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Abstract: The present study investigated the 

gamma-radiation shielding properties of 

samarium oxide (Sm₂O₃)-modified calcium 

sulfate–phosphate glasses with nominal 

composition 20CaSO4+(80−x)P2O3+ 

xSm2O320CaSO4+(80-)P_2O_3+xSm_2O3, 

where x=0.50–2.50x=0.50–2.50 mol%. The 

mass attenuation coefficient (MAC), linear 

attenuation coefficient (LAC), half-value layer 

(HVL), mean free path (MFP), and effective 

atomic number (ZeffZ_{\mathrm{eff}}) were 

evaluated over photon energies ranging from 

0.015 to 15 MeV using the Phy-X/PSD 

computational platform. The results 

demonstrated a strong energy- and 

composition-dependent shielding response. At 

0.015 MeV, the MAC increased from 11.990 

cm²/g for S1 to 58.518 cm²/g for S4, while the 

corresponding LAC values increased from 

43.404 to 182.576 cm⁻¹. At 15 MeV, the LAC 

values were 0.083, 0.096, 0.129 and 0.132 cm⁻¹ 

for S1–S4, respectively. The HVL increased 

with photon energy, reaching 8.377 cm for S1 

and 5.392 cm for S4 at 15 MeV, indicating 

improved attenuation by the Sm₂O₃-rich 

composition. Similarly, the MFP at 0.015 MeV 

decreased from 0.013 cm for S1 to 0.005 cm for 

S4, confirming the enhanced probability of 

photon interaction in the Sm₂O₃-containing 

glass. The calculated ZeffZ_{\mathrm{eff}} 

values further showed substantial 

compositional differences, with S4 exhibiting 

values of 27.90 at 0.347 MeV and 31.99 at 15 

MeV, compared with 11.96 and 12.80, 

respectively, for S1. Overall, the results 

indicate that increasing Sm₂O₃ content 

substantially improves the photon attenuation 

characteristics of the investigated glasses, with 

S4 demonstrating the most promising shielding 

performance for gamma-radiation protection 

applications. 
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1.0 Introduction  

The increasing use of ionizing radiation, 

particularly X-rays and gamma photons, in 

diagnostic radiography, radiotherapy, nuclear 

technology, industrial inspection, and other 

technological applications has intensified the 

need for effective, reliable, and 

environmentally sustainable radiation-

shielding materials. Although ionizing 

radiation has important medical, industrial, and 

scientific applications, excessive or prolonged 

exposure can cause cellular and molecular 

damage, including DNA injury, thereby 

increasing the risk of adverse biological effects 

(Akram & Chowdhury, 2023; Auwal et al., 

2022). Consequently, radiation protection 

relies on controlling exposure through time, 

distance, and shielding, with shielding 

becoming particularly important in situations 

where exposure duration and distance cannot 

be adequately controlled (Frane & Bitterman, 

2023; Kim et al., 2018).The attenuation of 

photons in a shielding material is strongly 

dependent on photon energy and the elemental 

composition of the absorber. At relatively low 

photon energies, photoelectric absorption is the 

dominant interaction mechanism and 

attenuation is strongly influenced by atomic 

number; at intermediate energies, Compton 

scattering becomes increasingly important, 

whereas pair production becomes significant at 

higher photon energies above its threshold. 

Consequently, shielding performance is 

commonly assessed using parameters such as 

the mass attenuation coefficient (MAC), linear 

attenuation coefficient (LAC), half-value layer 

(HVL), mean free path (MFP), and effective 

atomic number (Z_eff), which collectively 

describe the ability of a material to attenuate 

incident photons (Arul Raja Sekaran et al., 

2024; Hanfi et al., 2023). Among the available 

shielding materials, glass systems have 

attracted considerable attention because their 

composition can be systematically tailored to 

modify density, atomic number, structural 

characteristics, and photon-interaction 

mechanisms while maintaining optical 

transparency and relatively simple fabrication 

routes (Ige et al., 2023; Geidam et al., 2022). 

Recent investigations have demonstrated that 

compositional modification of phosphate- and 

calcium-containing glasses can substantially 

influence their radiation attenuation 

characteristics. For example, calcium phospho-

silicate glasses containing different proportions 

of MgO exhibited composition-dependent 

changes in their linear attenuation coefficients, 

with enhanced attenuation observed at lower 
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photon energies and with increasing MgO 

incorporation (Arul Raja Sekaran et al., 2024). 

Similarly, Hanfi et al. (2023) reported that 

increasing As₂O₃ concentration in B₂O₃–As₂O₃ 

glass ceramics increased the linear attenuation 

coefficient and improved the shielding 

performance, particularly in the low-energy 

gamma-ray region. Calcium sulfate–phosphate 

glasses are particularly promising because their 

composition provides opportunities for 

structural and compositional modification 

through the incorporation of suitable network 

modifiers and rare-earth oxides. Recent work 

on calcium sulfate ultra-phosphate glasses has 

shown that rare-earth modification can produce 

substantial changes in photon attenuation. 

