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a b s t r a c t

In this paper the impact of adding the trivalent samarium (Sm3þ) rare earth (RE3þ) ions on

the nuclear shielding performances of borate/sodium/potassium glasses with chemical

form B2O3(70ex)/Na2O15/K2O15/Sm2O3; x ¼ 0.0e2.0 mol% was examined. Material den-

sities were enhanced quantitatively from 2.22 to 2.48 g/cm3. Several radiation shielding

parameters have been determined in the 0.15e15 MeV photon energy range via MCNPX

simulation code and Phy-X/PSD software. Results showed that the addition of Sm3þ ions

to the glasses improved the linear (LAC) and mass (MAC) attenuation coefficients. The

Sm2.0 sample (rich with Sm3þ ions and with a high density) has the highest LAC and MAC

at all photon energy values under investigation. The half-value layer (T1/2) values of the

studied Sm-glasses followed the trend: (T1/2)Sm0.0> (T1/2)Sm0.1> (T1/2)Sm0.3> (T1/2)Sm0.5> (T1/

2)Sm0.7> (T1/2)Sm1.0> (T1/2)Sm1.5> (T1/2)Sm2.0. The mean free path (l) has a similar trend as T1/

2. The numerical results of effective atomic number (Zeff) were: Sm0.0 ¼ 10.538,

Sm0.1 ¼ 10.70646, Sm0.3 ¼ 11.03259, Sm0.5 ¼ 11.28569, Sm0.7 ¼ 11.53882,

Sm1.0 ¼ 11.91848, Sm1.5 ¼ 12.42718, Sm2.0 ¼ 12.9175 at 0.015 MeV, and Sm0.0 ¼ 8.36553,

Sm0.1 ¼ 8.42831, Sm0.3 ¼ 8.55388, Sm0.5 ¼ 8.67944, Sm0.7 ¼ 8.80502, Sm1.0 ¼ 8.99335,

Sm1.5 ¼ 9.28877, Sm2.0 ¼ 9.58377 at 15 MeV. The Sm2.0 glass sample has the greatest Zeff

value across all gamma-ray energies. This condition is likewise associated with the highest

Sm (Z ¼ 62) content in Sm2.0 when compared to the other studied glasses. In addition, the
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Sm2.0 sample had the lowest exposure (EBF) and energy absorption (EABF) build-up factors

values among the glass samples under investigation. All the obtained observations confirm

that the Sm-glass samples can be considered promising materials for attenuation of nu-

clear radiations.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Former oxide glasses containing alkali, alkaline, transition,

and/or rare-earth metals have excellent characteristics [1e5]

in a variety of applications, including solid-state electrolytes

[1,2], solid-state illumination [3,4], optoelectronic devices [5],

and radiation shielding [6e13]. Borate-based glasses are

selected for several applications [14e18] due to their unique

features: a wide range of glass-forming regions, low melting

point, high thermal stability, high bond strength, high rare-

earth ion solubility, smaller cation size, high transparency,

electrical, mechanical, linear, and nonlinear properties, as

well as gamma-ray and neutron shielding qualities [19e24].

Several reports from various authors state that borate-based

glass systems of various compositions play an essential role

in the optical field due to their compelling linear and

nonlinear optical characteristics [25e29]. In addition, it has a

random network structure made up of trigonal BO3 units that

can be converted into tetrahedral BO4 units depending on the

modifier oxide glasses type and concentration [30e32]. Mainly,

glasses are utilized as temperature sensors in optical and

electrical engineering [33]. Boron oxide (B2O3) is the most

effective glass-forming among the most prevalent oxides.

Trivalent samarium (Sm3þ) is a rare earth (RE3þ) ion unaf-

fected by borate's high phonon energy. Sm3þ -doped glasses

have more attention from several researchers and in-

vestigators due to their potential applications in several fields

such as optical amplifier [4,34], solid-state laser [35], lumi-

nescent downshifting in solar cells [36], undersea communi-

cation [37], optical fiber communication [38], LEDs [37], hole

burning [39], display devices [40] and enhancement the radi-

ation shielding features, as investigated by Sallam et al. [41]

that doped samarium from x ¼ 0.5e3 mol% into (P2O5)47-

(Na2O)23-(Al2O3)6-PbO(24�x) as well as optical properties.

In the field of radiation protection, Mahmoud et al. [42]

have been examined the effect of Sm3þ ions on radiation

shielding parameters of lead boro-silicate glasses. The authors

reported that the minimum and maximum values of mass

attenuation coefficients (MACs) were obtained at the energies

of 6 MeV and 15 keV, and the studied glasses had a lower half-

value layer. Issa et al. [43] have investigated the nuclear ra-

diation shielding features of Sm3þions-borate glass with the

chemical formula (Tl2O3)30-(Li2O)10e(B2O3)(60ex)e(Sm2O3)x:

(x ¼ 0, 0.2, 0.4, and 0.6 mol%) via experimental and simulation

code. They reported that the radiation protection parameters

had been enhanced by increasing the samarium (III) content.

