MeV)

HVL
(cm)

TVL
(cm)

MFP
(cm)

G1 25.90 11.58 38.51 16.80
G2 25.90 11.58 38.51 16.80
G3 10.37 7.241 24.13 10.54
G4 10.37 7.241 24.13 10.54
G5 25.90 11.58 38.51 16.80
G6 6.61 4.914 6.73 6.04
G7 25.90 15.50 53.13 22.43
G8 25.90 13.19 43.92 19.18
G9 6.61 5.44 18.08 7.83
G10 6.61 5.44 18.08 7.83

Figure 5
Effective atomic number (Zeff) of the rare earth co-doped glasses

(G1–G10) as a function of photon energy
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Figure 6
Effective electron density (Neff) of the rare earth co-doped glasses

(G1–G10) as a function of photon energy
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cross-section for PE absorption, CS, and PP processes are Z4–5, Z,
and Z2–3, respectively. Higher atomic number absorbers have a
high probability of photoelectric interactions in low-energy
regions (< 0.1 MeV). The PEA edges of Pb and Ba are associated
with irregular jumps in Zeff and Neff values. At energies where the
CS progressively emerges as the dominant interaction process
(about 0.4–4 MeV), the Neff values are remarkably independent of
the atomic number of the constituting elements. Bagheri and Adeli
[22] reported that increasing Bi2O3, PbO, and BaO in glasses
improves their σa values. The results are in good accord with the
present investigation, with the BaO-containing G6 glass and the
Pb-containing G9/G10 glasses having higher Zeff values in the
low-energy zone than the other glasses.

There is a distinct variation in Zeff values of all the studied
glasses in the entire energy zone, revealing that the value depends
on their atomic number (Figure 5). But, the Neff values of all the
studied glasses are nearly identical in the intermediate energy
zone, indicating that the CS dominates in the intermediate energy
zone irrespective of atomic number (Figure 6).

Furthermore, the photon with energies ranging from 0.0015 to 1
GeV was used to calculate the effective electron conductivity (Ceff)
values of the tested glass samples. Figure 7 depicts the change in
effective conductivity for all glass samples at 300 K. The Ceff

parameter is directly proportional to the material densities and the
effective electron numbers. At a low-energy band, the Ceff value has
reached its maximum value in all the glasses, where the
photoelectric effect is prevalent. The Ceff values of all the glasses
have nearly flattened out in an intermediate zone, where the CS
dominates.

Figure 8 depicts the energy-dependent variations in equivalent
atomic number (Zeq) values acquired for the glasses studied. It is
observed that there are three separate Zeq variation energy bands,
with PEA, CS, and PP dominating in the energy range
(0.015–0.03 MeV), (0.03–1 MeV), and above 1 MeV, respectively.
The fact that the Zeq of all the glasses in the intermediate energy
zone is relatively high, suggests that the process is more scattering
than energy absorption and PP. At low energy, the Zeq of G10 and

G9 is lower than that of G6, but in the intermediate energy band,
the value of these glasses exceeds that of G6 glass. The higher Zeq

values of G10 and G9 glasses in an energy band (0.03–1 MeV)
relative to the other examined glasses are attributable to the fact
that these glasses contain Pb ions, which scattered γ-photons more
than other glasses. The density of G7 and G8 glasses decreases
while B2O3 (boron oxide) concentration increases, however, it is
higher than H3BO3 (Boric acid) doped G1, G2, and G5 glasses.
Because G7 and G8 glasses have a high viscosity and a large
extension area during casting, their thickness as well as Zeq are
greater than those of G1, G2, and G5.

4.1. Energy dependence EBF/EABF

EBF/EABF were calculated for each glass sample, Figures 9
(a)–(d) and 10 (a)–(d) illustrate the variation of EBFs and EABFs of
all the studied glasses (G1–G10) with photon energy range 0.015–15
MeV at specified penetration depths of 1, 10, 20, and 40 mfp,
respectively. These figures show that the buildup factors vary in
three different zones depending on the photon-material interaction.
All the glasses’ EBF and EABF values were found to be lowest in
the lower and higher energy zones where PEA and PP dominate
respectively, and highest in the intermediate energy zone (CS
dominates). Above the photon energy (> 1 MeV), the concentration
of e––e+ particles may cause the secondary γ-ray photon to be
initiated by the destruction of the e+ with the e– at rest, resulting in
significant increases in the photon intensity.

