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Radiation-shielding applications are necessary to protect against deleterious effects of 

radiation. This study tested thulium oxide (Tm2O3) added to the glass-system composition 

64TeO2–10WO3–10Nb2O5–15KF–1La2O3. Adding Tm2O3 increased sample density from 

5.22 to 5.40 g/cm
3
 and measured at photon energy of 15 keV–15 MeV. Multiple radiation-

shielding parameters were evaluated and assessed using photon-shielding and dosimetry 

software, including linear and mass attenuation coefficients, half-value layers, mean free 

paths, atomic and electronic cross sections, effective atomic numbers, effective electron 

density, and exposure buildup factors. Half-value layer and mean free-path values were 

compared with those of well-known radiation-shielding materials, ie, conventional 

concrete and commercial glasses. Atomic and electronic cross-section values effectively 

increased with the addition of thulium oxide to the glass systems. While the highest linear 

and attenuation coefficients were 242–281 cm
2
/g at 15 keV, the denser glass recorded the 

highest mass attenuation coefficients value of 52.17 cm
2
/g across all samples. The highest 

effective atomic number and effective electron density were recorded for the denser glass, 

because it had the highest thulium oxide fraction and was more burdened by interaction 

with photon energy. Half-value layers and mean free paths showed similar behavior, and 

high-density materials achieved low values. At high energy, exposure buildup-factor 

values increased, while at low energy, values decreased. 
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1. Introduction

Ionizing radiation, such as X-rays and γ-rays, is used in medical imaging and other 

industries. Radiation plays an important role in enhancing diagnosis and therapy in the medical 

field and can also be used in antiquity research, food processing, nuclear research centers, the 

generation of electricity, and other industries (1–3). However, several reports have shown that 
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exposing living tissue to unsafe or unknown leaking ionizing radiation can cause serious biological 

damage in humans and lead to death (4–6). As a result, reducing the risk to those who work 

directly with ionizing radiation, such as medical staff, must be taken into account to avoid any 

risks. As a result, shielding has become a popular area of research, focusing on reducing serious 

hazards caused by radiation exposure to human beings by validating practical, scientific methods 

to protect living tissue (7–9). Lead (Pb) has been used widely for protection against radiation, and 

lead with other diverse chemical components has been assessed and evaluated against a broad 

spectrum of ionizing radiation energy. Its use is confined because it is extremely toxic, costly, 

heavy, and has a low melting point (10,11). However, glass is an alternative material, along with 

ceramics, concrete, alloys, and polymers, that are powerful against ionizing radiation, inexpensive, 

and with low toxicity compared to lead (10). 

Glass has been utilized to prevent and reduce radiation effects and risks for the general 

public and the environment. In place of lead, an appropriate option for radiation protection could 

be high-density, oxide-based glass with low melting point and crystallization ability, good 

transparency for visible light, high thermal stability, and 100% recyclability (12–14). Such glass 

would be useful for different applications, eg, medical imaging, and in various compositions that 

have been tested in radiation-protection applications. A novel high-density oxide-based glass 

formation could be developed for testing against different-energy ionizing radiation. The 

possibility of using tellurium dioxide (TeO2) glass as shielding for protection against a variety of 

ionizing-radiation energies has been shown in numerous studies (10,13,15–17), The refractive 

index in Tm2O3 glass has been noted for its high values and widely infrared transmittance, as well 

as appropriately high phonon energy to ~ 750 cm
–1

(18,19). Moreover, with a low melting point, 

TeO2 is stable and has good ability to form as glass because of its high refractive index and 

reducing the optical energy gap, as well as cleavage of nonbridging oxygen in the structure (20). 

TeO2's physical and chemical properties have been studied and compared to other oxide 

glass, such as phosphate and silicates, for use in different applications (21). Recently, TeO2 in 

glass compositions has drawn significant interest for many different applications and technologies. 

