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Abstract 

This study aims to evaluate the radiation shielding performance of selected metal 

oxide–based and oxide double perovskite ceramic materials using various photon 

attenuation parameters. The photon attenuation parameters were calculated and 

analyzed using Phy-X/PSD and NGCal software over the range of 0.015–15 MeV. The 

results, based on the total interaction cross-section of photon–matter interactions, 

show that all investigated samples exhibit higher attenuation efficiency in the low-

energy region due to the dominance of the photoelectric effect, followed by a gradual 

reduction in shielding performance in the intermediate and high-energy regions, where 

Compton scattering and pair production prevail. Materials with higher atomic number 

(Z) and greater density demonstrate superior shielding performance, as reflected by 

higher MAC and LAC values and lower HVL, TVL, and MFP values. The radiation 
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shielding parameters obtained from the two software tools were in good agreement, 

with differences within 0.1%. Overall, both perovskite families display promising 

radiation shielding capabilities, with oxide double perovskite samples showing 

enhanced attenuation efficiency compared to metal oxide–based perovskite 

composites, highlighting their greater potential for effective photon radiation shielding 

applications. 

Keywords: Perovskite, Radiation shielding, Oxide double perovskite, Metal oxide-

based perovskite, Mass attenuation coefficient  

 

 

 

Introduction  

The use of ionizing photon radiation has significantly contributed to various 

medical applications, including medical imaging, industrial radiography, medical 

research laboratories, diagnostic imaging, and cancer treatment [1, 3]. However, 

inadvertent exposure to these photon energies has created a demand for effective 

shielding materials to protect patients [1, 6], medical staff, sensitive equipment, and 

individuals in the surrounding environment [1], while ensuring that the doses received 

do not exceed the permissible limits for patients, workers, or the public [2]. Moreover, 

researchers have investigated various materials for radiation shielding to protect life 

and the surrounding environment from the effects of photon radiation [4, 5]. 

Conventional shielding materials, such as lead, have long been used due to their high 

density, effective radiation attenuation, low cost, and high atomic number (Z). 

However, in nuclear facilities, thick concrete is also employed as a radiation barrier, 

but it has notable drawbacks [1]. Lead is highly toxic, heavy, bulky, mechanically rigid, 

and environmentally hazardous, with chronic exposure leading to serious health 

problems [1, 6, 7, 10]. Similarly, concrete shields must be quite thick and completely 

opaque, obstructing visibility, but deteriorate over time under intense radiation [1]. 

These limitations highlight the urgent need for alternative shielding materials that are 

environmentally safe, lightweight, high-density, and possess strong mechanical 

properties [1, 6, 10]. In recent years, various materials have been proposed and 

studied for radiation shielding, including polymers, glass [6, 7], and perovskite 

ceramics [8, 9]. Among these novel materials, perovskite ceramics have gained 

significant attention as potential candidates for radiation protection due to their unique 
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crystal structure, high density, high atomic number, thermal and chemical stability, non-

toxicity, resistance to oxidation, low thermal expansion, lightweight nature, durability, 

environmental friendliness [6, 10, 11], high radiation absorption capability, mechanical 

strength, and excellent structural stability. These properties enable perovskite 

ceramics to maintain their integrity under high radiation exposure, making them 

suitable for long-term use in nuclear medicine and engineering applications [11]. In 

this study, a computational approach was employed to provide a reliable pathway to 

predict and analyze photon radiation shielding performance of perovskite ceramics 

theoretically.  

Oxide-based perovskites have the general chemical formula ABO3, and doping 

involves substituting atoms at either the A-site (e.g., Ba or Sr) or the B-site (e.g., Ti or 

Mn) with appropriate dopants. Doping at the A-site primarily alters the ionic size, 

induces lattice distortions, and modifies the material density, whereas doping at the B-

site affects charge compensation, bandgap tuning, and magnetic ordering. 

Incorporating high-Z metals (e.g., Mo) or oxide-based metals (e.g., ZrO2, TeO) 

enhances photon absorption by increasing the probability of photon–matter 

interactions. However, high-Z dopants typically have larger atomic weights, which 

increases the overall density of the material and consequently reduces photon 

penetration depth. In contrast, oxide double perovskites are rock-salt crystal structure 

with the general chemical formula A2BB′O6, where A represents a larger cation (e.g., 

Ba²⁺, La³⁺) and B/B′ represent smaller transition metal cations (e.g., Fe, Re, Mn, Nb, 

Mo, Ni, Y). This structure is a modified perovskite lattice with ordered B-site cations, 

enabling precise tuning of structural, electronic, magnetic, and optical properties. The 

flexibility to substitute different cations at the A, B, or B′ sites allows researchers to 

design materials with tailored properties for specific applications [9]. Hence, metal 

oxide–based and oxide double perovskites have recently attracted significant attention 

due to their compositional flexibility, structural and functional properties, and potential 

for enhanced photon–matter interactions. However, despite these advantages, their 

potential applications and characteristics as radiation shielding materials have not 

been thoroughly explored, particularly across a wide photon energy range. 

Incorporating heavy metal oxides into perovskite matrices can increase photon 

interaction probabilities, thereby improving their attenuation performance. 
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Moreover, research on lead-free BaTiO3 (BTO) perovskite ceramics doped with 

ZnO, SiO2, and WO3 oxides and synthesized via the solid-state reaction process [12] 

found that the addition of ZnO and WO3 to BaTiO3 enhanced the linear attenuation 

coefficient (LAC) values, whereas the addition of  SiO2 reduced both the density and 

shielding capacity of the fabricated BTO. Another study on the structural and radiation 

shielding properties of selected perovskite ceramics (BaTiO3 and SrMnO3) doped with 

ZrO2, Mo, ZnO, and TeO2 using the solid-state reaction method [9] reported that the 

BaTiO3 − ZrO2 sample exhibited excellent gamma-ray attenuation, while SrMnO3 −

TeO2 was effective for neutron shielding. Although numerous studies have been 

published on double perovskites but no systematic study has explored the photon 

interaction or radiation-shielding parameters of the selected double perovskite 

materials.  

