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Abstract:  
 

Bioactive glasses are silicates that have phosphorus, calcium, and sodium in them. These 

glasses were created to help or carry out essential functions in the living tissues of the 

human body. The exceptional mechanical and physical properties of bioactive glasses 

make them suitable for radiation protection. Despite the costs and risks, lead (Pb) and 

traditional concrete are still the most effective radiation protection materials. Bioactive 

glass materials are considered to be effective due to their non-toxicity, economic 

feasibility and practicality. This study presents the neutron and gamma shielding 

properties of thirteen bioactive amorphous glass samples that are divided into three 

groups. The mass attenuation coefficient, represented by (μm), for the selected bioactive 

glasses was calculated using the Phy-X/PSD program in the photon energy range of 0.02 

to 15 MeV. The μm was also used to evaluate other important metrics for the selected 

bioactive glasses, including the half and tenth value layer (HVL and TVL), mean free 

path (MFP), effective atomic number (Zeff), and effective electron number (Neff). The 

transition factors (TFs) of bioactive amorphous materials, whose radiation shielding 

parameters were calculated theoretically, were simulated at three energies by PHITS 

(Particle and Heavy Ion Transport Code System). In particular, the FPG6 exhibits a 

discernible decrease in TF values among the CaF-doped samples, demonstrating their 

improved radiation-shielding capability, with a MAC value of 0.01961 cm²/g. When 

compared to other bioactive glasses, it is clear that FPG6 sample has the lowest HVL, 

TVL, and MFP values. For instance, for an energy value of 15 MeV, the HVL value of 

FPG6 is 12.02966 cm. To evaluate the neutron protection properties of the bioactive 

glasses under study, effective removal cross-section values (ΣR) have been developed. 

The results show that BG4B has exceptional neutron attenuation capabilities, with a value 

of 0.11 cm-1. 

 

1. Introduction 
 

Since the discovery of the first bioactive glass-

ceramic 45S5 Bioglass by Hench et al. (1971) [1] 

near the end of the 1960s, many different types of 
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chemicals have been documented [2], [3], [4]. 

Medical implants, dental care, and scaffolds for 

tissue engineering are just a few of the many 

applications for these bioactive glasses [5], [6]. The 

oxide metals silicon dioxide (SiO2), sodium oxide 

(Na2O), calcium oxide (CaO) and phosphorous 

oxide (P2O5) are frequently utilised in the 

manufacture of bioactive glasses. In regeneration 

applications, it has been observed that replacing 

SiO2 with B2O3, Na2O with K2O, or CaO with 

CaF2/MgO increases the bioactivity of these glasses. 

[7], [8]. Glass-ceramic and biomaterial-based 

surface-reactive materials can be categorized as 

bioactive glass [9]. Several testing techniques have 

shown in recent decades that bioactive glasses are 

extremely biocompatible. As a result of their novel 

material qualities and biocompatibility in living 

biological systems, they are now being considered as 

potential implant materials for surgical restoration or 

replacement procedures [10]. Bioactivity is the 

capacity of a material to specifically attach to bone 

and strengthen bone structure. The degree of 

bioactivity of a substance is determined by its ability 

to provide a steady and regulated flow of chemical 

stimuli to promote tissue growth and cell function. 

The crystalline structure, chemical composition, and 

processing characteristics of bioactive substances 

regulate the rate at which new tissues develop and 

graft material resorbs [11]. A bioactive glass often 

has a structure based on calcium or silica [12]. 