Barde et al. (2026) investigated calcium sulfate 

ultra-phosphate glasses containing different 

concentrations of Dy₂O₃ and reported that 

increasing Dy₂O₃ content enhanced the density, 

mass attenuation coefficient, and linear 

attenuation coefficient while reducing the half-

value layer, tenth-value layer, and mean free 

path. The highest Dy₂O₃-containing 

composition exhibited the most favorable 

overall shielding characteristics, demonstrating 

that rare-earth incorporation can be an effective 

strategy for improving the radiation attenuation 

performance of calcium sulfur-phosphate glass 

matrices (Barde et al., 2026). 

Although lead-based glasses provide effective 

shielding, their toxicity and environmental 

impacts necessitate safer alternatives (Hila et 

al., 2022; More et al., 2021). Consequently, 

increasing attention has been directed toward 

lead-free glass systems containing high-

atomic-number metal oxides and rare-earth 

ions as compositional modifiers. Rare-earth 

incorporation can alter glass density, network 

structure, and photon-interaction probability, 

thereby influencing key shielding parameters 

such as the mass attenuation coefficient 

(MAC), linear attenuation coefficient (LAC), 

half-value layer (HVL), and mean free path 

(MFP). In particular, samarium oxide (Sm₂O₃) 

is a promising modifier because its 

incorporation can increase the effective 

interaction probability of photons within a 

glass matrix. Recent work on Sm₂O₃-doped 

photopolymer composites demonstrated that 

increasing Sm₂O₃ concentration significantly 

increased both MAC and LAC while reducing 

HVL, with the highest Sm₂O₃-containing 

composition showing the strongest attenuation 

performance (Zaynal et al., 2026). These 

findings suggest that Sm₂O₃ incorporation may 

provide an effective route for enhancing the 

photon-shielding performance of lead-free 

materials.Despite these advances, the shielding 

behavior of calcium sulfur-phosphate glasses 

remains insufficiently explored with respect to 

the systematic incorporation of different rare-

earth oxides, particularly Sm₂O₃. Although 

Barde et al. (2026) demonstrated that Dy₂O₃ 

incorporation can enhance the density and 

photon attenuation characteristics of calcium 

sulfate ultra-phosphate glasses, the effect of 

Sm₂O₃ concentration on the attenuation 

behavior of this glass family has not been 

adequately established. Moreover, the energy-

dependent response of Sm₂O₃-modified 

calcium sulfur-phosphate glasses across a 

broad photon-energy interval, together with the 

associated variations in MAC, LAC, HVL, 

MFP, and Z_eff, requires further investigation. 

This gap is important because different rare-

earth ions may produce different 

compositional, density, and photon-interaction 

responses within a similar glass network. 

Therefore, systematic evaluation of Sm₂O₃ 

concentration is necessary to determine 

whether samarium incorporation can provide 

comparable or improved shielding 

performance within the calcium sulfur-

phosphate matrix. Borate and sulphate glasses 

offer low melting temperature, transparency, 

and thermal stability (Auwal et al., 2025; 

Sivasankara, 2022), suggesting opportunities 

for compositional engineering. Therefore, the 

aim of this study is to investigate the influence 
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of Sm₂O₃ incorporation on the physical and 

photon-shielding properties of calcium sulfur-

phosphate glasses. Glass compositions 

containing 1.0, 1.5, 2.0, and 2.5 mol% Sm₂O₃ 

were prepared using the melt-quenching 

technique, and their densities and photon 

attenuation characteristics were evaluated over 

the 0.015–15 MeV energy range. Specifically, 

the study evaluates the effects of Sm₂O₃ 

concentration on the mass attenuation 

coefficient, linear attenuation coefficient, half-

value layer, mean free path, and effective 

atomic number to identify the composition with 

the most favorable photon-shielding 

performance. The significance of this study lies 

in providing experimental and theoretical 

evidence for the compositional optimization of 

transparent, lead-free glass materials for 

ionizing-radiation protection. Establishing the 

relationship between Sm₂O₃ concentration, 

density, and photon attenuation can provide 

useful information for the development of 

alternative shielding materials for medical, 

nuclear, industrial, and other radiation-related 

applications where conventional lead-based 

materials are undesirable because of their 

toxicity and environmental concerns. The 

findings may also provide a basis for 

comparison with other rare-earth-modified 

calcium sulfur-phosphate glasses and 

contribute to the broader development of 

compositionally tunable radiation-shielding 

materials. 
 