Radiation protection is one of these applications, because the TeO2-glass systems have high mass 

density, good durability and transparency, and the capability of blocking more photons (22–25). A 

glass system based on TeO2–WO3–Nb2O5–KF–La2O3 and doped with different amounts of Tm2O3 

was assessed on various parameters using photon-shielding and dosimetry software (Phy-X/PSD), 

which can generate data with a range of energy (1 keV to 100 GeV) and some radioactive sources, 

such as 
133

Ba  (26). This study evaluated the behavior of these compositions by assessing their 

radiation-protection parameters, including linear and mass attenuation coefficients (LACs and 

MACs), half and tenth value layers (HVLs), mean free paths (MFPs), atomic and electronic cross 

sections (ACSs and ECSs), effective atomic and electron numbers (Zeff and Neff), and exposure 

buildup factors (EBFs). 

 
Table 1. The composition, wights, density and molar volume of the glasses samples. 

 
Glass Sample TeO2 WO3 Nb2O5 KF La2O3 Tm2O3 Density 

(g/cm
3
) 

VM (cm
3
. mol

-

1
) 

S1 64 10 10 15 1.0 - 5.22 31.39 

S2 64 10 10 15 1.0 1.0 5.26 31.89 

S3 64 10 10 15 1.0 2.0 5.29 32.44 

S4 64 10 10 15 1.0 3.0 5.32 32.98 

S5 64 10 10 15 1.0 5.0 5.40 33.92 

 

 

2. Materials and methods 
 

Five prototype oxide glasses were fabricated using 64TeO2–10WO3–10Nb2O5–15KF–

1La2O3–X–Tm2O3 (where x=1, 2, 3, and 5 mol%) with density of 5.22–5.40 g/cm
3
 and coded S1, 
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S2, S3, S4, and S5 (Table1). Calculations were made using Phy-X/PSD. This user-friendly online 

software is used to calculate parameters related to shielding and dosimetry with a wide range of 

ionizing radiation energy (26). The LAC is one of the parameters that can be calculated with this 

software. For a specific material thickness, LAC can evaluate the fraction of an attenuated incident 

with monoenergetic beams or photons, and thus it is able to estimate interactions of radiation with 

matter and assess Compton scattering, Rayleigh scattering, and photoelectric absorption or effect 

(27,28).Calculation of LAC is illustrated in the equation below, where I represents attenuated 

ionizing photons, I0 unattenuated ionizing photons, μ LAC (cm–1), and t the thickness (cm) of the 

simulated material: 

 
𝐼 =  𝐼0𝑒𝜇−1                                                                                      (1) 

 

Another parameter that can be measured by this software is the MAC, also known as the 

mass absorption coefficient, which measures the ability of the ionizing photons to penetrate the 

material with determined density (28,29). the MAC can be expressed with the equation below, 

where MAC is represented by μm and material density by ρ. 

 
𝜇𝑚= 

𝜇

𝜌
                                                                                            (2 ) 

 

The five prototype oxide glass that were fabricated contained more than one element, so to 

measure the MAC accurately, integrated weight of the fractional element wi was added to the 

equation: 
  

              µₘ =  
𝜇

𝜌
= ∑ 𝑤𝑖  i (µ/ρ) 𝑖                                                                    (3) 

 

Moreover, ACS and ECS were measured in Phy-X/PSD and used to determine the 

probability of incident ionization photons at selected energies, measured in cm2·g–1, where the 

Avogadro number is represented by NA, atomic weight Ai, atomic number Zi, and where the ith 

composition elements in the material of radiation shielding are the mol fraction  fi: 

 

ACS = σT =
µ

𝜌
=  

∑ fni An

NA
 µₘ                                                                         (4) 

 

ECS = σe = [
1

NA
]  ∑ [

fi Ai

Zi
(µₘ)i]i                                                               (5) 

 

One of the prime parameters is the material’s HVL, which can be described as the 

thickness of material that decreases the intensity of radiation entering by half its original value and 

also the average travel distance of energetic photons between two successive collision-sequence 

interactions with radiation known as MFP. Both parameters can be derived using the LAC, and 

mathematically they can be expressed as follows (28,30).  

