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ABSTRACT

Radiation shielding materials that combine effective attenuation with environmental
sustainability are increasingly being investigated as alternatives to conventional shielding
materials. This study investigates the gamma-ray attenuation characteristics of granite
doped with palm kernel shell ash (PKSA) using Monte Carlo simulation with the Tool
for Particle Simulation (TOPAS), based on the Geant4 platform. Six composite samples
(M1-M6), containing 0, 20, 40, 60, 80, and 100 wt.% PKSA, were investigated at photon
energies of 0.015, 0.050, 0.100, 0.300, 0.662, and 1.500 MeV, with 1,000,000 photon
histories used for each simulation. The linear attenuation coefficient (LAC) and mass
attenuation coefficient (MAC) were calculated from the Beer—Lambert relation. Both
LAC and MAC decreased noticeably with increasing photon energy for all samples, with
the largest reduction occurring between 0.015 and 0.050 MeV. This behaviour mainly
reflects the strong contribution of the photoelectric effect at low photon energies, while
Compton scattering becomes increasingly important at higher energies. The attenuation
coefficients generally increased with increasing PKSA content, with M6 exhibiting the
highest LAC and MAC values, particularly at low photon energies. The differences
among the composites became smaller at higher photon energies. At 0.015 MeV, the LAC
ranged from 19.8370 to 25.1180 cm™, while the MAC ranged from 7.3470 to 9.2007 cm?
g ' across M1-M6. The results indicate that PKSA incorporation can improve the photon
attenuation characteristics of granite-based composites, particularly at low photon
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INTRODUCTION

Radiation shielding is essential, especially when protection
from ionizing radiation is required. Lead and concrete are
traditionally used for this purpose because of their high
density and ability to attenuate radiation. Nevertheless,
concerns about toxicity, weight, and environmental impact
have driven the development of alternative shielding
materials that are safer and more environmentally sustainable
(Zeng et al., 2023).

Granite, a hard igneous rock, possesses inherent radiation-
shielding properties and has been investigated as a potential
shielding material. Incorporating palm kernel shell ash
(PKSA), an agricultural by-product containing elements such
as silica, alumina, and iron oxides associated with photon
attenuation, can modify its attenuation characteristics (Najam
et al., 2016). Using palm kernel shell ash (PKSA) also offers
an opportunity to turn agricultural waste into shielding
composites. Agro-waste derived ash has already shown
promise in this role elsewhere, rice husk ash has been used as
a low-cost silica source in lead-free glass systems that achieve
lower half-value layers than commercial shielding glass
(Annadurai et al., 2026), and industrial bottom ash has been
shown to raise the gamma attenuation efficiency of recycled
polymer composites by up to 74% at modest filler loadings
(Zadeh et al., 2025). These studies support agro- and
industrial-waste ash as a viable shielding filler in general, but
palm kernel shell ash specifically, combined with granite, has
not been examined this way.

Monte Carlo simulation provides a suitable approach for
studying photon transport and attenuation in complex
materials. The Tool for Particle Simulation (TOPAS),

developed on the Geant4 platform, enables the modelling of
radiation transport and material interactions under defined
irradiation conditions (Mansouri et al., 2020). Computational
determination of shielding parameters such as LAC, MAC,
HVL, and MFP is similarly well established for other material
systems; for instance, Geidam and Abdulsalam (2026) used
Phy-X/PSD software to show that increasing BaO content in
borosilicate glass steadily reduced HVL and MFP,
confirming that composition-driven shifts in shielding
performance can be reliably captured without fabricating
physical samples. Despite growing interest in alternative
shielding materials, the shielding characteristics of granite—
palm kernel shell ash (PKSA) composites remain
insufficiently studied, particularly the effect of composition
on photon attenuation.

Therefore, this study investigates the attenuation
characteristics of granite— palm kernel shell ash (PKSA)
composites using Monte Carlo simulation with the TOPAS
code.