Effective usage of bioactive glasses requires that 

they have mechanical qualities suitable for the 

environment in which they are used, be free of 

toxicity or cancer, not react (bioavailability), and not 

corrode in human fluids [13]. Because the crystalline 

ceramics and compositions in the Na2O, CaO-P2O5-

SiO2 system, which are the basic building blocks of 

bioactive glasses, generate robust interactions with 

living tissues [1]. Tissues and implants interact 

chemically as a result of calcium and phosphorus 

replacing some silica groups in the bioactive glass 

structure [14]. Phosphate (P2O5) is included in the 

formulation of the bioactive glass to ensure its 

bioactivity. Because it has the ability to improve a 

certain biological reaction, characteristic, or function 

in the glass host. Because silicate has a high melting 

point, the glass composition melts completely, 

improving the manufactured glasses' uniformity 

[15]. Calcium phosphate-based bioactive glasses 

typically have a high mechanical strength. A battery 

of mechanical tests is performed on bioactive 

glasses. Glass's mechanical strength increases as its 

crystallization increases, or moves away from its 

amorphous structure, but its biodegradable quality 

vanishes [16]. The mechanical characteristics of the 

bioactive glasses should be as close as possible to 

those of the tissue of interest, so as to avoid any 

interference with the patient's regular everyday 

activities. Radiation is currently the greatest threat to 

both humans and the environment. The development 

of suitable substitute shielding materials is required 

due to the increasing use of radiation in numerous 

fields. Despite being ineffective, expensive, and 

dangerous for neutron shielding, lead (Pb) and 

conventional concrete are currently believed to be 

the best shielding materials. Much work has been 

done thus far to create radiation shielding materials 

that are economical, non-toxic, useful, and effective. 

The following materials have been offered as 

competing radiation shielding materials: commercial 

glasses, HMO glasses, alloys, concretes, and rocks 

[17], [18], [19], [20], [21]. There have been 

numerous proposals recently for the use of additive-

doped bioactive glasses in radiation protection 

applications [22], [23], [24], [25]. The application of 

bioactive glasses for radiation protection is highly 

appealing due to its mechanical qualities, amorphous 

shapes, and light weight. Additionally, the outcomes 

of the radiation attenuation characteristics for the 

glasses might help in selecting the right bioactive 

glass for the human body [26], [27]. Bioactive 

glasses need further study and development to reach 

their full potential, notwithstanding their benefits in 

radiation shielding applications. The manufacture, 

bioactivity, and biodegradability of bioactive glasses 

have all been the subject of several studies [28], [29] 

but there are currently few investigations [30], [31], 

[32] on their capacity to shield against radiation, 

necessitating further thorough research. To this end, 

thirteen bioactive glass samples were analysed as 

three distinct mixes. There were three groups of 

bioactive glass samples that were analysed: the 

BGXB group, the SRY group, and the FPGZ group. 

SiO2-Na2O-CaO-P2O5-B2O3 was chosen as the basis 

glass for the first composition. Five different B2O3 

modified glass compositions, known as BG0B, 

BG1B, BG2B, BG3B, and BG4B were produced by 

replacing SiO2 with B2O3 in the basic glass 

composition [33].  It has been shown that borate-

based glasses, as well as silicate-based bioactive 

glasses, have faster rates of dissolution and surface 

apatite production [34]. Another advantage of these 

glasses is that they can be used to modify the pace of 

apatite formation in accordance with the host bone-

tissue metabolism. This allows for controlled 

breakdown of the glasses, which leads to a 

progressive replacement of bone [35]. It should be 

noted that boron is crucial for bone health and that 

numerous research teams have already documented 

trace levels of this element in healthy human bones 

[36], [37], [38], [39], [40]. For the second mixture, 

the base glass was selected as (P2O5-CaO-Na2O-

K2O-SrO) with varying percentages [41] named as 

SR5 - SR10 - SR15. Glass ceramics and glasses 
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made of calcium phosphate have attracted interest 

for medical applications due to their unique 

properties. By integrating with bone and generating 

a physiologically active hydroxyapatite layer at the 

implant/bone contact, a bioactive calcium 

phosphate-based implant in particular facilitates 

bonding with soft tissues and bone [27], [46]. In 

aquatic conditions, glasses become extremely 

reactive due to the creation of non-bridging oxygens 

(NBOs) and network disorders caused by the 

addition of cations or network modifiers such as Ca, 

Na or K. Applications involving bone augmentation 

and repair now significantly benefit from this high 

responsiveness. Numerous interesting investigations 

have been conducted on glass ceramics and bioactive 

glasses that become even more bioactive with the 

addition of SrO [47], [48], [49]. Lastly, phosphate-

based glasses with varying fluoride contents were 

employed, (P2O5-CaO-Na2O-CaF2) with varying 

percentages [50] named as FPG0 - FPG1 - FPG2 - 

FPG3 - FPG6. When it comes to encouraging bone 

production in the human body, fluoride is usually the 

most promising ingredient in physiological 

solutions. This mixture focuses on the effects of 

CaF2 as a nucleating agent in the P2O5-CaO-Na2O 

glass system [51]. We looked into these glasses for 

radiation shielding applications because such 

qualities are desirable and intriguing while creating 

new shielding materials. The PHITS (Particle and 

Heavy Ion Transport Code System) code is used in 

this work to examine the ionizing gamma and 

neutron shielding properties of three sets of bioactive 

glasses with varying compositions of B2O3, SrO, and 

CaF2.  The density and composition of the glasses 

under examination are compiled in Table 1. Certain 

parameters can be used to determine the radiation 

shielding properties in the wide energy range of 

0.02-15 MeV, including the transmission factors 

(TFs), effective atomic number (Zeff), effective 

electron number (Neff), half and tenth value layer 

(HVL and TVL), mean free path (MFP), and mass 

attenuation coefficient (MAC, μm) [19]. The (μm) 