Materials and Methods 

Two classes of perovskite materials were selected for this study: metal oxide–

based perovskites ( BaTiO3 − ZrO2, BaTiO3 − Mo, SrMnO3 − TeO2, SrMnO3 − ZnO) and 

oxide double perovskites (Ba2FeReO6, Ba2NaNbO6, Ba2YMoO6, La2NiMnO6 

La2FeMnO6). Their photon radiation shielding parameters, including mass attenuation 

coefficient (MAC), linear attenuation coefficient (LAC), half-value layer (HVL), tenth-

value layer (TVL), and mean free path (MFP) [10, 11], were investigated over a photon 

energy range of 0.015–15 MeV using Phy-X/PSD [13, 14] and NGCal software [15]. 

This energy range was selected because it covers the three dominant photon–matter 

interaction mechanisms: photoelectric effect (0–0.1 MeV), Compton scattering (0.1–2 

MeV), and pair production (3–15 MeV), which primarily determine the radiation 

shielding performance of materials. By encompassing all these interaction regimes, 

the study provides a comprehensive analysis and allows for results that are 

comparable to international standards, facilitating the accurate modeling and design 

of effective perovskite-based shielding solutions [16]. 

The intensity of a photon beam decreases as it passes through an absorbing 

material due to dominant photon–matter interaction processes such as the 

photoelectric effect, Compton scattering, and pair production. These interactions result 

in the transfer of energy from the incident photons to the atomic electrons of the 

absorbing material. The decrease in radiation intensity during this interaction is stated 

by Lambert-Beer’s law as given in equation (1) [17]: 
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𝐼 (𝑥) =  𝐼0𝑒−𝜇𝑥,    (1) 

where 𝐼(x) is the transmitted intensity,  𝐼0 is the incident intensity 𝜇 is the linear 

attenuation coefficient of the material and 𝑥 is the thickness of the material.  

Linear attenuation coefficient (LAC)  

This property characterizes how effectively a material attenuates a photon 

beam per unit thickness. It depends on the atomic composition and density of the 

material, as well as the energy of the incident photons [9, 13, 18]. LAC is obtained 

from the Lambert-Beer's law as expressed in equation (2) [19, 20]: 

𝜇 =  − 𝑙𝑛 (
𝐼

𝐼0
) .

1

𝑥
.    (2) 

Mass Attenuation Coefficient (MAC)  

This parameter measures the effectiveness of a material in attenuating photon 

radiation per unit mass. It is independent of material density but strongly depends on 

the atomic number of the constituent elements and the energy of the incident photons. 

It is expressed in equation (3) as [21]: 

𝜇𝑚 = − 
1

𝜌𝑥
 . 𝑙𝑛 (

𝐼

𝐼0
 ).    (3) 

The relationship between LAC and MAC is given as equation (4) [22]: 

µ =  𝜇𝑚 ×  𝜌,     (4) 

where ρ is the density of material and 𝜇𝑚 is the mass attenuation coefficient  

In case of a multi-element material such as chemical compound or 

homogeneous mixture establishing the sample, the MAC can be acquired from 

weighted sum of the coefficient for the elements as expressed in equation (5) [21, 22]: 

(
𝜇

𝜌
)

𝑖 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑
=  ∑ 𝑤𝑖𝑖 (

𝜇

𝜌
)

𝑖
.   (5)

  

where (
𝜇

𝜌
)

𝑖
 is the MAC for the 𝑖-th constituent, 𝑤𝑖 is the weight fraction for the 𝑖-th 

element, and is given as equation (6) [5]:  

𝑤𝑖 =  
𝑛𝑖𝐴𝑖

𝑀
,     (6) 

where 𝑛𝑖 is the number of atoms of 𝑖-th element in the compound, 𝐴𝑖 is the atomic 

mass of the compound in 𝑔/𝑚𝑜𝑙 and M = ∑ 𝑛𝑖𝐴𝑖 and is the molar mass of the 

compound in 𝑔/𝑚𝑜𝑙.   

Half Value Layer (HVL) 
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This is the thickness (in cm) of a shielding material required to reduce the 

intensity of a given photon to half of its original [17, 23]. It gives information about the 

thicknesses of a material that are suitable for radiation shielding. The lower the HVL 

value of the material is, the better its shielding ability against hazardous radiation [24]. 

It and can be expressed as equation (7) [9]: 

 

HVL =  
ln 2

μ
.     (7) 

Since 𝑙𝑛 2 ≈ 0.693 

HVL =  
0.693

μ
.     (8) 

Tenth Value Layer (TVL) 

This is the thickness (in cm) of a shielding material required to reduce the 

intensity of a given photon to tenth of its original, and can be expressed as equation 

(9) [17, 18]: 

TVL =  
ln 10

μ
.     (9) 

Since 𝑙𝑛 2 ≈ 2.303 

TVL =  
2.303

μ
.               

(10) 

Therefore, HVL and TVL are related by equation (11): 

TVL ≈3.32 × HVL.              

(11) 

This is indicating that TVL is approximately 3.32 times the HVL. Thus, each TVL 

provides significantly more attenuation.   

 

 

 

Mean Free Path (MFP)  

This is average distance a unit photon can travel in a material without having 

any kind of interaction [18]. It is the average distance a photon can travel in a barrier 

before colliding [21]. It is obtained follow the Lambert-Beer's law as expressed in 

equation (12) [5]: 
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λ =  
1

𝜇
.                

(12) 

or 

λ =  
1

𝜇
=  

1

(
𝜇

𝜌
) 𝜌

 .              

