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Abstract. This study investigates the photon shielding properties of calcium aluminosilicate
glass systems in the energy range of 1-15 MeV using Phys-X/PSD simulation. Four glass samples
(S1-S4), differing in CaO and Al;Os concentrations, were analyzed based on key radiation
shielding parameters: linear attenuation coefficient (LAC), half-value layer (HVL), and mean
free path (MFP). Results show a clear inverse relationship between photon energy and LAC, with
S1 exhibiting the highest attenuation due to its higher CaO content and density. Similarly, HVL
and MFP values increase with photon energy but remain lower in CaO-rich samples, indicating
better shielding performance. These findings are consistent with previous studies conducted in
the lower energy range (0.284-1.33 MeV), confirming the reliability of the simulation. Overall,
calcium aluminosilicate glass demonstrates excellent potential as a non-toxic, transparent, and
effective shielding material for energy photon applications.

1. Introduction

Ionizing radiation is essential to numerous fields, including space exploration, industry, and
nuclear medicine [1]. Tt is widely utilized in diagnostic imaging, cancer treatment, sterilization of
medical equipment, and non-destructive testing in engineering [2]. Moreover, ionizing radiation
is produced as a byproduct of nuclear power generation in many industrial facilities, and research
institutions employ it to create radioactive isotopes for various applications [3].

However, exposure to ionizing radiation poses serious biological risks, including cellular damage,
genetic mutations, and increased risk of cancer [4]. Prolonged or high-dose exposure can lead
to acute radiation syndrome or long-term health complications [5]. Consequently, the need
for effective radiation protection and shielding materials is paramount. Shielding serves as a
critical line of defense, reducing the intensity of radiation to safe levels and ensuring the safety
of personnel, patients, and the surrounding environment. As such, shielding has become a
key consideration in many fields involving ionizing radiation [6, 7, 8]. Traditional shielding
materials such as lead (Pb), concrete, and water present several drawbacks. For instance, these
materials lack optical transparency, which limits real-time visual monitoring in experimental
or medical settings. Lead, while effective, is toxic and poses health and environmental risks
during handling and disposal. Concrete and water, although widely available and cost-effective,
are often bulky, heavy, and difficult to integrate into compact or specialized shielding designs.



These limitations have prompted many scientists across the world to explore alternative radiation
shielding materials that are non-toxic, transparent, lightweight, and more versatile in certain
environments.

One of the most widely explored alternatives is glass, primarily due to its unique optical
properties, such as transparency, refractive control, and structural tunability. = These
characteristics make glass materials particularly attractive for applications that require both
effective radiation shielding and visual monitoring. Hence, this work investigates the photon
shielding properties of the calcium aluminosilicate glass system in the higher energy region from
1 to 15 MeV. This glass system has previously been investigated in the energy range of 0.284 to
1.33 MeV by M.I. Sayyed [9].

2. Method and Data Analysis

The calcium aluminosilicate glass samples analyzed in this study were prepared by Takashi et
al. [10]. Their chemical compositions and densities are summarized in Table 1. The samples,
labeled S1 through S4, differ primarily in the concentration of CaO and AlsOs.

Table 1. Chemical composition and density of the calcium aluminosilicate glass samples

Sample | CaO (mol%) | Al,O; (mol%) | SiO; (mol%) | Density, p (g/cm?)
S1 50.3 16.7 33 2.90
S2 41.9 27.6 33 2.82
S3 35.3 31.7 33 2.80
S4 29.0 38.0 33 2.76

Previous studies, such as the one by Sayyed, investigated the photon shielding characteristics of
these glasses in the low-energy range (0.284-1.33 MeV) using the Phys-X/PSD simulation toolkit
[9]. The current study extends this investigation to the energy range of 1-15 MeV, focusing on
the following photon shielding parameters:

e Linear Attenuation Coefficient (LAC)
e Half-Value Layer (HVL)
e Mean Free Path (MFP)
These parameters were simulated using the Phys-X/PSD platform to evaluate the shielding

effectiveness of the glass systems over the specified energy range [11]. Each parameter and its
relevance to radiation protection are discussed in the following subsections.

2.1. Linear Attenuation Coefficient (LAC)

The linear attenuation coefficient is the most fundamental radiation shielding parameter that
is used to measure the amount of radiation that passes through a medium. In other words, it
is the measure of the amount of radiation intensity that passes through the radiation shielding
material. This parameter is derived from the Beer-Lambert law as shown in equation 1 [12].