values for the selected bioactive glasses were 

calculated in the photon energy range of 0.02 to 15 

MeV using the Phy-X/PSD [52]. The transition 

factors (TFs) of bioactive amorphous materials, 

whose radiation shielding parameters were 

calculated theoretically, were simulated at three 

energies by PHITS code [53], [54]. Figure 1 shows 

the PHITS configuration for TF computations in 

three dimensions. Furthermore, effective removal 

cross-sections values (ΣR) [19] have been 

established in order to assess the neutron protection 

ability of the bioactive glasses under investigation. 

The removal cross-section (ΣR) of the glasses was 

estimated. The current glasses' characteristics were 

found to be within the same range as those of 

materials utilized for shielding against neutrons and 

gamma rays. Additionally, the bioactive glasses' 

neutron shielding properties were evaluated. 

 

 
 

Figure 1. A total-3D view of designed simulation 

geometry by using PHITS code for photon transmission 

factor (TF) studies 

 

2. Material and Methods 
 

The physical characteristics of the shielding 

materials must be established before radiation 

protection applications can be implemented. The 

following equation 1 expresses the Beer-Lambert 

law, which is employed in the attenuation of γ-ray 

radiation [21]: 

𝐼(𝑥) = 𝐼0𝑒−𝜇𝑥  (1) 

The chance of attenuation is proportional to the 

matter's linear attenuation coefficient (μ), thickness 

(x), and density (ρ). The density dependency of the 

linear attenuation coefficient (μ) has been removed 

by introducing a second parameter known as the 

mass attenuation coefficient (μm), which is computed 

by dividing μ by the density of matter (ρ). Typically, 

cm2/g is used to express it. Based on the mixture rule 

[52], Phy-X/PSD software [53], [54], [55], and [56] 

can produce data to compute the (μm) values for the 

specified glass samples in the continuous energy 

region (1 keV-15 MeV) [51]. The program gives 

cross sections and total and partial attenuation 

coefficients for a number of interaction processes, 

such as Compton scattering, Rayleigh scattering, 

photoelectric absorption, pair production in nuclear 

and electric fields, and more, for about 100 elements. 

Equation (2) provides the mass attenuation 

coefficient (μm) formula [21], [22]. 

𝜇𝑚 =  
𝜇

𝜌
          (2) 
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The linear attenuation coefficient is denoted by μ, 

while the shielding material's density is represented 

by ρ. It is the essential instrument for determining a 

wide range of other parameters, including the 

electron density, effective atomic number, electronic 

cross-section, molecular cross-section and atomic 

cross-section. A photon's mean free path, or MFP, is 

the average distance it can travel through a substance 

before coming into contact with an event. Using the 

relation below, the mean free path has been 

determined using the linear attenuation coefficient 

[21]; 

𝑀𝐹𝑃 =  
1

𝜇
           (3) 

The TVL and HVL of a given material are the 

thicknesses at which 10% and 50% of the primary 

energy is attenuated, respectively. The most widely 

used raw parameter for characterizing a glass 

system's radiation shielding effectiveness is the 

HVL. Equations 4 and 5 are used to determine the 

HVL and TVL using the linear attenuation 

coefficient (μ) [21], [22]. 

𝐻𝑉𝐿 =  
𝐼𝑛2

𝜇
    (4) 

𝑇𝑉𝐿 =  
𝐼𝑛10

𝜇
   (5) 

The shielding capabilities of the glass samples are 

improved when gamma photon interactions with it is 

more effective, as indicated by a low MFP, HVL or 

TVL value. 

One important factor in the radiation absorption of 

compounds, mixes, and alloys is the effective atomic 

number (Zeff). Clearly, not all energies exhibit the 

typical energy of the atomic number of elements. 

This is due to the change in photon interaction in the 

composite material's cross section. For composite 

materials, the phrase "atomic number" has been 

used, and it is said that this value varies with energy. 

 

 

 

 

 

 

  

 

                                 

 

 

 

 

 

 

 

 

 

The effective atomic number [57] is theoretically 

determined by dividing the total 𝜎𝑡,𝑎 (atomic cross-

section) by the 𝜎𝑡,𝑒𝑙 (total electronic cross-section) 

derived in Equation 6 [63]. 