Furthermore, the effects of Sm3þ ions on the mass stopping

power projected range and nuclear shielding properties of

ZnO-TeO2 glasses were examined by El-Agawany et al. [44].
Authors claimed that the addition of Sm3þ ions to the glass

network is a benefit issue for shield materials in the sense of

neutron, gamma, proton, and alpha attenuation. Therefore,

the main objective of this research is to examine the positive

effect of adding the trivalent samarium (Sm3þ) rare earth

(RE3þ) ions on the nuclear shielding performances of borate/

sodium/potassium (B2O3/Na2O/K2O) glasses.
2. Methods & materials

Eight samples of borate/sodium/potassium glasses doped

with trivalent samarium (Sm3þ) ions (Sm0.0-Sm2.0) with

chemical form B2O3(70ex)/Na2O15/K2O15/Sm2O3x: x ¼ 0.0, 0.1,

0.3, 0.5, 0.7, 1.0, 1.5, and 2.0 mol% glasses were selected [45].

More details about the preparation steps, density, and molar

volume measurements are found in [45]. Sample codes,

chemical composition, density, and molar volume of the

investigated Sm-glasses are presented in Table 1.

Firstly, the linear attenuation coefficients (m, in cm�1) of the

Sm-glasses were determined as [46,47]:

m¼ lnðI0 = IÞ = x (1)

where Io and I represent the intensities of the incident and

transmitted gamma-rays and x -the physical thickness (cm) of

the shielding material.

Via the obtained values of m for the glass samples, we

calculated their mass attenuation coefficients (mm) to deter-

mine their density-independent attenuation characteristic as:

�m
r

�
¼
X
i

wi

�m
r

�
i

(2)

where wi is the weight fraction and
�
m
r

�
i is the mass attenua-

tion coefficient of the i th element.

It is well-known that the linear attenuation coefficient (m)

and the half-value layer (T1/2) are inversely related as [12,41]:

T1=2 ¼ ln2
�
m ðcmÞ (3)

3. Results & discussion

This work investigated the gamma-ray shielding capabilities

of Samarium (III) oxide (Sm2O3) reinforced several boron

trioxide glasses in the energy range 0.015e15 MeV. The glass

samples encoded Sm0.0, Sm0.1, Sm0.3, Sm0.5, Sm0.7, Sm1.0,

Sm1.5, and Sm2.0 were modeled using the general-purpose

Monte Carlo program MCNPX [48] and Phy-X/PSD [49], taking

into consideration their elemental mass percentages and

glass densities (see Table 1). A glass attenuator was put
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Table 1 e Code, chemical composition, density, and molar volume of the (70-x)B2O3/15Na2O/15K2O/xSm2O3 glasses:
x ¼ 0.0.0.1, 0.3, 0.5, 0.7, 1.0, 1.5, 2.0 mol%.

Sample code Composition, (mol%) [39] Density, r (g/cm3)
±0.03 [39]

Molar volume,
Vm (cm3/mol) ±0.02 [39]B2O3 Na2O K2O Sm2O3

Sm0.0 70 15 15 0.0 2.22 32.43

Sm0.1 69.9 15 15 0.1 2.24 32.34

Sm0.3 69.7 15 15 0.3 2.27 32.19

Sm0.5 69.5 15 15 0.5 2.30 31.97

Sm0.7 69.3 15 15 0.7 2.33 31.81

Sm1.0 69.0 15 15 1.0 2.37 31.63

Sm1.5 68.5 15 15 1.5 2.43 31.42

Sm2.0 68 15 15 2.0 2.48 31.35
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between a point isotropic source and a detecting zone to

evaluate the gamma-ray transmission performance. Fig. 1

depicts the modeled simulation setup in three-dimensional

views. Each glass sample was tested at different gamma-ray

energies throughout the simulation phase (i.e., from

0.015 MeV to 15 MeV). The first modeling results suggested

that the gamma-ray resistance of the Sm-glass samples varied

significantly. At first, this phenomenon was attributed to each

glass sample having a different material density. Fig. 2 illus-

trates the variation in glass densities (g/cm3) as a function of

glass type. As can be observed, Sm0.0 has the lowest density of

glass (2.22 g/cm3), while Sm2.0 has the highest density (2.48 g/

cm3). In other words, glass densities have been enhanced

quantitatively from 2.22 to 2.48 g/cm3. The ramifications of

this change will be discussed in further depth in the next

section on the glasses' gamma-ray shielding characteristics.