I = Ipe H*, (1)

Where Iy, and I are respectively the intensities of radiation before and after it passes through
material, x is the thickness of the material measured in centimeters c¢m, and u is the linear
attenuation coefficient (LAC) measured in per centimeter (cm~land can be mathematically
expressed by the following equation 3 [13]:

p=rin (7). 2)
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2.2. Half-Value Layer (HVL)

The half-value layer is a radiation shielding parameter that describes the thickness of a material
needed to attenuate the radiation intensity by half of its initial value. In simple words, it is
the thickness of a material required to shield radiation intensity by 50% of the initial radiation
intensity and can be calculated using the following equation 3. Generally lower values of the
HVL profile indicate effective shielding capability.

_In(2)
HVL =%, (3)

where p is the linear attenuation coefficient, and HV L is the half-value layer as described.

2.8. Mean Free Path (MFP)

The last radiation shielding measure evaluated is the mean-free path, which is the average
distance that radiation travels before interactions. In real utilization lower values of the mean
free path suggest effective shielding. The mean free path can be mathematically calculated using

the following equation:

MFP A= (4)
1

where A is the mean free path (MFP) measured in centimeter cm.

3. Results and Discussion

3.1. Linear Attenuation Coefficient (LAC)

The plot of the Linear Attenuation Coefficient (LAC) as a function of photon energy for the
four calcium aluminosilicate glass samples (S1-S4) reveals a clear inverse relationship between
energy and LAC across the 1-15 MeV range. As the photon energy increases, the LAC values
for all samples consistently decrease. This trend is expected due to the shift in dominant photon
interaction mechanisms at higher energies from photoelectric absorption to Compton scattering
and eventually pair production. These processes are less likely to fully absorb photons per
unit thickness, resulting in a decrease in the overall photon attenuation efficiency of a material.
Among the samples, we observed that S1 exhibits the highest LAC values across the energy
range, followed by S2, S3, and S4, see Figure 1.
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Figure 1. Variation of the linear attenuation coefficient (LAC) with photon energy (1-15 MeV)
for calcium aluminosilicate glass samples S1-S4, simulated using Phys-X/PSD.

This ordering corresponds directly to the decreasing concentration of CaO and increasing AloO3
content from S1 to S4, as denser and more absorptive components like CaO contribute to greater
attenuation. The small but consistent differences in LAC values highlight the role of composition
and density in enhancing photon shielding. Overall, these results indicate that S1 offers the
most effective shielding performance in the energy range, making it a promising candidate for
applications requiring enhanced radiation protection.

3.2. Half-value layer (HVL)

From the table of chemical composition and densities, Table 1, it can be seen that the density
of the glass systems (S1-S4) decreases with decreasing CaO concentration (ranging from 50.3
to 29.0 mol%). This proportionality indicates that increasing the amount of CaO has a direct
impact on the density of the calcium aluminosilicate glass samples. In conjunction with this,
we have also investigated how these glass systems can effectively attenuate ionizing radiation,
specifically by reducing its intensity to 50% (HVL) of the initial value across the energy range
of 1 to 15 MeV. Figure 2 illustrate the half-value layer (HVL) of the glass systems (S1-S4).
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Figure 2. Variation of the half-value layer (HVL) of the calcium aluminosilicate glass system
across photon energies ranging from 1 to 15 MeV.

From the plot of the HVL, it can be seen that glasses with a higher content of CaO have lower
HVL values compared to those with a higher content of AloOs across the energy region. From
the glass samples with the highest amount of CaO to the lowest (S1-S4), we recorded the HVL
at 1 MeV as 3.76758 cm, 3.88481 cm, 3.91705 cm, and 3.97937 cm. While at maximum energy
(15 MeV), the HVL for all the glass systems (S1-S4) was recorded as 10.47399 cm, 11.04235
cm, 11.26316 cm, and 11.5883 cm, indicating that the glass systems can strongly attenuate the
intensity of ionized radiation by half of its initial value at lower energies and require a thinner
layer to attenuate, but as the energy increases, there is a need to thicken the layer to effectively
reduce the intensity by 50%. In other words, at higher energies around 15 MeV, the thickness
of the glass for all the samples needs to be increased to almost three times the layer at lower
energies. Furthermore, reducing the concentration of AlsO3 and adding more CaO content could
improve the shielding properties of (S2-S4), as this will have a significant impact on the density
of glass systems.