 

     HVL =  
ln2

𝜇𝐿
                                                                          (6) 

 

     MFP =  
1

𝜇𝐿
                                                                          (7) 

 

As a result, high atomic number and electron density have a positive influence and 

contribute to increase effectiveness of the material that used in radiation protection. The 

effectiveness of the Zeff and Neff parameters are basic and considered in determining the 

penetration of radiation and photons in shielding materials (31). Both parameters are 

mathematically expressed as: 

 

Zeff =  
σT

σe
                                                                                    (8) 
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Neff =  
NA

∑ fii Ai
 Zeff  ∑ β𝑛𝑖

=  
µm

σe
                                                                  (9) 

 

The parameter used for radiation-protection characteristics of the prototyped oxide glasses 

for shielding, defined as a multi-element material in terms of its elements, is the equivalent atomic 

number (Zeq), and mathematically computed below, where (R1 and R2) represent the ratios of the 

MAC of Compton scattering to the MAC of the radiation shielding materials (μcomp/μtotal), 

which has been calculated based on the atomic numbers(Z1 and Z2) for the selected elements (32) 

 

        Zeq =  
Z1 (log R2−logR)+ Z2 (logR−logR1)

(logR2−LogR1)
                                                 (10) 

 

Penetration of intonation radiation phonons into particular shielding materials provides 

two types of radiation photon: collided and uncollided. The EBF is the ratio of total specific 

radiation phonons when it reaches any point to the point of uncollided photons, and factor values 

can be obtained by using the geometric progress (GP) method (33). This method has been 

provided by American National Standard ANSI/ANS-6.4.3-1991(34). The parameters of GP 

fitting match the atomic number (Z1 and Z2), are appraised in the equation as C1 and C2, and the 

EBF equation can be expressed as such: 

 

C =  
C1 (log Z2−logZeff)+ C2 (logZeff−logZ1)

(logZ2−LogZ1)
                                                            (11) 

 

Further, EBF was measured using the equation below, and the distance between the 

radiation detector and ionizing radiation source are represented by x in MFP units. GP fitting 

parameters are expressed as K
χ
, b, a, and incident-photon energy as E and K (E, x), represent the 

dose multiplicative factor: 

 

B(E, x) = 1 + 
(bC−1)

(K−1)
 (𝐾𝑥 − 1), 𝐾 ≠ 1                                                      (12) 

 
B(E, x) = 1 + (𝑏 − 1)𝑥, 𝐾 ≠ 1                                                          (13) 

 

B(E, x) = 𝑐𝑥𝑎 +  d 
tanh(

𝑥

𝑋𝑘
−2)−tanh(−2)

1−tanh(−2) 
 , 𝑥 ≤ 40 𝑚𝑓𝑝                                         (14) 

 

Finally, to calculate the capability of certain shielding materials to harden neutrons, the 

measurement must be used by fast neutron- removal cross section expressed in the below equation, 

where i and R the partial density. In this study, values of removal cross-section mass for the 

elements involved were taken from Chilton et al (1984) (35). 

 
ΣR =  ∑ ρn𝑖   (ΣR ρ⁄ )𝑖                                                                (15) 

 

Phy-X/PSD was utilized for all parameters calculation. 

 

 

3. Results and discussion 
 

Parameters of five prototyped radiation-shielding oxide glasses with different amounts of 

Tm2O3 (0–5 mol%) were calculated using Phy-X/PSD, and all simple were simulated ageist 

monoenergetic photon beams energy range between 15 keV to 15 MeV. LAC results are shown in 

Figure 1, and attenuation factors of the five samples gradually reduced as energy increased. 