The rapid rise in PEA of γ-ray photons detected just above the
binding energy of the atom’s K-shell electrons is known as the
K-absorption edge. As illustrated in Figures 9 (a)–(d) and 10
(a)–(d), a large intensive peak in the EBF and EABF values of G6
glass at 1 mfp was detected at 0.0304 MeV energy, which could
be attributable to K-edge of Sb absorption. In addition, at the low-
energy region, a peak in buildup factors at 0.040 MeV, 0.048
MeV, and 0.041 MeV is due to the K-edge of Ce, Eu, and Pr
elements, which are present in (G1, G2, G3, and G4), (G9 and

Figure 7
Effective electron conductivity (Ceff) of the rare earth co-doped

glasses (G1–G10) as a function of photon energy
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Figure 8
Equivalent atomic number (Zeq) of the rare earth co-doped
glasses (G1–G10) as a function of photon energy in the range
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G10) and (G5, G7, and G8) glasses respectively [23]. The EBF and
EABF, peak at 0.193MeV in G5, G2, andG1, at 0.39MeV inG7 and
G8, at 0.779 MeV in G3 and G4, and 0.988 MeV in G6, G9 and G10
at 1 mfp (Figures 9(a) and 10(a)). For all of the selected penetration
depths (1, 10, 20, and 40 MFP), the highest values were obtained for
the G5, G2, and G1glass, while the lowest values were observed for
the G9, G10, and G6. Specifically, G5 glass has relatively higher
buildup factor values than the other studied glasses in an
intermediate energy zone for all mfps. The variation of EBF and
EABF associated with the incident photon energy reached high
values for 40 mfp (Figures 9(d) and 10(d)).

4.2. Penetration depth dependence of EBF/EABF

Figures 11 (a)–(d) and 12 (a)–(d) show the variation of EBF
and EABF with MFPs at various incident photon energies (0.015,
0.15, 1.5, and 15 MeV). As the penetration depths increase, the

buildup factor values of the glasses increase as well. The
buildup factor values differ depending on the chemical
composition of the glasses at this specific energy. At the lowest
energy such as 0.015 MeV (Figures 11(a) and 12(a)), except for
G6 and G10 glasses, the EBF and EABF values exponentially
increase. These values are lower than those of other glasses and
are nearly constant after 10 mfp for G6 and G10 glasses. One
intriguing observation is that the EBF values of the G3 and G4
glasses increase after 30 mfp (Figure 11(a)), indicating that the
high Ba ion content in these glasses generated more non-
bonding oxygen, allowing photon energy to penetrate more
distance to them.

At 0.15 MeV (Figures 11(b) and 12(b)), the EBF and EABF
values are the smallest and highest for (G6, G9, and G10) and
(G5, G2, and G1) glasses in the penetration depth range
0–40 mfp, respectively. In this energy, the buildup factor values of
all the glasses increase linearly over the penetration depths, owing

Figure 9
Exposure buildup factor (EBF) of the rare earth co-doped glasses (G1–G10) as a function of photon energy

in the range 0.015 MeV–15 MeV for (a) 1 MFP, (b) 10 MFP, (c) 20 MFP and (d) 40 MFP
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to the intense PEA. At 1.5 MeV, the buildup factors of these glass
samples are almost independent of the elemental composition of the
glasses due to the CS process. However, the buildup factor values
of the G1, G2, and G5 are nearly identical and higher than those of
other studied glasses (Figures 11(c) and 12(c)), implying that the
incident γ-photon generated more scattering in these glasses.

At 15 MeV, both buildup factors for the given penetration
range attain their maximum values (Figures 11(d) and 12(d)).
This could be because PP dominates, causing Zeq dependency.
Specifically, G6 glass has the highest buildup factor values in
this energy zone due to its highest Zeq (89.83 < Zeq < 40.36).
This is because the PP process has taken over, resulting in an
e––e+ pair with a lower penetration depth. After some collisions
within the glass samples, the e––e+ emitted in the process

slowed down and went through an annihilation process,
producing two γ-photons (511 KeV) in opposite directions [24,
25]. As a result, rather than absorbing high-energy photons
(over 10 MeV), the pair production and annihilation processes
twice the photons. As a consequence, EBF and EABF values
are proportional to Zeq, with maximum EBF/EABF values seen
for G6 ((Zeq)high glass) and lowest EBF values observed for G5
((Zeq)low glass).