𝑍𝑒𝑓𝑓 =
𝜎𝑡,𝑎

𝜎𝑡,𝑒𝑙
   (6) 

Based on the atomic number (Zi), atomic weight 

(Ai), and mole fraction (fi) values of the constituent 

elements, the effective atomic number (Zeff) has 

been calculated using the following formula [57].  

𝑍𝑒𝑓𝑓 =
∑ 𝑓𝑖𝐴𝑖(𝜇 𝜌⁄ )𝑖𝑖

∑ 𝑓𝑖𝑖 (
𝐴𝑖
𝑍𝑖

)(
𝜇

𝜌
)

𝑖

      (7) 

The Zeff is a frequently used parameter for radiation 

protection, dosage estimations, and diagnosis and 

treatment, particularly in nuclear medicine. The 

electron density and the effective electron number 

have comparable applications [63]. Effective 

electron number indicates the number of electrons 

interacting with the substance per unit mass [57], 

[58]. 

       𝑁𝑒 =
𝑁𝐴𝑍𝑒𝑓𝑓

〈𝐴〉
         (8)  

The average atomic weight 〈A〉, or average atomic 

mass, can be expressed as Equation 9 [59], [60]. 

〈𝐴〉 =
𝑀

∑ 𝑛𝑖𝑖
           (9) 

When an elemental material has several structures, 

the electron density is represented by Neff using the 

following formula [21].  

𝑁𝑒𝑓𝑓 = 𝑁𝐴  
𝑍𝑒𝑓𝑓

<𝐴>
  (10) 

Measures such as electron density (Neff) and 

effective atomic number (Zeff) are used to 

characterize the response of multi-elemental systems 

to ionizing radiation. Numerous technical and 

Table 1. Chemical properties and densities of the All-Group Bioactive Amorphous Glass 

Samples 

Sample ID P2O5 Na2O CaO SiO2 B2O3 K2O SrO CaF2 
Density 

(g/cm3) 

BG0B 1.72 22.70 21.77 53.85 0 0 0 0 2.660 

BG1B 1.72 22.70 21.77 40.39 13.46 0 0 0 2.640 

BG2B 1.72 22.70 21.77 26.925 26.925 0 0 0 2.630 

BG3B 1.72 22.70 21.77 13.46 40.39 0 0 0 2.590 

BG4B 1.72 22.70 21.77 0 53.85 0 0 0 2.540 

SR5 59.50 20.00 17.00 0 0 3.00 0.50 0 2.654 

SR10 59.00 20.00 17.00 0 0 3.00 1.00 0 2.604 

SR15 58.50 20.00 17.00 0 0 3.00 1.50 0 2.596 

FPG0 48.00 32.0 20.00 0 0 0 0 0 2.718 

FPG1 48.00 31.0 20.00 0 0 0 0 1.00 2.662 

FPG2 48.00 30.0 20.00 0 0 0 0 2.00 2.690 

FPG3 48.00 29.0 20.00 0 0 0 0 3.00 2.701 

FPG6 48.00 28.0 20.00 0 0 0 0 4.00 2.708 
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industrial applications, such as radiation shielding, 

absorption dose calculations, and photon 

multiplication factor calculations, frequently make 

use of these properties. These are the parameters 

calculated to show the importance of the gamma and 

X-ray absorption rates of the materials used. The 

Zeff and Neff values have a linear connection and 

change according to the source photon's energy. 

[62]. In addition to calculating the mass attenuation 

coefficients, the transmittance factors (TFs) 

depending on the photon energy for each glass 

sample were also investigated. Using PHITS 

simulations, gamma-ray transmission through the 

composite materials was modelled [53]. PHITS uses 

Monte Carlo techniques to model the passage of 

gamma radiation through materials and perform TF 

calculations at three different energies (0.662 MeV, 

1.1732 MeV, and 1.3325 MeV) for various material 

thicknesses. The simulations, which were conducted 

by creating an isotropic point source and tracking 

photon interactions across the simulated samples, 

produced radiation attenuation characteristics at 

different energy levels. The TF values of samples 

T(E,d) in a specific gamma (E) energy are given by 

Equation 11 [58]. 

𝑇(𝐸, 𝑥) =
𝐹(𝐸,𝑥)

𝐹(𝐸,0)
  (11) 

One of the key numbers for estimating neutron 

shielding is the fast neutron effective removal cross 

section (ΣR). The ΣR values for fast neutrons for the 

studied materials were calculated using the 

following formulas [58]. 

