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Abstract: In this study, three lead-free alloys, CrSbSe3, HfSnS3, and ZrSnS3 were
selected to investigate their photon shielding properties using Geant4 MC toolkit.
The simulated mass attenuation coefficient (MAC) are then benchmarked with
theoretical data obtained from Phy-X software demonstrating excellent agreement
between the data set with percentage difference below 2% confirming the
consistancy between Geant4 MC toolkit and theoretical data. From the simulated
MAC, different key shielding parameters such as linear attenuation coefficient
(LAC), half-value layer (HVL), mean-free path (MFP), transmission factor, and
radiation protection efficiency (RPE) were derived and analyzed in the incident
photon energy ranging from 15 keV up to 15 MeV. The findings indicates that all
investigated lead-free alloys exhibited superior performance and are highly
promising alternative to lead-based shielding materials, particularly in medical and
industrial applications.

1. Introduction

Radiation shielding materials are important in different technologies such as medical imagining and
nuclear power plants [1, 2]. Lead (Pb) has been the traditional shielding material, for decades, because
of its desirable properties such as high density and strong photon attenuation capability. However, it is
toxic and has a risky impact on the environment [3]. As a result, scientists decide to look for safe, more
sustainable materials that can offer similar or even better protections [4-8].

Recently, researchers have turned their attention to lead-free alloys that contain element with moderate
to high atomic numbers [9-12]. These materials can effectively attenuate or scatter ionizing radiation
while remaining stable and easy to synthesize in simple labs. Among them, CrSbSe3, HfSnS3, and
ZrSnS3 are promising candidates. Their mixed compositions combine heavy elements like Antimony
(Sb), Hafnium (Hf), and Zirconium (Zr) which enhance photon absorption with lighter chalcogens like
Sulphur (S) and Selenium (Se) that enhance structural and chemical stability.

To assess these alloys performance in photon attenuation, Monte Carlo simulation provides a powerful
and reliable way to model radiation interactions without the need for extensive experimental setup. The
Geant4 MC toolkit is widely used in nuclear and medical physics and allows detailed tracking of photons
behaviour through matters [13, 14]. It estimates accurately different key shielding parameters such as
the mass attenuation coefficient (MAC), half-value layer (HVL), and mean-free path (MFP).

In this work, we use Geant4 MC toolkit (version 11.2.1) to investigate the photon shielding properties
of three selected lead-free alloys, namely, CrSbSe3, HfSnS3, and ZrSnS3. The simulated MAC are then
benchmarked with theoretical data obtained from Phy-X software [15]. From Mac, different key
parameters such as linear attenuation properties (LAC), HVL, MFP, transmission factor (Trans. Factor),
and radiation protection efficiency (RPE) have been calculated and studied. The aim of this study is to
identify the most efficient and environmentally friendly options for lead-free radiation shielding.

2. Materials and Methods

Three lead-free alloys of CrShSe3, HfSnS3, and ZrSnS3 were selected to investigate their photon
shielding properties. The samples were prepared elsewhere using the convensional solid state reaction
[16]. These samples have many needed properties such as chmically stable, non-toxicity, and easy to
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prepare in the labe. Besides, CrShSe3, HfSnS3, and ZrSnS3 samples have relatively high densities,
according to the materials project database and shown in Table 1, of 5.65 g/cm?, 5.31 g/cm?, and 4.08
g/cm? respectively [17].

Table 1. The investigated lead-free alloys in this study along with their respective densities.

Sample Element (Weight Fraction %) Density (g/cm®) Reference
CrShSe3 (Cr) 0.1266 (Sh) 0.2965 | (Se) 0.5769 5.65 [18]
HfSnS3 (Hf) 0.4537 (Sn) 0.3018 | (S)0.2445 5.31 [19]
ZrsSnS3 (Zr) 0.2980 (Sn) 0.3878 | (S)0.3142 4.08 [20]

Geant4 is a Monte Carlo simulation toolkit composed of C++ code, designed to simulate particles
interactions with matters [13, 14]. It was used to simulate MAC for all samples based on the well-known
Beer-Lambert law [21-26]. Comprehesive details on the simulated experimental setup using Geant4 MC
toolkit used in this study are prepsented elsewhere [4, 9, 27]. From the simulated MAC, different
substantial properties such as LAC, HVL, MFP, Transmission factor, and RPE were calculated and

studied.

3. Results and Analysis

The Geant4 MC toolkit (v.11.2.1) was utilized to determine the MAC of the selected lead-free alloys in
the energy range of 15 keV to 15 MeV. The results were then visually benchmarked with the MAC
obtained from Phy-X software, as shown in Figure 1. As can be seen from the figure, both datasets are
in excellent agreement, indicating the reliability of using the Geant4 code and providing confidence in
the validity of the results. From the simulated MAC, several important shielding parameters were cal-
culated and studied.
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Figure 1. Variation of the mass attenuation coefficient for all lead-free alloys studied in this work with photon
energy. Geant4 data is shown in red circles while the Phy-X data is shown in in black squares.