Moreover, the addition of Tm2O3 in S2–S5 raised the density of oxide glass from 5.22 to 5.40 g/cm
3
 

and showed the highest LAC at 15 keV and 242.05–281.76 cm
2
/g, while at 15 MeV the lowest 

attenuation values between (0.197–0.209 cm
2
/g) were found. The S1 sample without Tm2O3 

showed the lowest density of other samples, the μ values at 80 keV and 8 MeV were 14.761 and 
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0.1777 cm
–1

, respectively. At the same energy but high density in the S5 sample, μ values were 

17.031 and 0.1877 cm
–1

, respectively. The difference between S1 and S5 at 80 keV was 14.28% 

and at 8 MeV 5.47%. Low photon transmission occurs at higher density, thus providing better 

oxide glass shielding due to the photons and atoms interacting to a greater in the attenuator (Noor 

Azman et al, 2013).  

 
 

Fig. 1. 3D graph of the recorded results of LAC for all samples. 

 

 

The MAC showed similar values, with differences between S1 and S5 at 80 keV of 10.90% 

and at 8 MeV 2.12% (Figure 2). Similarly, at the same density, the MAC for S1 without doping at 

6 keV and 4 MeV was 0.0346 and 4.59684 cm
2
/g. However, the highest-density sample (S5) 

showed a maximum mass absorption coefficient of 52.17 cm
2
/g for all samples (Figure 2). 

 

 
 

Fig. 2. 3D graph of the recorded results of MAC for all samples. 

 

 
Additionally, at the same photon-beam energy range, all five oxide glasses had ACS and 

ECS measures. Glasses with higher absorption and attenuation of beam energy will have high 

ACS and ECS values, ie, material that with ACS and ECS is more effective for radiation-

protection purposes. Adding Tm2O3 to the glass systems (Table 1) gradually increased their 

density and resulted in raised ACS and ECS values. For instance, the differences for S5 at a density 

of 5.4 g/cm
3
  at 15 keV and 15 MeV energy on ACS and ECS were 29.23% and 19.30%, 

respectively (Figures 3 and 4). 
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Fig. 3. 3D graph of the recorded results of ACS for all samples. 

 

 

 
 

Fig. 4. 3D graph of the recorded results of ECS for all samples. 

 

 

The HVL factor is important in assisting the materials utilized in radiation protection and 

to know the intensity or quality of beams through the materials. The HVL was computed for all 

samples (Figure 5). Initially, the minimum HVL of all samples was demonstrated, and then value 

escalated with rising energy. The addition of Tm2O3 increased the density and minimized the 

HVL, eg, S1 and S5 showed 5.22 and 5.40 g/cm
3
, respectively, at 500 keV photon energy were 

recorded (6.1% difference).  

 

 
 

Fig. 5. Linear graph of the results of HVL for all samples. 

 

 

While the best attenuation was in the S5 system, which showed the HVL because of high 

weight doping of TeO2, sample S1 had the worst attenuation because it had the lowest density and 

was not doped with Tm2O3. As shown in Figure 5, HVL values rose as photon energy increased, 

indicating that the thickness of shielding must be increased for high photon energy. For instance, 
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HVL values for S1–S5 at 40 keV were 0.00989, 0.00991, 0.00995, 0.00999, and 0.01001 cm, and 

at 2 MeV escalated to 3.17002, 3.14271, 3.12186, 3.10138, and 3.05014 cm, respectively. 

Various conventional concretes (barite, chromite, ferrite, and magnetite) and available 

commercial glasses (RS-520, RS-360 and RS-253) utilized for radiation shielding materials were 

compared for HVL values against the S5 sample (36). As demonstrated in Figure 6, the HVL 

values of S5 oxide glass and these concretes had the same energy.  
 

 
 

Fig. 6. Linear graph of the results of HVL for S5 and comparisons with conventional concrete and 

commercial glasses. 