𝑅 𝜌⁄ = ∑ 𝑤𝑖(𝑅 𝜌⁄ )
𝑖𝑖   (12) 

𝑅 = ∑ 𝜌𝑖(𝑅 𝜌⁄ )𝑖𝑖   (13) 

where 𝑤𝑖 shows the weight fraction of the i 

component and 𝜌𝑖 is the density of the sample. 

 

3. Results and Discussions 
 

Materials' composition and structural qualities have 

a big impact on how well they absorb radiation. The 

ability of a material to attenuate radiation can be 

impacted by compositional changes, such as the 

insertion of dopants or adjustments to elemental 

ratios, which alter the atomic arrangement and 

bonding inside the material. The radiation-

attenuating properties of three sets of bioactive glass 

samples with different B2O3, SrO, and CaF2 doping 

concentrations are investigated in this work. 

 

3.1. Mass attenuation coefficients (MAC) of the 

bioactive glasses under examination 

High-density materials are thought to be better for 

shielding against gamma rays since they have a 

higher atomic number. In addition to the chemical 

component of glasses, the MAC is mostly linked to 

photon energy, which explains this. The 

characteristics of changes in MAC values for photon 

energy are comparable. As per the Beer-Lambert 

rule, the MAC values for every glass sample exhibit 

greater magnitude at low photon energies (≤0.1 

MeV) and then decline exponentially with 

increasing photon energy. The photon is attenuated 

throughout the energy zone by three distinct 

mechanisms. In the low energy range of 10–100 

keV, the photoelectric process is crucial. The cross-

section of the photoelectric effect is strongly 

influenced by the atomic number of an element     

(Z4-5) and the gamma ray energy (E−3.5).  This 

process is followed by Compton scattering, which is 

significant in the mid-energy region between 0.1 and 

10 MeV.  The Compton scattering process's cross-

section gradually drops as gamma-ray energy 

increases and is least reliant on atomic number. For 

all elements, this mechanism is hence predominant 

at intermediate photon energy. Finally, pair 

production is the predominant activity in the high 

energy region over 10 MeV energy. The atomic 

number Z2 and photon energy log(E) have a linear 

relationship with the cross-section for pair 

production. These energy ranges vary slightly 

depending on the type of material.  

Phy-X/PSD software was used to calculate the MAC 

values for the selected bioactive glass samples. The 

MAC values, (cm²/g) of three sets of bioactive glass 

samples are shown graphically in Figure 2, Figure 3 

and Figure 4 for a range of photon energy (from 

0.015 MeV to 15 MeV). According to figures, it can 

be clearly seen that the MAC values for each 

bioactive glass sample decrease rapidly as the energy 

of gamma rays increases between 0.02 and 0.6 MeV. 

This sharp decline is caused by the photoelectric 

effect, which predominates in low energy region. 

The BG0B material has the highest MAC value 

among the BGXB group materials, especially in the 

low energy zone, while the BG4B material has the 

lowest, as the graph makes evident. This is because 

the molar contribution of SiO2 is dominant in the 

BG0B material and the material density is high. In 

the SRY group material example, the SR15 material 

has the highest MAC value due to the dominant 

molar contribution of SrO. Despite having a low 

density, the SR15 material's greater MAC value in 

this energy range can be explained by the 

photoelectric cross section being proportional to Z5. 

On the other hand, in the FPGZ group material 

example, the FPG6 material has the highest MAC 

value due to the dominant CaF2 contribution and the 

material density is high. Because of the considerable 
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Figure 2. Mass attenuation coefficients (µm, cm2/g) of 

BGXB group bioactive amorphous glass samples with 

photon energy from 0.02 to 15 MeV. 

 

 
Figure 3. Mass attenuation coefficients (µm, cm2/g) of 

SRY group bioactive amorphous glass samples with 

photon energy from 0.02 to 15 MeV. 
 

influence of the Compton interaction, the MAC 

values rapidly decrease in the intermediate energies 

of 0.1-1 MeV. Furthermore, the atomic number, Z, 

of the interacting atom determines the Compton 

scattering cross section. MAC values stay the same 

up to roughly 5 MeV. Nevertheless, the pair 

production procedure influences the MAC values, 

which are almost constant for all glass samples over 

1 MeV. The Z atomic number squared has a 

relationship with the pair formation coefficient. It 

was found that the MAC values in the pair formation 

zone were very close to each other for all the 

materials examined. It was evident how the material 

density and the MAC values of the materials under 

investigation related to one another.  

