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ABStRAct: This research was conducted to study x-ray and gamma radiation 
shielding parameters such as mass attenuation coefficient, mean free path, half value 
layer, tenth value layer, effective atomic numbers, effective electron density for the 
xBi2O3-(95-x)B2O3-5BaO (where x = 20 mol%, 35 mol%, 50 mol%, and 70 mol%) 
glass systems with different molar composition. The studied ceramic specimens 
were denoted by BB20, BB35, BB50 and BB70 and their density values were  
4.438 g/cm3, 5.973 g/cm3, 7.156 g/cm3, and 8.005 g/cm3, respectively. Radiation shielding 
parameters of the samples were investigated by using web based XCOM programme. 
The obtained results revealed that the highest mass attenuation coefficients were 
reported for BB70 sample, which has the highest Bi2O3 additive in its chemical structure.  
At 7 MeV photon energy, half value layer (HVL) values were reported as 5.7812 cm, 
3.8065 cm, 2.8533 cm, and 2.2457 cm for BB20, BB35, BB50 and BB70, respectively. 
Therefore, It can be concluded that the present bismuth sesquioxide based glasses in 
the Bi2O3-B2O3-BaO glass system have a good quality in radiation protection purposes. 
Therefore, this glass system can be used as an alternative to conventional materials  
with the right molar compositon in its chemical formation.

Keywords: radiation shielding, XCOM, bismuth sesquioxide, bismuth-boron-barium 
glass, radiation
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1. INtRODUctION

Development of new methods in the use of ionising radiation for medical 
purposes have a direct influence on increasing risk in the environment. In this 
regard radiation protections obligatory condition for the medical centres as well 
as all the places that radiation uses involved. Although concrete and lead have 
been primarily used at radiation facilities as a shielding material, they have 
such disadvantages owing to their high mass, toxicity, and mechanical strenght, 
causing secondary ionisation and so on. Therefore, for the effective use of the 
ionising radiation, variety of shielding equipments for instance glasses, alloys  
and polymers have been reported for the prevention of hazardous effects of 
high radiation exposure.1–5 Among them, glasses have drawn attention in terms  
of their transparency, flexibility, low cost, etc.6–8

Heavy metal oxide (such as Bi2O3 and PbO) based glasses have been extensively 
investigated due to their optical properties.9–10 Bi2O3 are highly be demanded in 
the use of radiation shielding because of its higher refractive index and density, 
large third-order nonlinear optics susceptibility.11–13 Embedding different 
types of oxides like boron oxide and lead oxide into a glass structure promotes 
its mechanical endurance, thermal disturbance, and chemical distress.14–16  
Glasses which have higher atomic number (Z) or heavy metal oxides enable 
better quality in radiation protection properties.17 Lead and lead oxide glasses 
are in the use of radiodiagnostic purposes at different radiation facilities to 
protect staff from the high exposure.18–19 In this study, the x-ray and gamma ray 
shielding parameters, such as the linear attenuation coefficients (μ), the mass 
attenuation coefficient (μ/ρ), the half value layer (HVL), the mean free path 
(MFP), the tenth value layer (TVL), the effective atomic number (Zeff) and the 
effective electron density (neff) were studied for the xBi2O3-(95-x)B2O3-5BaO  
glass system (where x = 20 mol%, 35 mol%, 50 mol% and 70 mol%). 

2. MEtHODS

For the present study, a group of Bi2O3-B2O3-BaO glasses, published by 
Egorysheva and coworkers were studied in terms of their shielding properties 
by using XCOM software. The studied glass samples are formulated as 
xBi2O3-(95-x)B2O3-5BaO (where x = 20 mol%, 35 mol%, 50 mol% and 
70 mol%).20 Composition (mol%) of the prepared glasses, densities and fraction  
of elements in the glass composition are exhibited in Table 1.
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Table 1: Composition of the studied glasses (mol%), densities and fraction of elements in 
the chemical formation.