2.0 Materials and Methods 

2.1  Materials 

The materials used for the preparation and 

radiation-shielding evaluation of the glasses 

included calcium sulfate (CaSO₄), phosphorus 

oxide (P₂O₃/P₂O₅; to be verified), and 

samarium oxide (Sm₂O₃). Phy-X/PSD software 

was used to calculate the photon-interaction 

and radiation-shielding parameters of the 

prepared glass compositions. The glass 

compositions investigated in this study are 

presented in Table 1.The author used the 

standard melt quenching technique to prepare 

the selected glasses. The weights of the raw 

materials were measured by a precision 

weighing balance. The mixed batch materials 

were then placed in an electric furnace and pre‒

heated to a temperature of 400 oC for 30   

minutes. The batches were then melted in an 

electric furnace at 1200 oC for 1hour. The last 

step, the melt was quenched at room 

temperature by pouring on a stainless steel 

block 

The density of each glass sample was 

determined using Archimedes' principle. The 

mass of the sample in air and its apparent mass 

when immersed in a liquid of known density 

were measured using a precision balance. The 

density of the glass was calculated using 

equation 1 

𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝜌) =  
𝑚𝑎

𝑚𝑎−𝑚𝑙
𝜌𝑙   (1) 

where ρ is the density of the glass sample, 

mam_𝑚𝑎 is its mass in air, 𝑚𝑙 is its apparent 

mass when immersed in the liquid, and 𝜌𝑙 is the 

density of the immersion liquid. 
 

2.2 Radiation Shielding Simulation 
 

The radiation shielding parameters of the Sm2O3 

Calcium Sulfur-Phosphate glasses system were 

computed by utilising user-friendly online Phy-

X/PSD software developed by Sakar et al. 

(2020). The shielding parameters, such as mass 

attenuation coefficient (μm), linear attenuation 

coefficient (μ) coefficient half-value layer 

(HVL), effective atomic number (Zeff) were 

calculated in the energy range from 0.015 to 15 

MeV. 

PHY-X/PSD Software 

Phy-X/PSD software, which was recently 

developed to determine the radiation shielding 

parameters of different materials, was used in 

the calculation. The calculation process was 

started by defining the chemical composition 

and the density of the material in the program. 

In the software, the material composition can be 

entered as mole fraction, as shown in Fig. 1. The 

parameters were determined in a wide energy 
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range by selecting the energy sources (22Na, 
55Fe, 60Co, 109Cd, 131I, 133Ba, 137Cs, 152Eu, 241Am 

and the K-shell energies of Cu, Rb, Mo, Ag, Ba 

and Tb elements). Lastly, the desired shielding 

parameters were determined by the software. 

 

Table 1 The doped chemical composition 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 

2.50 mol % glass. 
 

Glass Sample Code CaSO4 

mol.% 

(80-x)P2O3 

Mol.% 
XSm2O3 

Mol.% 

Density 

g/cm3 

S1 20 79.00 1.00 3.12 

S2 20 78.5 1.50 3.62 

S3 20 78.00 2.O0 4.12 

S4 20 77.50 2.50 5.47 

 

3.0 Results and Discussion   

3.1 Radiation Shielding Parameters 

The mass attenuation coefficient (MAC), 

μ/ρ\mu/\rho, represents the probability of 

photon interaction per unit mass thickness of  

the material and is expressed in cm² g⁻¹ The μm 

values for the  glasses with composition 

20CaSO4 + (80-x)P2O3 +xSm2O3 with 0.50 ≤ x 

≤ 2.50 mol %  were obtained by utilizing the 

Phy-X/PSD software. 

  μm = μρ−1 = ∑ wi(μm)ii                     (1)  

The variable wi denotes the fraction of weight 

attributable to its constituent element. 

Fig. 1 and Table 1 illustrate the MAC (cm2/g) 

Variation with the photon energy for all the 

prepared glasses samples over the energy 

ranges (0.015 to 15 MeV). 

The MAC of all the prepared samples (S1 – S4) 

is within the range of 11.990 – 58.518 cm2/g at 

lower photon energy (E=0.015MeV). As 

shown in the Fig 2, the sample containing a 

higher amount of Sm2O3 exhibits the maximum 

value of MAC (58.518 cm2/g) at a lower photon 

energy (E=0.015MeV) compared with the 

samples with a lower percentage of the dopant 

Sm2O3. Obviously, as the photon energy 

increases from 0.015 to 15MeV, the MAC 

shows a reduction in descending order across 

all the samples. This can be explained in terms 

of the absorption cross section in the low 

energies (photoelectric absorption, PE), 

intermediate energies (Compton scattering, 

CS) and high energies (pair production, PP) 

becomes predominant (Saddeek et al., 2020). 