Figure 2 shows the variation of the linear attenuation coefficient (LAC) derived from the MAC for all
investigated samples in this study with the incident photon energy. This parameter is important to meas-
ure how effectively the selected samples reduce the intensity of incident photons as they pass through
them. LAC is simply obtained by multiplying the MAC by the density of each sample. According to
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Figure 2, the LAC decreases rapidly as photon energy increases, a typical behaviour of photon interac-
tion with matter. For instance, the LAC at 15 keV is 452 cm™, 406 cm™!, and 124 cm™ for CrSbSe3,
HfSnS3, and ZrSnS3, respectively. As energy increases to reach 0.1 MeV, the LAC declines to 5.22
cm™, 12.95 em™, and 4.09 cm™ for the same samples, respectively. The main reason for this drop in
this energy range can be attributed to the photoelectric effect, which predominates in this region. The
observed spikes in the LAC are ascribed to the presence of the K-edge of the X-ray from the heavy
elements used in preparing these compositions. As energy increases to reach 1 MeV, the LAC decreases
gradually due to the dominance of Compton scattering. At very high energy, above 1 MeV, pair produc-
tion starts to contribute, and the differences in LAC values between all samples become less pronounced.

—&— CrSbSe3

—@— HfSnS3
~@— ZrSnS3

Figure 2. The linear attenuation coefficient for all lead-free alloys studied in this work versus incident photon
energy in log-log scale.

Different shielding parameters were derived from the LAC. For instance, Figure 3(a) shows the variation
of the half-value layer (HVL) with incident photon energy for all investigated lead-free alloys in this
study. This important parameter indicates the thickness of the alloys needed to reduce the incident pho-
ton intensity to half (i.e., 50%). It is worth noting that HVL is inversely related to the LAC, indicating
that the sample with the higher LAC exhibits a lower HVL and vice versa. As can be seen from the
figure, HVL increases with photon energy, indicating a decrease in shielding efficiency as the photoe-
lectric effect decreases and Compton scattering starts to dominate, especially in the intermediate energy
region up to 1 MeV. For example, at 0.05 MeV, the photoelectric effect is the main interaction mecha-
nism, and the HVL is as low as 0.02 cm to 0.03 cm for all investigated alloys in this study. As energy
increases to reach 1 MeV, where Compton scattering is the dominant interaction mechanism, HVL in-
creases to 2 cm to 3 cm in all samples. In the high-energy region, at 5 MeV, for example, HVL reaches
5 cm in the ZrSnS3 sample, indicating that pair production is emerging in this region.

Figure 3(b), on the other hand, shows the mean free path (MFP) for the studied samples at different
selected energies covering the main three interaction mechanisms. MFP is another important concept in
ionizing radiation shielding that gives the average distance a photon travels in the studied alloys before
undergoing an interaction. It can be directly derived from the LAC by calculating its inverse. Clearly,
MFP is inversely proportional to LAC and increases with photon energy. At 15 keV, the MFP is 0.00221
cm, 0.00247 cm, and 0.00809 cm for CrShSe3, HfSnS3, and ZrSnS3, respectively, where the photoe-
lectric effect dominates. As energy increases to 0.5 MeV, Compton scattering starts contributing, and
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the MFP records 2.07227 cm, 1.7145 cm, and 2.72788 cm for CrShSe3, HfSnS3, and ZrSnS3, respec-
tively. When energy increases to 5 MeV, pair production may contribute, and the MFP is 5.43527 cm,
5.15749 cm, and 7.34197 cm for CrShSe3, HfSnS3, and ZrSnS3, respectively.
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Figure 3. (a) The half-value layer (HVL) for all lead-free alloys studied in this work versus incident photon
energy in log-log scale. (b) the mean-free path (MFP) for all studied samples at different selected photon energy
covering all interaction mechanisms.

Figure 4 shows both (a) the transmission factor and (b) radiation protection efficiency (RPE) fora 1 cm
sample of CrSbSe3, HfSnS3, and ZrSnS3 alloys. In the low-energy region, just below 0.1 MeV, it is
observed that the transmission factor is approximately 0% for all samples, which means that a 1 cm
sample of all alloys investigated in this work can effectively block photons up to 0.1 MeV. This result
is further confirmed in the RPE results, where it reaches 100% for all samples studied up to 0.1 MeV.
The elevated RPE at lower energy levels is mainly attributed to the photoelectric effect, which facilitates
substantial photon absorption. As energy increases to reach 0.5 MeV, for instance, Compton scattering
becomes the dominant interaction mechanism, and the transmission factor starts increasing to reach
~62%, 56%, and 69% for CrSbSe3, HfSnS3, and ZrSnS3, while the RPE at 0.5 MeV decreases to reach
~38%, 44%, and 31% for CrShSe3, HfSnS3, and ZrSnS3, respectively. In the high-energy region, such
as 5 MeV, pair production becomes increasingly relevant at even higher energy levels, further reducing
the RPE and increasing the transmission factor. The transmission factor at this energy increases to ~83%,
82%, and 87%, and the RPE decreases to ~17%, 18%, and 13% for CrSbSe3, HfSnS3, and ZrSnS3,
respectively.
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Figure 4. (a) The transmission factor and (b) radiation protection efficiency for a 1 cm thickness of each lead-
free alloys investigated in this study versus incident photon energy.
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4. Conclusion

In this study, we investigated the photon attenuation properties of three selected lead-free alloys, namely
CrShSe3, HfSnS3, and ZrSnS3 using Geant4 MC toolkit. The results are then benchmarked against Phy-
X software. The two datasets demonstrate excellent agreement, confirming the reliability of the
computational approach in getting the mass attenuation coefficient (MAC). Different shielding
parameters were derived from the MAC such as LAC, HVL, MFP, transmission factor and RPE.
Analysis of these parameters revealed clear energy dependent shielding behaviour. Among the
investigated alloys, differences in compositions significantly affect shielding performance at different
photon energies, highlighting the potential of those lead-free materials as effective, environmentally
friendly alternatives for ionizing radiation shielding applications.
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