(13) 

Atomic Cross-section (ACS)  

This represents the effective area of an atom that interacts with photon via 

photoelectric effect, Compton scattering and pair production [13]. It can be obtained 

as equation as (14) [19]:  

𝜎𝑎 =  
𝜇 

𝜌
× 

𝐴 

𝑁𝐴
,               

(14) 

where 𝑁𝐴 is the Avogadro’s number (6.022 × 1023𝑎𝑡𝑜𝑚𝑠/𝑚𝑜𝑙 ), A is the atomic weight 

of the shielding material (g/mol), 𝜎𝑎 is the atomic cross section and 𝜌 is the density of 

the material.  

However, atomic cross section can also be expressed as equation (15) [22]:   

𝜎𝑎 =  
1

𝑁𝐴
 ∑ 𝑓𝑖𝐴𝑖 (

𝜇

𝜌
)

𝑖
𝑖  ,             

(15) 

where 𝐴𝑖 is the atomic weight of every element in the target, (
𝜇

𝜌
)

𝑖 
 is the MAC of the 𝑖-

th element in 𝑐𝑚2/𝑔 and 𝑓𝑖 is the fractional abundance of the i-th element. 

Electronic Cross-section (ECS)   

This represents the probability of interaction between a photon of radiation and 

the electrons within a material. It is the effective interaction area per electron, and 

primarily depending on the electron density of the material and the energy of the 

radiation [13]. It is expressed as equation (15):   

𝜎𝑒𝑙 =  
𝜇 

𝜌
×  

𝐴 

𝑍 𝑁𝐴
,              

(16) 

where Z is the atomic number and 𝜎𝑒𝑙 is the electron cross section.  

Electronic cross section can also be expressed as equation (17) [14]:  

𝜎𝑒𝑙  = 
1

𝑁𝐴
 ∑ (

𝜇

𝜌
)

𝑖
 
𝑓𝑖 𝑤 𝐴𝑖

𝑍𝑖
𝑖 ,             

(17) 
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where 𝑓𝑖 =  
𝑛𝑖

∑ 𝑛𝑖𝑖
 and is the fractional abundance of the i-th element, and 𝑍𝑖 is the target 

element’s atomic number.  

 

Effective Atomic Number (𝒁𝒆𝒇𝒇) 

This is calculated from the atomic numbers and proportions of constituent 

elements in a compound or mixture. It reflects how electrons in the material respond 

to incoming radiation. Materials with higher Z-elements tend have higher 𝑍𝑒𝑓𝑓. It is 

expressed as equation (18) [18]:  

𝑍𝑒𝑓𝑓 =  
σt,a

σt,el
,               

(18) 

where σt,a is the total atomic cross section and σt,el is the total electron cross section.  

Effective Electron Density (𝑵𝒆𝒇𝒇) 

This is the number of electrons present per unit mass of a material [25]. It is 

dependent on both chemical compositions of the materials and incident photon energy 

for complex materials [14]. The higher the electron density, the better the material will 

shield radiation, and can be expressed as equation (19) [19, 21]:  

𝑁𝑒𝑓𝑓= 𝜌 × 
𝑁𝐴

𝐴
.              

(19) 

It also be expressed as equation 20: 

𝑁𝑒𝑓𝑓 =

𝜇

𝜌

𝜎𝑡,𝑒𝑙
 =  (

𝑍𝑒𝑓𝑓

𝑀
) 𝑁𝐴  ∑ 𝑛𝑖𝑖 ,            

(20) 

where 𝑓𝑖 =  
𝑛𝑖

∑ 𝑛𝑖𝑖
 and is the fractional elements present in the compound, 𝑛𝑖 is the total 

number of atoms of the constituting element 𝑖, ∑ 𝑛𝑖𝑖  is the total number of atoms 

present in the molecular formular, M is the molecular weight of the material.  

Results and discussion 

The radiation shielding parameters of metal oxide–based and oxide double 

perovskite ceramics are primarily governed by their density and were investigated to 

assess their suitability for radiation shielding applications. The obtained results were 

analyzed and discussed based on the influence of the three dominant photon–matter 

interaction mechanisms: photoelectric absorption, Compton scattering, and pair 
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production. Table 1 shows the chemical composition and densities of metal oxide-

based and the oxide double perovskite samples. 

Oxide-based Perovskite 

Figure 1 shows the variations of MAC values as a function of photon energy in 

the range of 0.015–15 MeV. The MAC values for all samples decreased with 

increasing photon energy, particularly within the low-energy region from 0.015 to 0.03 

MeV as shown in table 2. However, at 0.04 MeV, a noticeable increase in MAC values 

was observed forBaTiO3 - ZrO2 and BaTiO3 -Mo, rising from 7.509 to 14.653 𝑔/𝑐𝑚2 and 

from 7.989 to 14.876 𝑔/𝑐𝑚2, respectively. This behavior is attributed to the K-

absorption edges of the constituent elements, which occur at 0.018 MeV for Zr and 

0.020 MeV for Mo. Since these K-edge energies lie just below 0.04 MeV, the 

photoelectric absorption increases sharply once the photon energy exceeds these 

thresholds, resulting in elevated MAC values. Beyond 0.04 MeV, BaTiO3 - Mo 

consistently exhibited the highest MAC values, primarily due to the influence of Mo K-

edge absorption. At low photon energies, photoelectric absorption dominates and is 

proportional to Z³–Z⁴; therefore, even small additions of high-Z elements can 

significantly enhance MAC values. In the intermediate energy region, where Compton 

scattering is the dominant interaction and depends mainly on electron density rather 

than atomic number, BaTiO3 - Mo still shows slightly higher attenuation owing to its 

elemental composition. At higher photon energies, where pair production becomes 

significant and is proportional to Z², Mo continues to contribute more effectively than 

Zn or Zr. These observations indicate that atomic number and photon interaction 

mechanisms can, in some cases, play a more dominant role than material density. 