As shown in the Fig. 2, the sharp decrease in 

MAC values as photon energy increases can be 

attributed to (PE). At lower energy regions (E 

≤ 0.4MeV) and high atomic number elements 

(Z) and is the most predominant cross section, 

such that PE ∝ Z4E-3.5 (Sayyed et al., 2019). In 

contrast, as the photon energy increases at the 

energy region (0.4MeV < E< 3.9MeV), the 

Compton scattering CS cross section 

superseded PE interaction and became the 

major interaction mechanism (CS ∝ Z/E). In 

the higher energy region (E >1.0MeV) in 

which the Pair production cross section 

prevails, the value of the MAC becomes almost 

constant for all the samples. The investigated 

glasses exhibit an increasing trend of the MAC 

with varying amounts of Sm2O3 in the order of 

S1 > S2 > S3 > S4, and we observed that 

increase in density of the prepared samples 

(Table 2) correlates with the increasing value 

of the MAC.  

Convincingly, the sample S4 demonstrates 

superior radiation attenuation efficiency based  

on its high MAC compared S1, S2 and S3 

samples. Several researchers reported similar 
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results for other glasses. Investigated the 

influence of addition of BaO radiation 

shielding properties of titano- Phosphate glass. 
The mass attenuation coefficient varies with  

BaO concentration. At a gamma photon energy 

of 0.015 MeV, the highest mass attenuation 

coefficient changes between 12.198 and 21.806 

cm²/g. (Rammah et al., 2022). 

 

 

Fig. 1. Flow chart of the Phy-X/PSD online software (Sakar et al., 2020). 

 

Table 2: MAC values of 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol % glass 

system 

 

Energy (MeV) S1 S2 S3 S4 

1.50E-02 11.990 12.921 13.833 58.518 

2.00E-02 5.338 5.775 6.204 27.224 

3.00E-02 1.767 1.916 2.062 9.232 

4.00E-02 0.861 0.930 0.998 4.320 

5.00E-02 1.068 1.278 1.485 11.653 

6.00E-02 0.712 0.843 0.971 7.289 

8.00E-02 0.404 0.465 0.524 3.457 

1.00E-01 0.282 0.315 0.347 1.945 

1.50E-01 0.176 0.186 0.197 0.716 

2.00E-01 0.141 0.145 0.150 0.381 

2.84E-01 0.115 0.116 0.118 0.203 

3.00E-01 0.111 0.113 0.114 0.187 

3.47E-01 0.104 0.105 0.106 0.153 
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4.00E-01 0.097 0.098 0.098 0.129 

5.00E-01 0.087 0.088 0.088 0.103 

6.00E-01 0.080 0.080 0.081 0.088 

6.62E-01 0.077 0.077 0.077 0.082 

8.00E-01 0.070 0.070 0.070 0.071 

8.26E-01 0.069 0.069 0.069 0.070 

1.00E+00 0.063 0.063 0.063 0.062 

1.17E+00 0.058 0.058 0.058 0.056 

1.33E+00 0.054 0.054 0.054 0.052 

1.50E+00 0.051 0.051 0.051 0.049 

2.00E+00 0.044 0.044 0.044 0.043 

2.51E+00 0.039 0.039 0.039 0.040 

3.00E+00 0.036 0.036 0.036 0.038 

4.00E+00 0.032 0.032 0.032 0.036 

5.00E+00 0.029 0.029 0.029 0.035 

6.00E+00 0.027 0.027 0.028 0.035 

8.00E+00 0.025 0.025 0.026 0.035 

1.00E+01 0.024 0.024 0.024 0.036 

1.50E+01 0.023 0.023 0.024 0.039 

0.00 0.05 0.10 0.15 0.20 0.25 0.30

0

10

20

30

40

50

60
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Fig. 2: The relationship between photon energy and the mass attenuation coefficient (MAC) 

in samples 
 

In another study, the radiation shielding 

features of heavy metal oxide-based phosphate 

glasses were investigated. In this study, glass 

samples with varying compositions of xPbO2 - 

[(100 - x) (0.5Na2O - 0.5P2O5)] were prepared.  
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(MAC) increased with higher PbO2 

content and photon energy (from 0.356 to 1.33 

MeV). 

 Linear Attenuation Coefficient (LAC)  

The attenuation of the photon intensity emitted 

from radioactive sources that pass through 

certain materials can be expressed in terms of 

the Beer-Lambert law 𝐼 = 𝐼0𝑒−µ𝑡.                                                                                                                      

The equation describes the relationship 

between the initial photon intensity () and the 

remaining intensity that passes through the 

medium (I) and demonstrates the medium's 

ability to block photons passing through it. In 

the equation, μ represents the linear attenuation 

coefficient, which is a function of the photon 

energy and the sample density. A high μ value 

indicates a sample's ability to block incoming 

photons  (Dong et al., 2019). 