To evaluate the weakening of fast neutrons within the studied
glasses, the term effective removal cross-section ΣR is utilized. It is
well known that glass with a high ΣR value provides excellent
neutron protection [26]. Secondary photons are generated by
neutron attenuation due to inelastic scattering interactions with
nuclei, requiring the use of both low and high Z elements in

Figure 10
Energy absorption buildup factor (EABF) of the rare earth co-doped glasses (G1–G10) as a function of photon energy in the range

0.015 MeV–15 MeV for (a) 1 MFP, (b) 10 MFP, (c) 20 MFP and (d) 40 MFP
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neutron shielding glasses. Equation (15) was used to calculate the
fast neutron cross-section (ΣR) for all of the glasses studied.
Figure 13 compares the ΣR of the studies glasses to the ΣR of
various regularly employed neutron shielding materials like
water, ordinary concrete (OC), Hematite-serpentine concrete
(HSC), and graphite, their values are given in Table 4. The
removal cross-section was found to be highest for G1, G5, and
G2 glasses, with values of 0.193, 0.192, and 0.191, respectively,
and lowest for the other glasses, with values ranging from 0.092
to 0.113. High quantities of B2O3 are present in the G7 and G8
glasses, lowering the ΣR value substantially. This is because the
lower atomic number B element substitutes for the higher atomic
number Dy and Pr atoms in the glasses. When compared to
commonly used neutron shielding materials, it is obvious that
some of our studied glasses (G1, G5, and G2) are promising
prospects for neutron shielding applications. As a result, the
highest H3BO3 contribution gives the best neutron shielding,
showing that decreasing the atomic number supports neutron
attenuation.

Figure 11
Exposure buildup factor (EBF) of the rare earth co-doped glasses (G1–G10) as a function of penetration depth in the range 0.5–40mfp

for (a) 0.015 MeV, (b) 0.15 MeV, (c) 1.5 MeV and (d) 15 MeV

Table 4
Comparison of fast neutron removal cross-section (ΣR)

co-doped rare earth glasses (G1–G10) with conventional neutron
shielding materials

Sample code ΣR (cm−1) Ref. No

G1 0.193 Present study
G2 0.191
G3 0.106
G4 0.105
G5 0.192
G6 0.104
G7 0.110
G8 0.113
G9 0.091
G10 0.091
Water 0.102 [27]
Ordinary concrete (OC) 0.093 [27]
Hematite-serpentine concrete (HSC) 0.097 [27]
Graphite 0.077 [28]
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Figure 12
Energy absorption buildup factor (EABF) of the rare earth co-doped glasses (G1–G10) as a function of penetration depth in the range

0.5–40 mfp for (a) 0.015 MeV, (b) 0.15 MeV, (c) 1.5 MeV and (d) 15 MeV

Figure 13
Fast removal cross-section of the rare earth co-doped glasses (G1–G10) with the conventional neutron shielding materials
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5. Conclusion

The high density and Zeq of G6 glass exhibit low buildup factor
values spanning the 0.5 to 40 mfp range, with energy values of 0.015,
0.15, and 1.5 MeV. Hence, the values of the glass turned high at 15
MeV, indicating that the incident γ-photon generated a greater
number of electron-positron pairs in the glass. The results show that
HVL and TVL can be sorted in the following order for all glasses:
G7 > G8 > G1/G2/G5 > G3/G4 > G9/G10 > G6. The maximum
values of HVL, TVL, and MFP of G6 glass were found to be 6.13
cm, 6.54 cm, and 6.36 cm, respectively. HVL results compared to
conventional materials show that G6 glass can attenuate 15 MeV
photons at one-fourth thickness required for ordinary concrete to
attenuate. The G6, G9, and G10 glasses had the highest Zeff and Neff

values than the other studied glasses. The highest Ceff values are
found in G6 glass, whereas the lowest Ceff values are found in G7
glass. The high content of B2O3 in G7 and G8 glasses increases
HVL, TVL, and MFP values while lowering Zeff, Neff, and Ceff. The
K-absorption edge of Ce (in G1, G2, G3, G4, and G6), Eu (in G9,
G10), Sb (in G6), and Pr (in G5, G6, and G7) elements were found
to be at 0.040, 0.048, 0.0304 and 0.041 MeV, respectively, at the
lower energy zone. The stepwise variation in Zeq of all the
investigated glasses revealed three distinct zones associated with
PEA, CS, and PP. In addition, G10, G9, and G6 glasses have a
higher Zeq in the intermediate energy zone resulting in increased
scattering by photon collision in this region. Due to their larger Zeq
values and lower exposure and energy absorption buildup factor
values, the Ce3+/Tb3+ co-doped GBS scintillating (G6), Eu2+/Nd3+

co-doped silicate (G9 and G10) glasses had superior γ-ray shielding
performance among the studied glasses. In addition, G1, G5, and G2
glasses have a greater mass removal cross-section than the other
investigated glasses, including conventional materials, and hence
have potential uses for neutron shielding. As a result, high Zeq
elements composition and density play an important role in γ and
neutron shielding abilities.
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