3.3. Mean Free Path (MFP)

The last shielding factor investigated in this work is the mean-free path, as defined in the
previous section, which is the average distance that a photon can travel without interacting
with matter. It is important to understand this property in the development of radiation



shielding materials. Materials with low MFP are preferable for shielding purposes. Therefore,
when developing radiation shielding materials, it is crucial to consider factors that can affect
this shielding property, such as the density, atomic number, radius of the atoms, energy, etc.
Because of the decreasing density of the selected glasses of silicate when the amount of CaO is
dropped from 50 to 29.0 mol% (from S1 to S4), one can conclude about the MFP as it can be
seen in Figure 3.
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Figure 3. Mean free path (MFP) of the calcium aluminosilicate glass systems as a function of
photon energy in the 1-15 MeV range.

Generally, as the density decreases, the number of molecules decreases, creating free space for
photons to move before being interrupted. The MFP values for the selected silicate glasses
increases with increasing energy. It can be seen that from 1 to 15 MeV, samples with a high
content of CaO have preferable MFPs than those with a high content of AloO3. This provides
more evidence that adding more content of AloO3 while lowering that of CaO impacts negatively
on the density of the glass system. Therefore, we suggest that for desirable MFP values, the
amount of CaO should be kept higher than that of aluminium oxide. This is accompanied by
recorded evidence of the MFP values, which, the minimum MFP at 1 MeV, is 5.44 c¢m for S1
and rises to 5.60 cm for S4.

4. Conclusion
The investigated calcium aluminosilicate glass samples exhibit strong photon shielding
capabilities across all evaluated parameters. Notably, even within the studied energy range



of 1 to 15 MeV, samples with higher CaO content demonstrate superior shielding effectiveness.
Furthermore, the results obtained from this work are in strong agreement with the results
obtained in the lower energy region (0.284 to 1.33 MeV) by M.I. Sayyed [9]. this reinforces the
reliability and accuracy of our findings. Therefore, we conclude that calcium aluminosilicate
glass is a promising candidate for energy radiation shielding applications.

Acknowledgements

I would like to extend my heartfelt appreciation to the colleagues involved in this project, the
Department of Physics at the University of Zululand, and the developers of the simulation
platforms Phys-X/PSD for their invaluable tool and support. Special thanks are also due to me
for unwavering curiosity and willingness to explore diverse fields within physics.

References
[1] Cucinotta F A, Manuel F K, Jones J, Iszard G, Murrey J, Djojonegro B and Wear M L 2006 Radiation
Research 156 460-466
[2] Podgorsak E B 2006 Radiation Oncology Physics: A Handbook for Teachers and Students (Vi-
enna:  International Atomic Energy Agency) URL https://www.iaea.org/publications/7006/
radiation-oncology-physics-a-handbook-for-teachers-and-students
[3] Weeks R W 1995 Journal of Nuclear Medicine 36 44N-51N URL https://jnm.snmjournals.org/content/
36/12/44N
[4] Kronenberg A and Cucinotta F A 2012 Health physics 103 556-567
[5] Frane N and Bitterman A 2023 Radiation safety and protection Northwell Health at Hofstra School of
Medicine last updated May 22, 2023
[6] Mo-Sci 2021 Radiation shielding and the utilization of glass News-Medical.net Whitepaper
[7] Hussein K I, Algahtani M S, Grelowska I, Reben M, Afifi H, Zahran H, Yaha I S and Yousef E S 2021 X-Ray
Spectrometry SAGE Journals
[8] Kurtulus R 2024 Radiation Physics and Chemistry
[9] Sayyed M 2023 Silicon 15 7917-7926
[10] Takahashi S, Neuville D R and Takebe H 2015 Journal of Non-Crystalline Solids 411 5-12 ISSN 0022-3093
URL https://www.sciencedirect.com/science/article/pii/S0022309314006590
[11] Sakar E, Ozgiir Firat Ozpolat, Alim B, Sayyed M and Kurudirek M 2020 Radiation Physics and
Chemistry 166 108496 ISSN 0969-806X URL https://www.sciencedirect.com/science/article/pii/
S0969806X19307789
[12] Knoll G F 2010 Radiation Detection and Measurement 4th ed (John Wiley & Sons) ISBN 978-0470131480 a
standard reference on the physics and detection of radiation
[13] Al-Buriahi M S, Sayyed M I, Khandaker M U and Bradley D A 2020 Applied Radiation and Isotopes 160
109150