 In order to estimate the usefulness of the 

selected S1, S2, S3 and S4 glasses to serve in 

gamma- radiation shielding applications, 

which determined by (LAC) of these glasses 

were determined using Phy-X/PSD at different 

photon energies. The calculations of LAC were 

done to signify the shielding ability of the 

selected samples and to derive the other related 

shielding factors like the effective atomic 

number (Zeff) and mean free path (HVL). The 

results of LAC for S1-S4 glasses versus the 

energy were tabulated on table 3 and plotted in 

Fig. 3. 

 
 

Table 3: LAC values of 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol % glass 

system 

 

ENERGY (MeV) S1 S2 S3 S4 

1.50E-02 43.404 53.233 75.666 182.576 

2.00E-02 19.323 23.795 33.938 84.940 

3.00E-02 6.396 7.894 11.281 28.803 

4.00E-02 3.118 3.833 5.460 13.478 

5.00E-02 3.865 5.266 8.120 36.358 

6.00E-02 2.578 3.473 5.312 22.740 

8.00E-02 1.463 1.915 2.868 10.784 

1.00E-01 1.020 1.297 1.899 6.070 

1.50E-01 0.636 0.768 1.078 2.235 

2.00E-01 0.509 0.599 0.821 1.189 

2.84E-01 0.415 0.480 0.647 0.634 

3.00E-01 0.403 0.465 0.626 0.582 

3.47E-01 0.375 0.431 0.578 0.476 

4.00E-01 0.351 0.402 0.537 0.401 

5.00E-01 0.316 0.361 0.481 0.320 

6.00E-01 0.291 0.332 0.441 0.274 

6.62E-01 0.278 0.317 0.421 0.255 

8.00E-01 0.254 0.289 0.384 0.223 

8.26E-01 0.250 0.284 0.378 0.218 

1.00E+00 0.228 0.259 0.344 0.193 

1.17E+00 0.210 0.239 0.317 0.175 

1.33E+00 0.197 0.224 0.297 0.163 

1.50E+00 0.185 0.210 0.279 0.153 

2.00E+00 0.160 0.182 0.241 0.134 
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2.51E+00 0.143 0.163 0.216 0.124 

3.00E+00 0.131 0.149 0.199 0.118 

4.00E+00 0.115 0.132 0.175 0.111 

5.00E+00 0.105 0.121 0.161 0.109 

6.00E+00 0.099 0.113 0.151 0.108 

8.00E+00 0.091 0.105 0.140 0.110 

1.00E+01 0.087 0.100 0.134 0.113 

1.50E+01 0.083 0.096 0.129 0.132 

The linear attenuation coefficient (LAC), μ\mu, 

is related to the MAC through the density of the 

material, according to 

μ=(μ/ρ)ρ\mu=(\mu/\rho)\rho. Unlike MAC, 

which is normalized to unit mass, LAC 

represents attenuation per unit thickness of 

material.. It is the fraction of photons that 

interact per unit thickness of attenuating 

material. Just like MAC, the LAC can be 

explained based on three absorption 

mechanisms namely, photoelectric absorption, 

Compton scattering, and pair production. The 

variation of LAC (μ) of the 20CaSO4 + (80-

x)P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol %  

glasses against photon energy (MeV) is 

illustrated in Fig. 3.  

 The values of LAC at the minimum incident 

photon energy (E=0.015MeV) where 43.09 

cm-1 for (S1), 53.23 cm-1 for (S2), 75.67 cm-

1 for (S3) and 182.58cm-1 for S4, respectively. 

Whereas, at the maximum energy (15MeV), 

the LAC values were found to be 0.085 (S1), 

0.096 (S2), 0.129 (S3) and 0.132cm-1 for (S4) 

respectively. The observed rise in LAC at 

0.035MeV could be due to a Bi k-absorption 

edge induced by PE absorption (Liao et al., 

2022). Thus, the overall results of the LAC at 

both minimum and maximum photon energies 

shows an increase as the content of Sm2O3 rises 

from 0.5 to 2.5 mol%. Eventually, the increase 

was slowly at Compton and pair production 

absorption region. The increment of LAC 

implies that the sample containing a greater 

amount of Samarium oxide attenuates gamma 

photons much better compared with those 

containing less. This trend indicates a strong 

dependence of LAC on the atomic number of 

glass materials and the superiority of the S4 

glass sample against radiation penetration.  

 
Fig. 3: The relationship between photon energy and the Linear attenuation coefficient (LAC) 

in samples.    

The result of current research agrees with one 

reported by (Vani et al., (2021), in which the 

effect rare earth dopants on the radiation 

shielding properties of Barium Tellurite glasses 
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was investigated. Apparently, all the samples 

have the maximum LAC at 0.245 MeV, the rare 

earth ions increased the LAC values and the 

samples with low amount concentration of 

these rare earth ions have higher LAC than that 

of the fabricated base sample of Barium 

Tellurite glass.  In another study, gamma ray 

shielding factors for Barium Phosphate glasses. 