 

 
Figure 4. Mass attenuation coefficients (µm, cm2/g) of 

FPGZ group bioactive amorphous glass samples with 

photon energy from 0.02 to 15 MeV. 

 

A comparison of all the samples examined is shown 

in Figure 5. In the low energy range, the SR15 

sample has the greatest MAC value, as seen in 

Figure 5. At high and medium energies, the FPG6 

sample with the highest density shows the dominant 

feature in terms of MAC value.  

As we get closer to the high-energy zone, the 

attenuation coefficients smooth out and then 

gradually drop, suggesting that Compton scattering 

is the main interaction mechanism (beyond 0.6 

MeV). As energy increases, the differences in 

attenuation capacities between the various 

compositions diminish, highlighting the necessity of 

selecting appropriate glass materials for shielding 

based on the desired energy range. All samples' 

MAC values continue to decline in the high-energy 

zone, and attenuation from pair creation begins to 

show up, however considerably less prominently for 

the specified glass samples in these energy ranges. 
The relevant measurements were carried out at 

values corresponding to the MAC experiment. A 

quantitative metric called the MFP is used to 

calculate the average distance a photon travels 

through a substance in the absence of interactions. 

[57].  The mean free path values for all materials are 

found to be almost the same in the low energy 

region, where the photoelectric effect's cross section 

is high. On the other hand, FPG6 is the glass material 

with the lowest MFP value when the energy level 

rises, that is, in the energy range where the Compton 

scattering and pair creation rate are large. The 

thicknesses at which the radiation intensity 

decreases by 50% and 10% respectively, are the 

HVL and TVL. These are important factors to 

consider when assessing a material's radiation 

shielding capabilities. In samples containing 



Hasipcan AYDIN, Gülfem SÜSOY DOĞAN, Hüseyin Ozan TEKİN,Duygu ŞEN BAYKAL, Yusuf Cenk İLTUŞ/ IJCESEN 11-3(2025)6973-6986 

 

6979 

  

 
Figure 5. The relationship between photon energy 

(MeV) and Mass attenuation coefficients (µm, cm2/g) of 

all investigated glasses 

 

predominantly phosphorus, sodium and calcium, a 

relatively similar HVL and TVL was observed 

across the range of low-energy values [57]. This 

finding suggests that the attenuation characteristics 

within this specific group are consistent, indicating a 

uniform response in this particular composition. 

HVL and TVL values, however, rapidly rise with 

increasing energy level, particularly in the low 

energy region where the photoelectric effect 

predominates. This implies that to attain the same 

degree of radiation attenuation, the glass samples 

need a thicker coating. The HVL and TVL values for 

all samples start to converge as the energy level 

rises, which may be seen as a reflection of Compton 

scattering and the photoelectric effect's declining 

impacts. For all glass samples, the HVL and TVL 

values stabilize at higher energies, specifically over 

10 MeV. This finding suggests that pair creation 

emerges as a key interaction mechanism at these 

energies. The lowest HVL and TVL values for each 

group of glasses (BGXB, SRY and FPGZ) in the low 

and high energy ranges were obtained for the BG0B, 

SR5 and FPG6 bioactive glass samples, respectively, 

indicating better shielding efficiency. Furthermore, 

the B-doped glass material with low electron density 

demonstrated that thicker glass armouring is 

required at the same energy level. It can be inferred 

that the attainment of a comparable degree of 

radiation attenuation in these glasses necessitates the 

implementation of a more substantial layer, 

potentially attributable to the diminished presence of 

elements with lower atomic numbers within these 

samples in contradistinction to the Si-doped series. 

 

 
Figure 6. The relationship between photon energy 

(MeV) and mean free path (cm) for all investigated 

glasses 

 

 

Figure 7.a) The relationship between photon energy 

(MeV) and half value layer (cm) for all investigated 

glasses 

 

 
Figure 7.b) The relationship between photon energy 

(MeV) and Tenth value layer (cm) for all investigated 

glasses  
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3.3. Effective atomic (Zeff) and effective electron 

(Neff) numbers of the bioactive glasses under 

examination 

 

Figures 8 and 9 display the changes in the (Zeff) and 

(Neff) values of the bioactive glass samples with 

energy. Higher Zeff values indicate improved 

attenuation capabilities, making Zeff a crucial 

parameter in assessing the photoelectric effect [57]. 