Code
Fraction (mol%) Faction of elements in each sample

Bi2O3 B2O3 BaO (g/cm3) Bi Ba B O

B20 20 75 5 4.438 0.179398 0.044783 0.232928 0.542891
B35 35 60 5 5.973 0.313946 0.044783 0.186343 0.454928
B50 50 45 5 7.156 0.448495 0.044783 0.139757 0.366966
B70 70 25 5 8.005 0.627893 0.044783 0.077643 0.249682

2.1 Mass attenuation coefficients

When a monochoromatic x-ray beam traverses a homogenous object with 
absorption coefficient μ, the attenuated intensity of the x-ray beams is related to 
thickness of the object and the ray is described by Lambert’s Beer equation:

I = I0e−μx (1)

where I0 is the x-ray intensity of the x-ray source, I is for the transmitted x-ray 
intensity, μ is the linear attenuation coefficient and x is the thickness of the studied 
object.21 The mass attenuation parameter (μ/ρ) is simply defined as the linear 
attenuation per unit density of the object (cm2/g).

In this study, μ/ρ values were calculated by using XCOM web based programme.22

2.2 Zeff and neff

The Zeff is the term that is used for complex compound formation. Zeff basically 
is the number of total electrons in a composite participates in photon-atom 
interaction.23 It allows many characteristics like shielding performance of a 
material to be represented with a number. The Zeff and neff depends on the total 
molecular cross-section (σt) and total electronic cross-section (σe).24,25 Zeff and  
neff can be calculated from the following equations:

σt = 
1

∑
i
fi Ni (

μ
ρ )i (2)

NA

σe = 
1

∑
i

fi Ni ( μ
ρ )i (3)

NA
Zi
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Zeff = 
∑ i fi Ai (

μ )iρ
(4)

∑ j fj

Aj ( μ )jZj ρ

where fi, Ni and Zi represent the fractional abundance, the atomic weight and  
the atomic number of the element ith, respectively.

Once Zeff is known, neff now can be calculated by using the Zeff parameter:

neff = NA

Zeff (5)
<A>

2.3 HVL, tVL, and MFP

HVL is the thickness of a homogenous absorber that attenuates the beam intensity 
to one-half of the original intensity and depends only on the linear attenuation 
coefficient.26 The HVL values of the investigated glass samples are determined 
from the equation: 

HVL = 
ln (2)

(6)
μ

The TVL is the thickness of a homogenous absorber which attenuates the 
beam intensity to one-tenth of the original intensity. TVL values as a radiation 
protection parameter are used to determine shileding calculations of the  
treatment rooms. It is computed by,

TVL = 
ln (10)

(7)
μ

MFP is the average distancewhere a photon energy hv travels through an absorber 
before involving an interaction and it is calculated from the equation:26

MFP = 
1

(8)
μ

In this study, data were obtained without any personal information regarding the 
subjects, therefore there was no conflict with the ethical guidelines for clinical 
research. 



Journal of Physical Science, Vol. 33(1), 51–64, 2022 55

3. RESULtS 

In this study, four glasses with different mol compositions which is formulated 
as the xBi2O3-(95-x)B2O3-5BaO (where x = 20 mol%, 35 mol%, 50 mol% and 
70 mol%) were investigated considering their ionising radiation attenuation 
properties. The densities of the studied glasses were reported as 4.438 g/cm3,  
5.973 g/cm3, 7.156 g/cm3 and 8.005 g/cm3, respectively. In this regard,  
mass attenuation coefficients (μ/ρ) of the samples were determined in a photon 
energy range i.e., from 0.015 MeV–15 MeV by using XCOM programme 
(see Table 2). The variation of μ/ρ againts all the photon energies is depicted in 
Figure 1. 

Table 2: The mass attenuation coefficients (μ/ρ) obtained from XCOM programme.