The Phy-X/PSD software has been used to 

report the attenuation and penetration factors 

for this glass system at different energies. The 

(LAC) values were found to reduce 

exponentially with increasing the range from 

0.176 to 0.496 cm-1 (for CaBaP1) and 0.184–

0.548 cm-1 (for CaBaP6). It was found that the 

addition of Barium Oxide (BaO) causes an  

increase in the LAC values from 0.697 to 0.787 

cm-1 at 0.284 MeV, and from 0.259 to 0.273 

cm-1 at 0.662 MeV (Al-Hadeethi et al., 2020).  

Half-Value Layer (HVL)  

 (HVL) and Tenth Value Layer (TVL) are 

useful parameters that express a given 

material’s shielding ability against photon 

energy; they depend on type of photon energy 

and the composition of the absorbing medium. 

The HVL and TVL define the thickness of the 

interacting target at which the attenuated 

intensities are 90 and 50% of the gamma ray 

intensity, respectively. The required thickness  

of the shielding material is inversely 

proportional to the HVL and TVL values. 

Therefore, these parameters are important and 

can be directly derived from LAC (El-khatib et 

al., 2022). 

HVL = 0.693 × LAC−1 (cm)       (2)                                         

TVL = 2.303 × LAC−1 (cm)     (3)   

 

Table 4: HVL values of 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol % glass 

system 
 

ENERGY 

(MeV) 
S1 S2 S3 S4 

1.50E-02 0.016 0.013 0.004 0.009 

2.00E-02 0.036 0.029 0.008 0.020 

3.00E-02 0.108 0.088 0.024 0.061 

4.00E-02 0.222 0.181 0.051 0.127 

5.00E-02 0.179 0.132 0.019 0.085 

6.00E-02 0.269 0.200 0.030 0.130 

8.00E-02 0.474 0.362 0.064 0.242 

1.00E-01 0.680 0.534 0.114 0.365 

1.50E-01 1.090 0.902 0.310 0.643 

2.00E-01 1.362 1.158 0.583 0.845 

2.84E-01 1.669 1.444 1.093 1.072 

3.00E-01 1.718 1.490 1.191 1.108 

3.47E-01 1.846 1.607 1.457 1.200 

4.00E-01 1.975 1.724 1.727 1.290 

5.00E-01 2.190 1.918 2.165 1.440 

6.00E-01 2.384 2.091 2.526 1.572 

6.62E-01 2.496 2.190 2.722 1.647 

8.00E-01 2.731 2.399 3.111 1.806 

8.26E-01 2.774 2.436 3.179 1.835 

1.00E+00 3.046 2.678 3.595 2.017 

1.17E+00 3.303 2.904 3.965 2.188 
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1.33E+00 3.526 3.101 4.261 2.337 

1.50E+00 3.746 3.294 4.532 2.483 

2.00E+00 4.336 3.811 5.157 2.872 

2.51E+00 4.852 4.262 5.590 3.210 

3.00E+00 5.285 4.639 5.882 3.491 

4.00E+00 6.009 5.267 6.226 3.958 

5.00E+00 6.570 5.750 6.368 4.314 

6.00E+00 7.005 6.122 6.404 4.587 

8.00E+00 7.607 6.631 6.313 4.956 

1.00E+01 7.973 6.935 6.138 5.173 

1.50E+01 8.377 7.257 5.674 5.392 

The variation of the HVL parameter of the 

glass samples under investigation with respect 

to incident photon energy was illustrated in 

Figs. 4. T. The HVL generally increases with 

increasing photon energy, (from 0.015MeV to 

7MeV ) reflecting the corresponding decrease 

in LAC. 

 Furthermore, as the Sm content changes from 

low to higher (1 – 2.5mol %), the HVL reduces, 

thereby maximizing the chances of photon 

interaction with the glass material. Notably, in 

the photon energy range of 15keV ≤ E≤ 70keV, 

the values demonstrate a gradual decrement as 

the Samarium content changes progressively. 

Sample S4 has a value of 0.009 cm for HVL at 

E=15keV. Similarly, when E=15MeV, the 

values are 5.392cm for HVL. When 

considering the sample with low concentration 

of Sm, (S1) has the values of 0.016 cm for HVL 

at E=15keV whereas, at E=15MeV, the values 

are 8.377 cm. Careful inspection indicates that 

the sample containing low Samarium 

concentration has a higher value of HVL, 

respectively. Conversely, low values of HVL 

were illustrated by samples with high 

samarium content. This behavior generally 

indicates addition of Samarium into the studied 

glass system modifies their shielding ability, 

and sample S4 has superb photon attenuation 

capacity when compared to other samples with 

low Samarium levels. 

 
Fig. 4: The relationship between photon energy and the Half value layer (HVL) in samples.  
 