 

 

The commercial shielding glass RS-253 HVL value was highest for the occurrence of γ 

photons compared to other concrete, commercial glasses, and S5 oxide glass. At 2 MeV, ferrite and 

magnetite showed 3.059 and 3.1 cm, while the S5 sample at similar energy showed 3.05 cm and 

RS-520 commercial glass at similar energy 2.9 cm, the lowest HVL. Based on the outcome, the S5 

glass could be effectively utilized for radiation-protection applications, especially where low beam 

energy is applied, such as in radiology. 

Another essential factor is the MFP, and it was evaluated in this study. The MFP is used to 

evaluate radiation-protection material, and it can explain the interaction between occurrence of 

radiation photons and shielding-material atoms. Shown in Figures 7 and 8 are the computed MPF 

values of the five glasses, conventional concrete, and commercial glass shielding materials. MPF 

values showed trends similar to HVL: high-density materials achieved low MPF values. Also, 

increasing the density of the glass samples by adding Tm2O3 enhanced MFP values. 

 

 

 
 

Fig. 7. Linear graph of the results of MFP for all samples. 
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Fig. 8. Linear graph of the results of MPF for S5 and comparison with conventional concrete and 

commercial glasses. 

 

 

Two more essential parameters are Zeff and Neff. These were utilized to identify and 

understand the shielding materials' interaction with incident ionizing radiation (Figures 9 and 10). 

The addition of Tm2O3 to glass samples were examined for Zeff and Neff trends at various energies. 

The highest Tm2O3 fraction was in sample S5, which also obtained the highest Zeff and Neff values. 

Increased Tm2O3 in the glass systems was more burdened by interaction with photon energy. MAC 

and ECS are strongly correlated with Neff values and protuberance in the curves can be seen in 

Figure 10 for all oxide glasses, which explains the K-shell absorption edges. 

 

 
 

Fig. 9. 3D graph of the recorded results of Zeff for all samples. 

 

 

 
 

Fig. 10 . 3D graph of the recorded results of Neff for all samples. 
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The EBF assessed a variety of photo energies range between 15 keV and 15 MeV. As 

illustrated in Figure 11, EBF values for all samples were high at higher energies and low at lower 

energies, indicating pair-production and photoelectric effects. At the lowest energies of 

photoelectric absorption, most photon absorption occurs devoid of second interactions of 

propagation or formation.  

Because of the Compton effect, the interactions of photons were not fully absorbed by the 

samples between 40 KeV and 0.06MeV and showed high EBF values. On the other hand, slight 

interactions and higher penetration of samples occurred at high energy and resulted in high EBF 

values, escalating the depth of penetration. As demonstrated in Figure 11, the effect of the addition 

of Tm2O3 and was high EBF values at lower energies. 

 

      
 

      
 

 
 

Fig. 11. Linear graph of the results of EBF for all samples: Sample 1(a), Sample 2(b), Sample 3(c),  

Sample 4(d) and Sample 5(e). 

 

 

4. Conclusion 
 

Phy-X/SPD was used to evaluate various parameters to understand high and low photon-

energy effects on the five samples. The highest LAC values were between 242 and 281 cm
2
/g at 15 

keV. S5 was the densest, showing maximum MAC of 52.17 cm
2
/g. ACS and ECS values were 

effectively increased with the addition of Tm2O3 to the glass systems. HVL values were compared 
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against conventional concretes and available commercial glass types. RS-253 glass was higher for 

the occurrence of γ photons compared to all materials, while S5 and RS-520 at 2 MeV showed 3.05 

and 2.9 cm. MPF showed behavior similar to HVL: high-density materials achieved low MPF 

values. Also, increasing the density of our glasses by adding Tm2O3 enhanced MFP values. The 

highest Zeff and Neff values were recorded on S5 glass, because it had the highest Tm2O3 fraction 

and was more burdened by interaction with photon energy. EBF values for all samples were high 

at higher energies and low at lower energies. 
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