Fig. 3 shows the variation of linear attenuation coefficients

(LAC) of the investigated Sm-glasses as incident photon en-

ergy (MeV) function. The graph clearly shows a dramatic

decrease in energy from 0.015 MeV to 0.030 MeV, indicating
Fig 1 e 3-D model of modelled MCNPX simulation setup
the dominance of Compton scattering [43,44]. Following that,

another abrupt decrease in LAC values was seen in the energy

range of (0.05 MeV to around 1 MeV). After 1.02 MeV, a smooth

decline occurs due to pair production, most often in the high

energy range. The addition of Sm2O3 to the glasses enhances

the LAC values. Our findings showed that the Sm2.0 sample

with the highest amount of Sm2O3 as well as density has the

highest linear attenuation coefficients at all photon energy

values under investigation.

Fig. 4 depicts the variation of mm as a function of incoming

gamma-ray energy. It is shown that incoming gamma-ray

energy influences the behavior of mass attenuation co-

efficients [50]. The mass attenuation coefficients decrease

when energy is raised from 0.015 MeV to 15 MeV. This might

be due to problems encountered during the absorption of

high-energy gamma-rays with a high penetration factor [44].

On the other hand, it is observed that Sm2.0 has the highest mm
values over the whole range of gamma-ray energy investi-

gated. This may be explained by the fact that the glass

structure of Sm2.0 has an elemental fraction with the highest
(obtained from MCNPX Visual Editor VISED_X_22S)
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percentage of Sm (see Table 1). Apart from enhancing the

glass density of Sm2.0, our findings suggested that around 2%

of Sm reinforcement improved the fundamental properties of

Sm2.0 in terms of density-independent gamma-ray attenua-

tion, namely the mass attenuation coefficient (mm) [43,51].

Another critical metric for gamma-ray shielding is the half

value layer (T1/2), defined as the thickness of shielding mate-

rial required to reduce incoming gamma-ray energy by half at

a certain energy level. Alternatively, a shield with a significant

linear attenuation coefficient would result in a thin layer with

a small half value. Similarly, the goal of the low half-value

layer is to reduce the initial gamma-ray intensity to half

while using less material thickness [8,25]. The fluctuation of

half-value layers in examined glass samples as a function of

energy and glass density is shown in Fig. 5. The first obser-

vation is about how the behavior of half-value layers varies as

the incoming gamma-ray energy increases. As can be seen,
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investigated glasses as a function of incident photon

energy (MeV)
increasing the gamma-ray energy results in an instantaneous

rise in the required material thickness. This is because the

thicker shields may prevent particularly high-energy gamma

rays from penetrating the shields. On the other hand, the half-

value layers drop when the glass density increases from 2.22

to 2.48 g/cm3. As previously mentioned, because of this clear

behavioral association between the linear attenuation co-

efficients and the half-value layer thickness, Sm2.0 sample

has the most negligible half-value layer thickness of all

gamma-ray energies investigated. The concept of mean free

part (l ¼ 1/m) is a critical metric in radiation sciences, partic-

ularly in investigations of radiation shielding [11]. This is

because the results of l give unique information about the

mean distance for an adjacent interaction of an incident

gamma-ray with the material environment. As a result, one

might assert that lower l values would result in a more

attenuating environment for energetic gamma rays. This

study determined the l values of all the glass samples under

investigation.

Fig. 6 shows the changing trend of mean free path (cm)

values of investigated glasses as a function of incident photon

energy (MeV). The change in the effective atomic number (Zeff)

values of examined glasses as a function of incoming photon

energy is shown in Fig. 7. A suitable gamma-ray shield with a

high effective atomic number should be evaluated. This is

because an element's Z number is proportional to the number

of electrons inside its atomic orbit [52,53]. Given the impor-

tance of electrons in orbit in interactionwith gamma photons,

it is projected that elements or compounds with a high Z

atomic number would have a higher number of electrons in

orbit interactions. Given that more contact leads to increased

photon attenuation, a higher Zeff value may be considered

another sign of enhanced gamma-ray attenuation capabil-

ities. As could be seen from Fig. 7, Sm2.0 sample has the best

Zeff value across all gamma-ray energies. This condition is

likewise associated with the highest Sm (Z ¼ 62) content in

Sm2.0 sample compared to the other glasses studied. For

scientists and producers of gamma-ray protection,

https://doi.org/10.1016/j.jmrt.2022.03.030
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backscattering or reflection of photons is a significant problem

and a key concern in radiation shielding. As a result, the

design of effective geometry is regarded as a critical challenge

in this sector. The build-up factor is critical for accurate

gamma attenuation measurements and may impair mea-

surement accuracy [54,55]. When gamma radiation passes

through shielding material, it creates two types of radiation

within or outside the shield: uncollided photons and collided

photons. Thus, the accumulation factor is critical for

measuring gamma rays [54,55]. It is defined as the total

number of particles at a location to the number of particles

that have not collided at that site. The shields with lower
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Fig 6 e Variation of mean free path (cm) values of

investigated glasses as a function of incident photon

energy (MeV)
exposure (EBF) and energy absorption (EABF) build-up factors

may be considered as superior shielding materials among the

investigated materials. This study determined the EBF and

EABF parameters of Sm0.0, Sm2.0 glasses, and the samples

Sm0.1, Sm0.3, Sm0.5, Sm0.7, Sm1.0 and Sm1.5, listed in the

Figs 8 and 9.