 

Mean Free Path (MFP) 

 MFP ;- travelled by photons between two 

successive interactions. It is the most 

significant parameter that directly interprets the 

ability of any barrier to reduce the gamma 

radiations. It has been reported in past that 
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material with lower value of MFP has good 

shielding efficiency. (MFP) represents the 

average distance travelled by an incident γ-ray 

photon before interacting with the attenuating 

material (i.e., the glass system). MFP is 

typically defined in terms of LAC, as expressed 

in equation (4). MFP = LAC−1 (cm)                                                

(4) 

 

Table 5: MFP values of 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol % glass 

system 
 

ENERGY 

(MeV) 
S1 S2 S3 S4 

1.50E-02 0.013 0.019 0.023 0.005 

2.00E-02 0.029 0.042 0.052 0.012 

3.00E-02 0.089 0.127 0.156 0.035 

4.00E-02 0.183 0.261 0.321 0.074 

5.00E-02 0.123 0.190 0.259 0.028 

6.00E-02 0.188 0.288 0.388 0.044 

8.00E-02 0.349 0.522 0.684 0.093 

1.00E-01 0.527 0.771 0.981 0.165 

1.50E-01 0.928 1.301 1.572 0.447 

2.00E-01 1.219 1.670 1.965 0.841 

2.84E-01 1.547 2.084 2.408 1.576 

3.00E-01 1.598 2.149 2.479 1.718 

3.47E-01 1.731 2.319 2.664 2.101 

4.00E-01 1.862 2.487 2.849 2.492 

5.00E-01 2.077 2.767 3.160 3.123 

6.00E-01 2.267 3.016 3.439 3.644 

6.62E-01 2.377 3.159 3.600 3.928 

8.00E-01 2.606 3.461 3.940 4.489 

8.26E-01 2.647 3.515 4.002 4.586 

1.00E+00 2.910 3.863 4.395 5.187 

1.17E+00 3.157 4.189 4.765 5.720 

1.33E+00 3.372 4.474 5.087 6.148 

1.50E+00 3.582 4.752 5.404 6.538 

2.00E+00 4.144 5.499 6.255 7.440 

2.51E+00 4.631 6.149 7.000 8.065 

3.00E+00 5.037 6.693 7.624 8.485 

4.00E+00 5.710 7.599 8.670 8.982 

5.00E+00 6.224 8.296 9.479 9.188 

6.00E+00 6.617 8.832 10.106 9.239 

8.00E+00 7.150 9.566 10.974 9.107 

1.00E+01 7.463 10.006 11.503 8.855 

1.50E+01 8.779 10.470 12.086 8.186 

 

The MFP as a function of photon energy of the 

glasses under investigation shows in Fig. 5. 

The values at minimum energy (E=15keV), the 

values were 0.013 (S1), 0.019 (S2), 0.023 (S3) 
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and 0.005 cm (S4). Similarly, at 15MeV, the 

values of MFP for the four samples are 8.779, 

10.470, 12.86 and 8.186cm, respectively. The 

outcome of their results indicated that the glass 

sample S4 recorded the least values across all 

the studied energy intervals. This emphasizes 

the quality and potentiality of utilizing S4 glass 

for shielding ionizing radiation. 

Fig. 5: The relationship between photon energy and the mean free path (MFP) in samples.  

Table 6: (Zeff) values of 20CaSO4 + (80-x) P2O3 +xSm2O3 with 0.50 ≤ x ≤ 2.50 mol % glass 

system 

 

ENERGY (MeV) S1 S2 S3 S4 

3.47E-01 11.96 11.76 11.56 27.90 

4.00E-01 11.81 11.64 11.47 26.16 

5.00E-01 11.65 11.51 11.37 24.17 

6.00E-01 11.57 11.44 11.32 23.07 

6.62E-01 11.54 11.42 11.30 22.62 

8.00E-01 11.49 11.38 11.27 21.95 

8.26E-01 11.49 11.38 11.26 21.86 

1.00E+00 11.46 11.35 11.25 21.42 

1.17E+00 11.44 11.34 11.24 21.16 

1.33E+00 11.44 11.33 11.23 21.07 

1.50E+00 11.44 11.34 11.23 21.06 

2.00E+00 11.47 11.36 11.26 21.34 

2.51E+00 11.52 11.41 11.30 21.87 

3.00E+00 11.58 11.46 11.34 22.45 

4.00E+00 11.71 11.57 11.44 23.69 
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5.00E+00 11.84 11.69 11.54 24.89 

6.00E+00 11.97 11.80 11.64 25.98 

8.00E+00 12.20 12.01 11.82 27.85 

1.00E+01 12.41 12.19 11.98 29.35 

1.50E+01 12.80 12.54 12.28 31.99 

 

 
Fig. 6: The relationship between photon energy and Effective Atomic Number (𝐙𝐞𝐟𝐟) in 

samples.  