As shown in Figure 8, bioactive glasses with Sr 

content have higher Zeff values at lower energies due 

to the dominant molar contribution. This finding 

indicates enhanced photoelectric absorption. It has 

been demonstrated that the effect weakens with 

rising energy, as the dominance of Compton 

scattering increases. As demonstrated in Figure 9, a 

notable disparity emerges in the Neff, a critical factor 

for the comprehension and prediction of the 

Compton scattering phenomenon, when analysing 

different types of bioactive glass. As can be clearly 

seen from the figure, the Neff values of BGXB series 

glass samples doped with elements with high atomic 

numbers are higher in the low energy region. More 

photon-electron interactions are made possible by 

the higher electron density, which is the cause of this 

phenomena. For every sample that is analysed, the 

Neff values typically drop as the energy levels 

increase. This decrease suggests that Compton 

scattering is less likely to occur at higher photon 

energy. According to the results of both figures, 

adding heavy components significantly improves the 

glass's ability to interact with lower-energy 

radiation. This is evidenced by an increase in 

photoelectric absorption, as indicated by a higher 

Zeff.  

 
Figure 8. The relationship between photon energy 

(MeV) and effective atomic number (Zeff) for all 

investigated glasses 

  

 
Figure 9. The relationship between photon energy 

(MeV) and effective electron density (Neff) for all 

investigated glasses. 

It has been shown that the elemental compositions of 

the various bioactive glass samples are directly 

correlated with the differences in Neff and Zeff.  

Rising values of Zeff and Neff are directly correlated 

with increasing SrO content.  In contrast, neither Zeff 

nor Neff are significantly increased when lighter 

calcium fluoride (CaF₂) is substituted. This is 

consistent with what would be predicted given the 

lower atomic numbers of fluorine (Z=9) and calcium 

(Z=20). 

The bioactive glass samples' ability to attenuate 

gamma radiation was next assessed using the TF. We 

evaluated the bioactive glass samples' energy-

dependent shielding behaviour by combining a wide 

variety of gamma-ray energies. This method allows 

for a detailed understanding of how different 

densities and compositions influence the material's 

ability to attenuate gamma rays with varying energy 

levels. Each bioactive glass sample's elemental mass 

fractions and densities were used to define its 

substance (see Table 1.).  

Values for the Transmission Factor (TF) were 

computed for sample thicknesses between 0.5 and 

3.0 cm. Six Figures show (from figure 10.a to figure 

10.c) the variation in density values for the various 

sample mixtures. As the graph shows, the TF values 

for each energy level tended to decrease as the 

material thickness grew. This effect happens 

naturally and may be anticipated for almost any kind 

of material because the thickness of the material 

increases the number of photons absorbed. However, 

it was also discovered that the materials' TF factor 

values increased as the energy level increased. This 

indicates that as radioisotope energy increased, so 

did the gamma ray's penetrating capabilities and the 

intensity of secondary gamma-rays.  
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The opposite would also lead to a lower TF value if 

there were fewer secondary gamma rays, as shown 

in Equation 11. One possible explanation for this 

could be that fewer gamma rays can penetrate thick 

materials than thin ones. At all energy levels, the TFs 

typically exhibit a step drop for each of the three 

radioisotope energies as sample thickness increases. 

This behaviour demonstrates the bioactive glasses' 

efficient attenuation capabilities. 

As sample thickness increased, all samples' TF 

values decreased, regardless of energy level. Higher 

photon energies, like 1.3325 MeV, are expected to 

have higher TF values than lower energies, like 

0.662 MeV, since high-energy photons can penetrate 

more easily. This discrepancy becomes particularly 

noticeable at 3.0 cm, the maximum thickness, 

especially for the TF values that change with 

material thickness.  

The total TF values indicate reduced attenuation 

efficacy at higher energies, slightly exceeding those 

at 0.662 MeV for the same thickness. The CaF-

doped samples, especially the FPG6, show a very 

noticeable drop in TFs, which is indicative of their 

enhanced radiation shielding capacity. The graph's 

greater gradient for the FPG6 sample suggests that it 

has a noteworthy ability to absorb low-energy 

photons. All specimens exhibit the decreasing trend 

in the TFs with increasing thickness as the energy 

rises to 1.1732 MeV and 1.3325 MeV, albeit with 

less steepness than at lower energies.  

This result implies that the CaF-doped glasses' 

relative attenuation capacity shows a minor decline 

at higher photon energy, even if they still function 

effectively. However, the FPG6 sample continues to 

show a lower TF than its rivals, which further 

supports its efficacy over a wider range of energies. 