Consequently, BaTiO3 – Mo emerges as the most effective radiation shielding material 

among the investigated samples. The incorporation of the high-Z dopant Mo enhances 

both photoelectric absorption and pair production interactions, making it a promising 

approach for improving radiation shielding performance in oxide-based perovskite 

ceramics. 

Figure 2 shows the variation of LAC values with photon energy in the range of 

0.015–15 MeV. In general, the LAC values decrease with increasing photon energy 

due to the transition of the dominant interaction mechanism from the photoelectric 

effect to Compton scattering and subsequently to pair production. At 0.04 MeV, a 

noticeable increase in LAC was observed for BaTiO3 - Mo and BaTiO3 - Mo, rising from 
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33.000 to 64.402 𝑐𝑚−1  and from 33.624 to 62.611 𝑐𝑚−1, respectively as shown in 

table 3. This sharp increase is attributed to the dominance of the photoelectric effect 

near the K-absorption edges of the constituent elements, where photon absorption 

rises significantly. It is also evident that even when the material density is relatively 

low, a high mass attenuation coefficient (MAC) at a specific energy can result in a 

sharp increase in LAC. Beyond 0.04 MeV, BaTiO3 - ZrO2 consistently exhibited the 

highest LAC values. This behavior is associated with the incorporation of Zr, which 

provides a balanced and effective atomic number structure for photon interaction. 

Since LAC depends on both atomic number and material density, while MAC has a 

stronger influence over a wide energy range, these factors collectively govern the 

observed attenuation behavior. In the intermediate energy region, the differences in 

LAC values became less pronounced, particularly between BaTiO3 - ZrO2 and BaTiO3 - 

Mo. At higher photon energies and across the overall energy range, both BaTiO3 - ZrO2 

and BaTiO3 - Mo maintained the highest LAC values, indicating their superior 

effectiveness as photon radiation shielding materials compared to the other 

investigated samples. 

Figure 3 shows the variation of HVL values with photon energy in the range of 

0.015–15 MeV. Overall, the HVL values increase with increasing photon energy for all 

samples, indicating reduced attenuation efficiency at higher energies. However, at 

0.04 MeV, BaTiO3 - ZrO2 and BaTiO3 - Mo exhibited a reduction in HVL values, 

decreasing from 0.021 to 0.011 cm and from 0.021 to 0.011 cm, respectively. This 

decrease is attributed to enhanced photon absorption associated with the 

photoelectric effect near the K-absorption edges of the high-Z dopant elements. Lower 

HVL values indicate better radiation attenuation performance, as a smaller material 

thickness is required to reduce the incident radiation intensity by 50% [23]. Since the 

photoelectric effect strongly depends on the atomic number (∝𝑍4 - 𝑍5), samples 

containing high-Z dopants demonstrate superior shielding efficiency and consequently 

exhibit lower HVL (and TVL) values [13,14]. In the low-energy region, where the 

photoelectric effect is dominant, BaTiO3 - ZrO2 showed higher attenuation efficiency, 

reflected by its lower HVL values. Moreover, this sample maintained relatively low HVL 

values in the intermediate and high-energy regions, confirming its effectiveness as a 

photon radiation shielding material across a wide energy range. 
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Figure 4 shows the variation of TVL values with photon energy in the range of 

0.015–15 MeV. In general, the TVL values increase with increasing photon energy for 

all samples, indicating reduced shielding efficiency at higher energies. However, at 

0.04 MeV, BaTiO3 - ZrO2 and BaTiO3 - Mo exhibited a decrease in TVL values, with 

reductions from 0.070 to 0.036 cm and from 0.068 to 0.037 cm, respectively. This 

behavior is attributed to enhanced photon absorption near the K-absorption edges of 

the high-Z dopant elements. 

Lower TVL values correspond to better radiation attenuation performance, as a smaller 

material thickness is required to reduce the incident radiation intensity by 90% [23]. 

Since the photoelectric effect strongly depends on the atomic number (∝ 𝑍4 - 𝑍5), 

samples containing high-Z dopants demonstrate superior shielding capability and 

consequently exhibit lower TVL values [13,14]. In the intermediate energy region, 

where Compton scattering is dominant and attenuation depends primarily on electron 

density, BaTiO3 - ZrO2 maintained the lowest TVL values, which can be attributed to its 

higher linear attenuation coefficient (LAC). Furthermore, at higher photon energies, 

where pair production becomes significant and its probability increases with 𝑍2, 

BaTiO3 - ZrO2 continued to exhibit the lowest TVL values, confirming its effectiveness 

as a radiation shielding material across the entire energy range. 

Figure 5 shows the variation of MFP values with photon energy in the range of 

0.015–15 MeV. In general, the MFP increases with increasing photon energy for all 

samples. However, at 0.04 MeV, BaTiO3 - ZrO2 and BaTiO3 - Mo exhibited a decrease 

in MFP values, reducing from 0.030 to 0.0155 cm and from 0.030 to 0.0159 cm, 

respectively. BaTiO3 - ZrO2 consistently exhibited the lowest MFP values across the 

low-, intermediate-, and high-energy regions, indicating that photons travel the 

shortest average distance before interacting with the material. Consequently, BaTiO3 - 

ZrO2 requires less material thickness to attenuate radiation effectively, confirming its 

superior photon shielding performance compared to the other samples. 

In summary, metal oxide–based perovskite samples exhibited strong photon 

attenuation capabilities, particularly in the low-energy region where the photoelectric 

effect is dominant. The incorporation of high-atomic-number (high-Z) metal oxides 

such as ZrO2 and Mo, significantly enhanced both the MAC and LAC values by 

increasing the probability of photon interactions. Consequently, these high-Z doped 

perovskites displayed lower half-value layer HVL, TVL, and MFP values, indicating 
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superior radiation shielding efficiency. These results demonstrate that careful selection 

and incorporation of high-Z metal oxides into perovskite structures is an effective 

approach for optimizing photon attenuation performance in oxide-based perovskite 

ceramics. 