 

 Effective Atomic Number (𝒁𝒆𝒇𝒇) 

 Another photon interaction parameter that can 

be obtained from LAC values and are 

frequently used to understand the effects of the 

composition on the photons attenuation 

features is denoted by the effective atomic 

number (Zeff). The higher Zeff values for a glass 

system imply that it is more able to block the 

radiation. Table 6 illustrate Zeff variation with 

the photon energy for all the prepared glasses 

samples over the energy ranges (0.015 to 15 

MeV). 

The values at minimum energy (E=15keV), the 

values for Zeff were 11.96 (S1), 11.76 (S2), 

11.56 (S3) and 27.90 (S4). Similarly, at 

15MeV, the values of Zeff for the four samples 

were 12.80, 12.54, 12.28 and 31.99, 

respectively. The Zeff is in agreement with the 

findings of (Yalcin et al., 2019).  

The fluctuation in Zeff   can be clarified via three 

distinct photon interaction mechanisms (PP, 

CS, and PE) at low, intermediate, and high 

energy regions. At low energy, the maximum 

value of Zeff is found because the PE cross 

section is the predominant process determined 

strongly atomic number of the material (Z4). 

The minimum Zeff value is attained in the 

intermediate energy zone dominated by the CS 

cross section. However, in the region of high 

energy, the values of Zeff manifest increase due 

to the dominance of the PP cross section, which 

has a weaker Z2 atomic number of the material 

(Z2) dependence. It is worth mentioning that 

materials with higher Zeff values have the 
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highest probability of photon interaction and 

better photon attenuation. Conclusively, the 

value Zeff for S4 glass appears to be higher than 

S1–S3, which indicates its supremacy in 

stopping/shielding incoming gamma energies. 
 

4.0 Conclusion  
 

Some important radiation shielding parameters 

such as MAC, LAC, MFP, HVL and effective 

atomic number (Zeff) of the glass with 

composition 20CaSO4 + (80-x)P2O3 +xSm2O3 

with 0.50 ≤ x ≤ 2.50 mol %   have been 

calculated using the Phy-X/PSD software.  The 

investigated glasses exhibit an increasing trend 

of the MAC with varying amounts of Sm2O3 in 

the order of 𝑆1 > 𝑆2 > 𝑆3 > 𝑆4. The 

observed increase in density of the prepared 

samples (Table 1) correlates with the 

increasing value of the MAC. Convincingly, 

the sample S4 demonstrates superior radiation 

attenuation efficiency based on its high MAC 

compared to S1, S2 and S3 samples.  

 The values of LAC at the minimum incident 

photon energy (E=0.015MeV) were 43.09 (S1), 

53.23 (S2), 75.67 (S3) and 182.58cm-1 for S4, 

respectively. Whereas, at the maximum energy 

(15MeV), the LAC values were found to be 

0.085 (S1), 0.096 (S2), 0.129 (S3) and 

0.132cm-1 for (S4) respectively. The observed 

rise in LAC at 0.035MeV could be due to a Bi 

k-absorption edge induced by PE absorption. 

Thus, the overall results of the LAC at both 

minimum and maximum photon energies show 

an increase as the content of Sm2O3 rises from 

0.5 to 2.5 mol%. Eventually, the increase was 

slowly at Compton and pair production 

absorption region. The increment of LAC 

implies that the sample containing a greater 

amount of samarium oxide attenuates gamma 

photons much better compared with those 

containing less. This trend indicates a strong 

dependence of LAC on the atomic number of 

glass materials and the superiority of the S4 

glass sample against radiation penetration.  

The variation of the HVL parameter of the 

glass samples under investigation with respect 

to incident photon energy. The values of HVL 

increases with an increment in photon energy 

from 0.015MeV to 7MeV and then decrease 

above 7MeV. Furthermore, as the Sm content 

changes from low to higher (1 – 2.5mol%). 

This behavior generally indicates addition of 

Samarium into the studied glass system 

modifies their shielding ability, and sample S4 

has superb photon attenuation capacity when 

compared to other samples with low Samarium 

levels. 

The MFP as a function of photon energy was 

investigated. The values at minimum energy 

(E=15keV), the values were 0.013 (S1), 0.019 

(S2), 0.023 (S3) and 0.005 cm (S4). Similarly, 

at 15MeV, the values of mfp for the four 

samples are 8.779, 10.470, 12.86 and 8.186cm, 

respectively. The outcome of their results 

indicated that the glass sample S4 recorded the 

least values across all the studied energy 

intervals. This emphasizes the quality and 

potentiality of utilizing S4 glass for shielding 

ionizing radiation. The results showed the 

possibility of use the studied glasses for the 

radiation shielding applications. 
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