 

 
 

 
Figure 10.a. Transmission factors (TF) for all glasses 

examined as a function of 0.662 MeV radioisotope 

energy for different sample thicknesses 

 

 

 
 

 

 
Figure 10.b. Transmission factors (TF) for all glasses 

examined as a function of 1.1732 MeV radioisotope 

energy for different sample thicknesses 
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Figure 10.c. Transmission factors (TF) for all glasses 

examined as a function of 1.3325 MeV radioisotope 

energy for different sample thicknesses 

 

3.5. Fast neutron removal cross sections (ΣR) for 

values for the bioactive glasses under 

examination  

 
Figure 11 displays the partial density values, basic 

components, and effective removal cross-section 

(ΣR) results for each bioactive glass. The increase in 

ΣR indicates that the glass samples having higher B 

content are more effective at removing fast neutrons. 

As a result, adding B to the glass samples under 

study significantly improves their capacity to 

attenuate neutrons. By using the knowledge of 

(ΣR/ρ), ΣR can be analysed. Rapid neutron protection 

relies heavily on density, as seen in Figure 11, and 

BG4B is shown to have the highest value among the 

samples. The high ΣR values observed in the BGXB 

group glass samples indicate that boron increases the 

neutron interaction due to its high neutron absorption 

cross section. 

 

4. Conclusions 

 
In this paper, the interaction parameters of three 

groups of bioactive glass samples, totalling thirteen, 

with photons and neutrons are examined. As 

mentioned before, the Phy-X/PSD software package 

 
Figure 11. Effective removal cross-section values of the 

bioactive amorphous glass samples with density 

 

was used to determine the MAC values. Based on the 

MAC data, the MFP, HVL, TVL, Zeff and Neff were 

calculated. Additionally, using the PHITS 

simulation, transition factors were computed at three 

energy values. The main results are listed below in 

accordance with the study's findings.  

 

• A correlation between glass's chemical 

structure and its capacity to reduce ionizing 

radiation has been established by the current 

study. The investigation of the impact of the 

relevant components on physical 

characteristics including density, molecular  

weight, and effective atomic number 

provides proof of this. 

• When compared to other glasses, the FPG6 

glass has the lowest MFP, HVL and TVL 

values. The HVL value of FPG6 is 12.02966 

cm for an energy value of 15 MeV. 

• It is known that the density of the material 

affects the characteristics that characterize 

photon interaction.   

• It has been discovered that Ca-doped glasses 

have greater effective atomic numbers and 

electron densities, which suggests better 

attenuation properties at higher photon 

energy.  

• Additionally, the SR5 sample exhibited the 

lowest Zeff values at low energy levels 

among the glass samples examined in three 

groups. However, in the low energy zone, 

the SR15 sample showed the greatest Zeff 
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value. In other energy ranges (medium and 

high) the FPG6 sample has high Zeff values.  

• In the low energy range, BG4B glass sample 

exhibited highest Neff values. Nevertheless, 

these values converged for all bioactive 

glass groups as the energy level rose. 

• The enhanced radiation-shielding 

performance of the CaF-doped samples, 

particularly the FPG6, as investigated with 

PHITS modelling at three distinct energies, 

is reflected in a marked decrease in TF 

values.  

• It is possible to analyse ΣR by applying the 

knowledge of (ΣR/ρ). As shown in Figure 

11, density is a crucial element of quick 

neutron protection, and it is shown that the 

sample with the highest value is BG4B The 

results show that BG4B has exceptional 

neutron attenuation capabilities, with a value 

of 0.11 cm-1. 

 

The study concludes that the effectiveness of 

bioactive glasses greatly enhances the field of 

radiation-shielding materials. Observing the gamma 

and neutron radiation attenuation characteristics of 

three sets of bioactive glass samples with varying 

quantities of B2O3, SrO, and CaF2 additives is the 

study's hypothesis. It has been demonstrated that 

while increasing the quantity of B2O3 additive 

improves the samples' ability to attenuate neutron 

radiation, increasing the amount of CaF2 additive 

improves the samples' ability to attenuate gamma 

radiation that situation has been demonstrated using 

modelling with PHITS code. The data gained 

demonstrate that the hypothesis put forth is accurate. 

Additionally, this research emphasizes the vital role 

of targeted elemental doping in optimizing material 

properties to satisfy the specific requirements of 

various applications. Additionally, because of their 

improved radiation-shielding properties, these 

bioactive glasses provide a great deal of promise for 

real-world uses in situations where radiation 

protection is crucial. 
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