Oxide Double-Perovskite Ceramics 

Figure 6 shows MAC values with photon energy in the range of 0.015–15 MeV 

for the oxide double perovskite materials. In the low-energy region, the MAC values 

were generally higher, particularly for samples containing heavier elements (high-Z), 

which exhibited extremely high values, peaking at 0.015 MeV and decreasing rapidly 

with increasing energy. Ba2FeReO6 displayed the highest MAC values due to the 

presence of Re (Z = 75), which enhances photoelectric absorption. In contrast, 

Ba2NaNbO6  recorded the lowest MAC values because it contains lighter elements (Na 

and Nb), making it less effective for photon shielding. At 0.04 MeV, all samples 

exhibited a sharp rise in MAC values from 12.439 to 14.767, 10.788 to 16.276, 13.545 

to 16.132, 8.123 to 15.658 and 7.860 to 15.611 respectively 𝑔/𝑐𝑚2as shown in table 

4. This attributed to the K-absorption edges of the constituent elements, whose 

energies lie just below 0.04 MeV. As the photon energy crosses these thresholds, the 

photoelectric effect increases sharply, resulting in elevated MAC values. In the 

intermediate-energy region, where Compton scattering is the dominant interaction, 

MAC values stabilized, leading to a narrower difference between the samples and 

generally lower attenuation. At high photon energies, where pair production becomes 

significant, MAC values were generally low for all samples (0.038, 0.037, 0.037, 0.037 

and 0.037 𝑔/𝑐𝑚2 respectively). However, materials containing heavier elements 

continued to contribute slightly to attenuation, though not as strongly as in the low-

energy region. Samples such as La2NiMnO6, La2FeMnO6 and Ba2YMoO6 exhibited 

moderate MAC values across the entire energy range, with no pronounced edge 

features. Overall, Ba2FeReO6  demonstrated superior MAC values across all energy 

regions, indicating its suitability for both low-energy X-ray and high-energy gamma-

ray applications, and confirming its enhanced photon attenuation capability. 

Figure 7 shows the variation of LAC values with photon energy in the range of 

0.015–15 MeV for the oxide double perovskite materials. In the low-energy region, 

dominated by the photoelectric effect, LAC values decreased sharply as photon 

energy increased. However, at 0.04 MeV, all samples exhibited a sharp rise in LAC 
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from 93.168 to 110.604, 60.953 to 91.962, 80.996 to 96.468, 55.966 to 107.883, 

53.291 to 105.843 respectively as shown in table 5. This is attributed to the K-

absorption edges of the constituent elements, whose energies lie just below 0.04 MeV. 

As Compton scattering became the dominant interaction—depending primarily on 

electron density and material density—LAC values gradually decreased, and the 

differences between samples narrowed. Nevertheless, Ba2FeReO6  maintained slightly 

higher LAC values due to its high density (7.49 g/cm³) and the presence of heavy 

elements. In the high-energy region, LAC values continued to decrease, but samples 

with high density and high-Z elements still performed better, reflecting significant 

photoelectric interaction at low energies and notable pair production at higher 

energies. Consequently, Ba2NaNbO6 exhibited low attenuation across the entire 

energy range due to the incorporation of light atoms such as Na (Z = 11). La2NiMnO6 

and La2FeMnO6, containing Mn, Fe, Ni, and La (Z = 57), provided moderate attenuation 

and are effective for shielding in the intermediate-energy region dominated by 

Compton scattering. Overall, Ba2FeReO6 consistently demonstrated superior photon 

attenuation performance across all energy levels.  

Figure 8 shows the variation of HVL values with photon energy in the range of 

0.015–15 MeV. At 0.015 MeV, the HVL values were generally low due to the strong 

photoelectric effect, with Ba2FeReO6 exhibiting the lowest HVL value (0.001 cm). This 

indicates the strongest photon attenuation capability at low photon energies and 

suggests suitability for a broad spectrum of photon energies. In contrast, Ba2NaNbO6 

recorded the highest HVL (0.002 cm), making it the least effective sample for shielding. 

At 1.5 MeV, where Compton scattering is the dominant interaction, Ba2FeReO6 

continued to show the lowest HVL value (1.909 cm), while Ba2NaNbO6 recorded the 

highest HVL (2.580 cm), confirming its relatively poor shielding capacity. At 15 MeV, 

where pair production becomes significant, HVL values increased for all samples; 

however, Ba2FeReO6 still demonstrated superior performance due to the presence of 

the high-Z element Re (Z = 75). Overall, Ba2FeReO6 consistently exhibited the lowest 

HVL values across the entire energy range, confirming it as the most effective photon 

shielding material among the studied perovskites. 

Figure 9 shows the variation of TVL values with photon energy in the range of 

0.015–15 MeV. In the low-energy region, dominated by the photoelectric effect and 

influenced by high material density, Ba2FeReO6 exhibited the lowest TVL values. As 
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Compton scattering became the dominant interaction—where both atomic number 

and density play a significant role—Ba2FeReO6 continued to maintain the lowest TVL 

values, followed closely by La2NiMnO6 and La2FeMnO6. In contrast, Ba2NaNbO6  

displayed the highest TVL values, resulting in the ranking: Ba2FeReO6 < La2NiMnO6 < 

La2FeMnO6 < Ba2YMoO6 < Ba2NaNbO6. Furthermore, in the high-energy region, where 

pair production becomes significant, Ba2FeReO6 retained the lowest TVL values across 

all energy levels, demonstrating its superior photon shielding capability. 