Fig. 8, Fig. 9, Fig. 10 and Fig. 11 depict the behavioral

changes of exposure build-up factor (EBF) and energy ab-

sorption (EABF) build-up factors values of glasses at different

mfp values (from 0.5mfp to 40mfp) as a function of incident

photon energy (MeV). As can be observed, the EBF and EABF

values drop from the Sm0.0 to the Sm2.0 sample, indicating an

improvement in the shielding enhancement of the glass
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investigated glasses as a function of incident photon

energy (MeV)
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Fig 9 e Variation of energy absorption build-up factor (EABF) values of glasses at different MFP values (from 0.5MFP to 40MFP) as a function of incident photon energy (MeV)
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samples. On the other hand, behavioral changes were seen in

three photon-matter interaction zones, namely low, medium,

and high energy, as a consequence of the photoelectric effect,

Compton scattering, and pair production, respectively. Our

results indicated that the Sm2.0 sample had the lowest EBF

and EBF values among the glass samples under investigation.

T1/2 values of Sm2.0-glass samples were compared with those

of other glass samples and standard shielding concrete sam-

ples in order to determine their practical use. Fig. 12 shows the

half-value layer T1/2 values of the investigated Sm2.0 sample

as a function of photon energy at specific energies and

compared with GlassI with a chemical composition SiO2-

Al2O3-Fe2O3-TiO2-Na2O-B2O3 and density r ¼ 2.02 g/cm3 [56],

GlassII with a chemical composition of CaO-Al2O3-Fe2O3-K2O-

MgO-MnO-Na2O-SiO2 and density r ¼ 2.99 g/cm3 [57], GlassIII

with chemical composition Li2O-K2O-B2O3-PbO and density

r ¼ 2.57 g/cm3 [58], GlassIV with chemical composition Li2O-

K2O-B2O3-SrO and density r ¼ 2.47 g/cm3 [59], and standard

shielding materials (ordinary concrete: OC with density

r ¼ 2.35 g/cm3 [60], ilmenite-limonite concrete: ILC with den-

sity r ¼ 2.9 g/cm3, and hematite-serpentine concrete: HSC

with density r¼ 2.5 g/cm3 [61]). Although the T1/2 value for the

Sm2.0 glass is lower than the T1/2 values of our samples and

this glass sample outperforms the other glasses in terms of

attenuation, however, it is not as effective as high attenuators

such as OC, ILC, and HSC.
4. Conclusions

This research aims to evaluate the positive effect of adding the

trivalent samarium (Sm3þ) rare earth (RE3þ) ions on the
nuclear shielding performances of borate/sodium/potassium

glasses. Eight samples of borate/sodium/potassium glasses

doped with trivalent samarium (Sm3þ) ions (Sm0.0-Sm2.0)

with chemical form B2O3(70-x)/Na2O15/K2O15/Sm2O3x:

x ¼ 0.0, 0.1, 0.3, 0.5, 0.7, 1.0, 1.5, and 2.0 mol% with densities

enhanced quantitatively from 2.22 to 2.48 g/cm3 have been

selected in order to evaluate. The addition of Sm3þ ions to the

glasses enhances the LAC and MAC values; the Sm2.0 sample

with the highest amount of Sm2O3 as well as density has the

highest linear and mass attenuation coefficients at all photon

energy values under investigation. In terms of half-value layer

(T1/2), our findings showed that the (T1/2) of the investigated

Sm-glasses followed the trend: (T1/2)Sm0.0> (T1/2)Sm0.1> (T1/

2)Sm0.3> (T1/2)Sm0.5> (T1/2)Sm0.7> (T1/2)Sm1.0> (T1/2)Sm1.5> (T1/

2)Sm2.0. In terms of themean free path (l) parameter, the (l) has

a similar trend as (T1/2). The Sm2.0 glass sample has the

greatest (Zeff) value across all gamma-ray energies. This con-

dition is likewise associated with the highest Sm (Z ¼ 62)

content in Sm2.0 when compared to the other studied glasses.

In addition, results showed that the Sm2.0 sample had the

lowest EBF and EABF values among the glass samples under

investigation. All obtained observations confirm that the Sm-

glass samples can be considered promising materials for nu-

clear radiation attenuation.
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