Energy (MeV) BB20 BB35 BB50 BB70

0.015 24.7500 40.1700 55.9500 76.1500
0.02 17.9100 29.8700 41.8200 57.7600
0.03 6.3510 10.5500 14.7500 20.3400
0.04 3.9650 5.9460 7.9260 10.5700
0.05 2.2750 3.3760 4.4770 5.9440
0.06 1.4600 2.1400 2.8200 3.7270
0.08 0.7553 1.0730 1.3910 1.8140
0.1 1.2440 1.1996 2.7480 3.7500
0.2 0.2971 0.4200 0.5428 0.7066
0.3 0.1642 0.2062 0.2483 0.3043
0.4 0.1211 0.1407 0.1604 0.1866
0.5 0.1003 0.1112 0.1220 0.1365
0.6 0.0879 0.0945 0.1011 0.1099
0.8 0.0730 0.0758 0.0787 0.0825
1 0.0639 0.0652 0.0666 0.0684
1.5 0.0509 0.0512 0.0515 0.0519
2 0.0440 0.0444 0.0448 0.0454
3 0.0365 0.0376 0.0386 0.0401
4 0.0326 0.0343 0.0359 0.0382
5 0.0302 0.0324 0.0346 0.0376
6 0.0287 0.0314 0.0341 0.0376
7 0.0277 0.0308 0.0339 0.0380
8 0.0270 0.0305 0.0339 0.0386
9 0.0266 0.0304 0.0342 0.0392
10 0.0263 0.0304 0.0345 0.0399
15 0.0259 0.0313 0.0366 0.0438



Radiation Shielding Applications 56

Figure 1: The variation of mass attenuation coefficients against photon energy for all 
glasses.

For the energies E < 0.1 MeV, μ/ρ values decrease rapidly for all samples, 
however there is a peak observed around 80 keV–100 keV due to the 
photoelectric dominancy in this energy range. At these uncharacteristically 
high values of μ/ρ, the photon energies were just above the binding energy 
of the orbital electrons within the atoms resulting in substantially enhanced 
probability of photon interaction via photoelectric effect at these particular 
energies. The compositions which include Bi atoms enhanced the probabilities 
of interaction between the incident photons and the orbital electrons of the 
sample via photoelectric effect, compton inelastic scattering and pair production 
(note that pair production takes place only at photon energies grater than the 
rest mass energy of an electron-positron pair) due to its high Z and ρ values.  
The relationships between the cross sections for each mechanism and its 
photon/material characteristics are σpeαZn /(hv)3, σcomα 1/ne, σppαZ 2, where σpe  
is the photoelectric cross-section, σcom is the compton scattering cross-section, 
σpp is the pair production cross-section, Z is the atomic number, h is the  
Planck’s constant, v is the frequency of the incident photon, and ne is the electron 
density.27 It can be concluded from the Figure 1 that μ/ρ values decreased with 
increasing photon energy by the link of μ from the Beer-Lambert equation 
(see Equation 1). It is also found that the increasing molar weight of Bi2O3 
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additive increased the μ/ρ values systematically (see Table 2). The highest  
value of μ/ρ occured for BB70 sample which has the highest molar weight of 
Bi2O3 additive. The similar results can be found in literature.28–32 There are 
many studies in literature where XCOM results were in good agreement with 
other codes such as Monte Carlo in calculating mass attenuation coefficient.35–38 
The lower half value layer values are required for better radiation protection 
among the investigated shielding materials.33,34 The results from the HVL  
values of the glass samples are depicted in Figure 2. 

Figure 2: The variation of HVL against photon energy for all glasses.

According to inverse relationship between HVL and  values (see Equation 6), 
it can be concluded that lower HVL values can be achieved by higher  values. 
Amoung the glasses, BB70 has the lowest HVLs against the photon energy 
range. This can be attributed to higher  values of BB70 over others. Moreover, 
it can be seen from the results that BB70 requires less shielding thickness due 
to the difference between HVLs of the glasses, paticularly at high energies. A 
similar concept related to radiation shielding parameters is the TVL. TVL is also 
quantitative raw factor for characterisation of the radiation travelling through a 
given object. The variation of TVL values against all photon energies is depicted 
in Figure 3.
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Figure 3: The TVL against photon energy for all glasses. 