Figure 10 shows the MFP values with photon energy in the range of 0.015–15 

MeV. Ba2FeReO6 consistently exhibited the lowest MFP values across all energy levels 

due to the presence of the high-Z Re element and its high density. La2NiMnO6 and 

La2FeMnO6  also showed relatively low MFP values, attributable to the presence of La 

and other transition metals. In the intermediate-energy region, where density plays a 

major role, Ba2FeReO6 continued to maintain the lowest MFP values, followed closely 

by  La2NiMnO6 and La2FeMnO6 due to their comparatively high densities. At higher 

energies, where pair production becomes the dominant interaction, dense and high-Z 

samples demonstrated better attenuation. Overall, the MFP values increased with 

photon energy for all samples as a result of the decreasing probability of photon 

interactions. 

In summary, the shielding performance of oxide double perovskite ceramics is 

strongly influenced by their compositional complexity, density, and the presence of 

heavy transition metals such as Re, Mo, Nb, and Fe. Among the studied materials, 

samples containing higher-Z and higher-density constituents exhibited enhanced MAC 

and LAC values across the investigated energy range. This resulted in lower HVL, TVL 

and MFP values, demonstrating improved photon attenuation efficiency. The structural 

flexibility of double perovskites allows for effective elemental substitution, making them 

promising candidates for advanced radiation shielding applications. Comparative 

analysis between the two perovskite families showed that oxide double perovskite 

ceramics generally outperform metal oxide–based perovskites, particularly in the 

intermediate- and high-energy regions where Compton scattering and pair production 

dominate. This superior performance can be attributed to their higher effective atomic 

numbers, increased density, and complex crystal structures, which collectively 

enhance photon–matter interactions. 

Conclusion 
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In this study, the photon attenuation properties of metal oxide–based and oxide 

double perovskites were investigated using Phy-X/PSD and NGCal software over an 

energy range of 0.015–15 MeV. The results, based on the total interaction cross-

section contributions of photon–matter interactions, show that all investigated samples 

exhibit higher attenuation efficiency in the low-energy region due to the dominance of 

the photoelectric effect, followed by a gradual reduction in shielding performance at 

intermediate and high energies, where Compton scattering and pair production are 

dominant. Materials containing higher-Z and higher-density constituents demonstrated 

superior shielding performance, reflected by increased MAC and LAC values and 

reduced HVL, TVL, and MFP values. The radiation shielding parameters obtained from 

the two software tools were in excellent agreement, with discrepancies within 0.1%. 

For metal oxide–based perovskite samples, strong photon attenuation was particularly 

observed in the low-energy region dominated by the photoelectric effect. Incorporating 

high-atomic-number (high-Z) metal oxides such as ZrO2, and Mo, significantly 

enhanced MAC and LAC values due to increased photon interaction probabilities, 

resulting in lower HVL, TVL, and MFP values and indicating superior shielding 

efficiency. In the case of oxide double perovskite ceramics, shielding performance was 

strongly influenced by compositional complexity, density, and the presence of heavy 

transition metals such as Re, and Mn. Samples containing higher-Z and higher-density 

constituents exhibited enhanced MAC and LAC values across the entire energy range, 

accompanied by reduced HVL, TVL, and MFP values, highlighting their improved 

photon attenuation efficiency. The structural flexibility of double perovskites allows for 

effective elemental substitution, making them promising candidates for advanced 

radiation shielding applications. A comparative assessment between the two 

perovskite families revealed that oxide double perovskite ceramics generally 

outperform metal oxide–based perovskites, particularly at intermediate and high 

photon energies where Compton scattering and pair production dominate. This 

enhanced performance is attributed to their higher effective atomic numbers, 

increased density, and complex crystal structures, which collectively promote stronger 

photon–matter interactions. Therefore, based on this comprehensive evaluation, oxide 

double perovskites are recommended as more efficient photon shielding materials 

than metal oxide–based perovskite composites, owing to their higher attenuation 

capability and lower penetration depth requirements. Future work should focus on 

experimental validation of these theoretical results, as well as investigations into 
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mechanical strength, thermal stability, and radiation durability to assess practical 

applicability. 
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Table 1: Chemical composition and densities of metal oxide-based and the oxide 

double perovskite samples. 

Chemical formula Density 

(𝑔𝑐𝑚−3) 

Chemical formula Density (𝑔𝑐𝑚−3) 

BaTiO3- ZrO2 4.395 Ba2FeReO6 7.49 

BaTiO3 – Mo 4.209 Ba2NaNbO6 5.65 

SrMnO3-TeO2 4.442 Ba2YMoO6 5.98 

SrMnO3- ZnO 4.192 La2NiMnO6 6.89 

  La2FeMnO6 6.78 

 

Table 2: MAC values for metal oxide-based perovskite samples 

Energ
y  
(MeV) 

BaTiO3 − ZrO2 BaTiO3 − Mo SrMnO3 − TeO2 SrMnO3 − ZnO 
Phy-
X/PSD 

NGCal Phy-
X/PSD 

NGCal Phy-
X/PSD 

NGCal Phy-
X/PSD 

NGCal 

0.015 43.793 43.798 44.284 44.289 25.339 25.338 26.569 26.568 
0.02 22.386 22.387 23.673 23.724 35.217 35.218 35.775 35.776 
0.03 7.509 7.509 7.989 7.989 11.783 11.787 11.953 11.957 
0.04 14.653 14.652 14.876 14.874 6.046 6.046 5.436 5.437 
0.05 8.223 8.224 8.344 8.345 3.298 3.298 2.956 2.957 
0.06 5.089 5.089 5.162 5.162 2.023 2.023 1.812 1.812 
0.08 2.395 2.395 2.427 2.427 0.964 0.964 0.868 0.868 
0.1 1.349 1.350 1.366 1.367 0.568 0.568 0.516 0.516 
0.15 0.512 0.512 0.518 0.518 0.257 0.257 0.241 0.241 
0.2 0.286 0.286 0.288 0.288 0.172 0.172 0.165 0.165 
0.3 0.153 0.153 0.154 0.154 0.117 0.117 0.115 0.115 
0.4 0.112 0.112 0.112 0.112 0.096 0.096 0.096 0.096 
0.5 0.093 0.093 0.093 0.093 0.085 0.085 0.084 0.084 
0.6 0.081 0.081 0.081 0.081 0.077 0.077 0.077 0.077 
0.8 0.068 0.068 0.068 0.068 0.066 0.066 0.066 0.066 
1 0.059 0.059 0.059 0.059 0.059 0.059 0.059 0.059 
1.5 0.048 0.048 0.048 0.048 0.048 0.048 0.048 0.048 
2 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.042 
3 0.036 0.036 0.036 0.036 0.036 0.036 0.036 0.036 
4 0.034 0.034 0.034 0.034 0.033 0.033 0.033 0.033 
5 0.033 0.033 0.033 0.033 0.031 0.031 0.031 0.031 
6 0.033 0.033 0.033 0.033 0.030 0.030 0.030 0.030 
8 0.033 0.033 0.033 0.033 0.029 0.029 0.029 0.029 
10 0.034 0.034 0.034 0.034 0.030 0.030 0.029 0.029 
15 0.036 0.036 0.036 0.036 0.031 0.031 0.030 0.030 
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Table 3: LAC values for metal oxide-based perovskite samples 

Energ
y 

(MeV) 

BaTiO3 − ZrO2 BaTiO3 − Mo SrMnO3 − TeO2 SrMnO3 − ZnO 
Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal 

0.015 192.470 192.490 186.393 186.412 112.554 112.549 111.378 111.373 
0.02 98.385 98.389 99.638 99.852 156.434 156.437 149.970 149.971 
0.03 33.000 33.002 33.624 33.627 52.341 52.359 50.107 50.124 
0.04 64.402 64.397 62.611 62.606 26.854 26.857 22.789 22.793 
0.05 36.142 36.145 35.120 35.122 14.648 14.650 12.392 12.394 
0.06 22.367 22.366 21.726 21.725 8.987 8.987 7.598 7.598 
0.08 10.526 10.525 10.216 10.215 4.283 4.283 3.638 3.637 
0.1 5.931 5.932 5.751 5.752 2.524 2.524 2.164 2.164 

0.15 2.252 2.252 2.179 2.179 1.143 1.143 1.010 1.009 
0.2 1.257 1.257 1.213 1.213 0.763 0.763 0.690 0.690 
0.3 0.674 0.674 0.648 0.648 0.519 0.519 0.481 0.481 
0.4 0.493 0.493 0.473 0.473 0.428 0.428 0.400 0.400 
0.5 0.408 0.408 0.391 0.391 0.377 0.377 0.354 0.354 
0.6 0.358 0.358 0.343 0.343 0.342 0.342 0.322 0.322 
0.8 0.298 0.298 0.285 0.285 0.295 0.295 0.278 0.278 
1 0.261 0.261 0.250 0.250 0.263 0.263 0.248 0.248 

1.5 0.209 0.209 0.200 0.200 0.213 0.213 0.202 0.202 
2 0.184 0.184 0.176 0.176 0.186 0.186 0.176 0.176 
3 0.160 0.160 0.153 0.153 0.158 0.158 0.149 0.149 
4 0.150 0.150 0.144 0.144 0.145 0.145 0.137 0.137 
5 0.145 0.145 0.140 0.140 0.138 0.138 0.130 0.130 
6 0.144 0.144 0.138 0.138 0.134 0.134 0.126 0.126 
8 0.144 0.144 0.139 0.139 0.131 0.131 0.123 0.123 

10 0.148 0.148 0.142 0.142 0.131 0.131 0.123 0.123 
15 0.158 0.158 0.153 0.153 0.136 0.136 0.126 0.126 
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Table 4: MAC values for oxide double perovskite samples 

Energy  
(MeV) 

Ba2FeReO6 Ba2NaNbO6 Ba2YMoO6 La2NiMnO6 La2FeMnO6 
Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal 

0.015 77.706 77.705 41.509 41.515 40.269 40.275 52.921 52.916 51.234 51.229 
0.02 36.418 36.419 31.571 31.579 39.385 39.557 24.361 24.363 23.563 23.566 
0.03 12.439 12.438 10.788 10.790 13.545 13.544 8.123 8.120 7.860 7.858 
0.04 14.767 14.765 16.276 16.275 16.132 16.132 15.658 15.661 15.611 15.614 
0.05 8.279 8.280 9.107 9.108 8.992 8.993 8.781 8.780 8.759 8.758 
0.06 5.131 5.132 5.623 5.623 5.538 5.538 5.446 5.447 5.434 5.435 
0.08 4.310 4.309 2.632 2.632 2.585 2.584 2.561 2.561 2.556 2.557 
0.1 2.436 2.437 1.475 1.476 1.446 1.447 1.442 1.441 1.439 1.439 
0.15 0.888 0.888 0.552 0.552 0.541 0.541 0.544 0.544 0.543 0.543 
0.2 0.461 0.461 0.303 0.303 0.298 0.298 0.301 0.301 0.300 0.300 
0.3 0.213 0.213 0.159 0.159 0.156 0.156 0.159 0.159 0.158 0.158 
0.4 0.140 0.140 0.115 0.114 0.113 0.113 0.115 0.115 0.115 0.115 
0.5 0.109 0.109 0.094 0.094 0.093 0.093 0.095 0.095 0.094 0.094 
0.6 0.091 0.091 0.082 0.082 0.081 0.081 0.083 0.083 0.083 0.083 
0.8 0.072 0.072 0.068 0.068 0.067 0.067 0.069 0.069 0.068 0.068 
1 0.062 0.062 0.059 0.059 0.059 0.059 0.060 0.060 0.060 0.060 
1.5 0.048 0.048 0.048 0.048 0.047 0.047 0.048 0.048 0.048 0.055 
2 0.043 0.043 0.042 0.042 0.042 0.042 0.042 0.042 0.042 0.042 
3 0.038 0.038 0.037 0.037 0.037 0.037 0.037 0.037 0.037 0.037 
4 0.036 0.036 0.035 0.035 0.035 0.035 0.035 0.035 0.035 0.035 
5 0.036 0.036 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 
6 0.036 0.036 0.034 0.034 0.034 0.034 0.033 0.033 0.033 0.033 
8 0.037 0.037 0.034 0.034 0.034 0.034 0.034 0.034 0.034 0.034 
10 0.039 0.039 0.035 0.035 0.036 0.036 0.035 0.035 0.034 0.034 
15 0.043 0.043 0.038 0.038 0.039 0.038 0.037 0.037 0.037 0.037 
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Table 5: LAC values for oxide double perovskite samples 