It can be seen from the graph that the trendis the same as HVLs for the same 
energy range. The minimum TVL values were reported for BB70 glass sample. 
Besides, at maximum photon energy (15 MeV), TVLs were calculated from 
the equation (7) as 20.0322 cm, 12.3320 cm, 8.7867 cm, and 6.5732 cm for 
BB20, BB35, BB50, and BB70, respectively. While the concentration of Bi2O3 
was increased from 20 mol%–70 mol%, the TVLs for BB70 was decreased 
in the amount of 67.2%. The glass samples were also investigated in terms of  
their mean free path parameters and the findings are depicted in Figure 4.

BB70 sample has the lower MFP values among others. The behaviour of 
MFP values have similar trend to the HVLs since they are both inversely  
proportional to the linear attenuation coefficient. Effective atomic numbers were 
calculated as well and the results from the Zeff values for all photon energies  
can be seen in Figure 5. 



Journal of Physical Science, Vol. 33(1), 51–64, 2022 59

Figure 4: The variation of MFP against photon energy for all glasses.

Figure 5: The variation of Zeff against photon energy for all glasses.
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The findings from the Zeff agrees with the μ/ρ values. One can see clearly from 
Figure 5, Zeff has jumps in the lower photon energy range owing to absorption 
edge effects of high elements. The Zeff values decrease sharply with increasing 
photon energy at the region of 100 keV–2 MeV in which the probability of 
photoelectric effect decreases and compton effect becomes dominant process.  
The change in effective atomic number with different compositions was very  
large between the samples. Higher Zeff values of BB70 glass sample imply that 
gamma photons are more probable to be absorbed because of the high molar 
content with the high atomic number of Bi. Therefore, it can be concluded that 
BB70 sample has better attenuation properties according to the results from μ/ρ 
and Zeff values. The term neff for studied samples were also evaluated by using 
equation (5). The results are depicted in Figure 6. Highest neff values were found 
for BB70 glass as expected because of its high effective atomic number.

Figure 6: The variation of neff against photon energy for all glasses.
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4. DIScUSSION

The research article is presented on the basis of radiation shielding properties 
for the xBi2O3-(95-x)B2O3-5BaO (where x = 20 mol%, 35 mol%, 50 mol% and 
70 mol%). The studied specimens were denoted by BB20, BB35, BB50 and 
BB70, and their density values were 4.438 g/cm3, 5.973 g/cm3, 7.156 g/cm3  
and 8.005 g/cm3, respectively. The radiation protection parameters of the 
present glasses were investigated with different molar composition of Bi2O3 
and B2O3 substitutions. It was deduced that the highest μ/ρ values were found 
for BB70 glass sample, which has the highest Bi2O3 additive in its chemical 
formation. The minimum HVLs and TVLs were recorded for BB70 glasses. 
At the highest photon energy (15 MeV), TVL values were calculated as  
20.0322 cm, 12.3320 cm, 8.7867 cm and 6.5732 cm for BB20, BB35, BB50 
and BB70, respectively. It is also found that the HVL and MFP values of the 
studied samples were proportionally increased with the increasing photon 
energy, which is the indication of the stong attenuation of the photon intensity 
of the glasses. The highest values of Zeff, such as 77.51, 79.82, 80.80, 81.47 
were recorded at 0.02 MeV photon energy for BB20, BB35, BB50 and BB70 
samples, respectively. Therefore, it can be concluded that the present bismuth 
sesquioxide based glasses have a good quality in radiation protection purposes.  
The molar composition of elements in the chemical composition is also a key 
factor for better radiation shielding properties.
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