Energy  
(MeV) 

Ba2FeReO6 Ba2NaNbO6 Ba2YMoO6 La2NiMnO6 La2FeMnO6 
Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal Phy-

X/PSD 
NGCal 

0.015 582.018 582.009 234.524 234.559 240.807 240.847 364.627 364.594 347.369 347.333 
0.02 272.771 272.775 178.379 178.421 235.519 236.552 167.845 167.864 159.759 159.777 
0.03 93.168 93.158 60.953 60.964 80.996 80.996 55.966 55.947 53.291 53.275 
0.04 110.604 110.587 91.962 91.952 96.468 96.471 107.883 107.902 105.843 105.862 
0.05 62.008 62.014 51.456 51.462 53.774 53.778 60.504 60.495 59.386 59.377 
0.06 38.435 38.436 31.768 31.768 33.117 33.119 37.524 37.529 36.842 36.847 
0.08 32.279 32.276 14.873 14.873 15.456 15.455 17.647 17.648 17.333 17.334 
0.1 18.246 18.250 8.336 8.338 8.649 8.651 9.932 9.931 9.757 9.756 
0.15 6.648 6.648 3.118 3.118 3.233 3.234 3.746 3.746 3.680 3.680 
0.2 3.451 3.451 1.713 1.713 1.780 1.780 2.072 2.072 2.035 2.035 
0.3 1.596 1.596 0.896 0.896 0.935 0.935 1.093 1.093 1.073 1.073 
0.4 1.051 1.051 0.647 0.647 0.677 0.677 0.793 0.793 0.778 0.778 
0.5 0.814 0.814 0.531 0.531 0.557 0.557 0.653 0.653 0.640 0.640 
0.6 0.683 0.683 0.464 0.464 0.487 0.487 0.570 0.570 0.559 0.559 
0.8 0.542 0.542 0.384 0.384 0.404 0.404 0.473 0.473 0.464 0.438 
1 0.463 0.463 0.336 0.336 0.353 0.353 0.414 0.414 0.406 0.406 
1.5 0.363 0.363 0.269 0.269 0.283 0.283 0.331 0.331 0.325 0.375 
2 0.320 0.320 0.236 0.236 0.249 0.249 0.291 0.291 0.285 0.285 
3 0.284 0.284 0.207 0.207 0.219 0.219 0.254 0.254 0.249 0.249 
4 0.272 0.272 0.195 0.195 0.207 0.207 0.239 0.239 0.234 0.234 
5 0.269 0.270 0.191 0.191 0.203 0.203 0.233 0.232 0.228 0.228 
6 0.271 0.271 0.189 0.189 0.202 0.202 0.231 0.230 0.226 0.226 
8 0.279 0.279 0.192 0.192 0.206 0.206 0.233 0.233 0.228 0.228 
10 0.290 0.290 0.197 0.197 0.212 0.212 0.239 0.239 0.233 0.233 
15 0.318 0.318 0.213 0.213 0.230 0.230 0.257 0.257 0.251 0.251 
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(a)      (b) 

Figure 1: Variations of MAC values versus incident photon energy (0.015-15 MeV) of 

metal oxide-based perovskite for (a) PHY-X/PSD (b) NGCal Software. 

 

 

(a)        (b) 

Figure 2: Variations of LAC values versus incident photon energy (0.015-15 MeV) of 

metal oxide-based perovskite for (a) PHY-X/PSD (b) NGCal Software. 
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(a)      (b) 

Figure 3: Variations of HVL values versus incident photon energy (0.015-15 MeV) of 

metal oxide-based perovskite for (a) PHY-X/PSD (b) NGCal Software. 

 

 

(a)       (b) 

Figure 4: Variation of TVL values versus incident photon energy (0.015-15 MeV) of 

metal oxide-based perovskite for (a) PHY-X/PSD (b) NGCal Software. 
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(a)      (b) 

Figure 5: Variations of MFP values versus incident photon energy (0.015-15 MeV) of 

metal oxide-based perovskite for (a) PHY-X/PSD (b) NGCal Software. 

 

 

(a)       (b) 

Figure 6: Variations of MAC values versus incident photon energy (0.015-15 MeV) of 

oxide double-perovskite for (a) PHY-X/PSD (b) NGCal Software. 
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(a)        (b) 

Figure 7: Variation of LAC values versus incident photon energy (0.015-15 MeV) of 

oxide double-perovskite for (a) PHY-X/PSD (b) NGCal Software. 

 

 

(a)        (b) 

Figure 8: The changes of HVL values versus incident photon energy (0.015-15 MeV) 

of oxide double-perovskite for (a) PHY-X/PSD (b) NGCal Software. 
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(a)      (b) 

Figure 9: The changes of TVL values versus incident photon energy (0.015-15 MeV) 

of oxide double-perovskite for (a) PHY-X/PSD (b) NGCal Software. 

 

 

(a)       (b) 

Figure 10: The changes of MFP values versus incident photon energy (0.015-15 MeV) 

of oxide double-perovskite for (a) PHY-X/PSD (b) NGCal Software. 
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