MATERIALS AND METHODS

Materials

This study used granite and palm kernel shell ash (PKSA) as
the primary materials. We examined six composite samples,
labelled M1 to M6, corresponding to 0, 20, 40, 60, 80, and
100 wt. % palm kernel shell ash incorporated into granite. The
elemental compositions of the granite and of the palm kernel
shell ash (PKSA) were taken from Ugbe et al. (2016) and
Ajayi et al. (2019), respectively. We used the average
compositions and densities in TOPAS, with the elemental
mass fractions specified for each composite as shown in the
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table 1. The elemental mass fractions of the composites were
obtained by combining the elemental mass fractions of
granite and palm kernel shell ash according to their respective
weight percentages, using the relation:

Wi = (1 —x)w; 5 +xw;, Q)

Where w; is the mass fraction of element iin the composite,
w; g and w; ,, are the corresponding mass fractions in granite
and palm kernel shell ash, respectively, and x is the mass
fraction of palm kernel shell ash in the composite.

Table 1: Elemental Composition and Density of the Granite- Palm Kernel Shell Ash Composites Used in the TOPAS
Simulations

Sample O Si Al K Na Ca Fe Mg Ti P Density (g/cm3)
M1 048547 033656 007410 004151 002597 001072  0.01399  0.00603  0.00480 000087 270

M2 047990 032534 007304 004151 002077 003216 001189  0.01086  0.00384 000070 271

M3 047434 031412 007198 004151 001558 005360  0.00979  0.01568  0.00288 000052 271

M4 046878 030290 007092 004151 001039 007504  0.00769  0.02050  0.00192 000035 271

M5 046322 029168 006986 004151  0.00519 009648  0.00560  0.02533  0.00096 000018 271

M6 045765 028046  0.06880  0.04151  0.00000  0.1792  0.00350  0.03015  0.00000 0.00000 273
Methods S )
Topas Monte Carlo Simulation VNe

Monte Carlo simulation used the Tool for Particle Simulation
(TOPAS), which is a simulation platform built on the Geant4
toolkit. TOPAS allows you to set the geometry, material
makeup, source features, physics processes, and scoring
conditions needed for particle transport simulations (Perl et
al., 2012; Schumann et al., 2012; Faddegon et al., 2020).

A parallel monoenergetic gamma-ray beam was used as the
radiation source. The energies of the six photons studied were
0.015, 0.050, 0.100, 0.300, 0.662 and 1.500 MeV. The source
was placed 20 cm in front of the shielding material and aimed
along the positive z-axis. In each simulation, 1,000,000
photon histories were employed. The statistical uncertainty
associated with the transmitted photon counts was estimated
from Poisson counting statistics using;

Where N, is the number of transmitted photons. The relative
uncertainty ranged from approximately 0.11% to 0.35%
across the simulations.

The beam had no energy spread and no angular spread. The
shielding material was represented as a square slab with a
cross section of 10 cm x 10 cm. The half-length of the
shielding geometry in the beam direction was varied
manually by photon energy: 0.05 cm at 0.015 MeV, 0.10 cm
at 0.050 MeV, 0.25 cm at 0.100 MeV, 0.50 cm at 0.300 MeV,
2.50 cm at 0.662 MeV, and 5.00 cm at 1.500 MeV. Since
TOPAS specifies the box size by half-length, the actual
physical thickness of the absorber along the beam direction
was twice this half-length, and this physical thickness was
used in the Beer—Lambert calculation.

Table 2: The Photon Energies, Shielding Thicknesses and Photon Histories Employed In the TOPAS Simulations

Photon Energy (MeV) Half-length shield thickness (cm) Histories
0.015 0.05 1,000,000
0.050 0.10 1,000,000
0.100 0.25 1,000,000
0.300 0.50 1,000,000
0.662 2.50 1,000,000
1.500 5.00 1,000,000

The Penelope electromagnetic physics model was used for
photon and electron transport, and it included fluorescence,
Auger emission, and Auger-cascade processes. The incident
and transmission detectors were placed before and after the
shielding material, respectively. The detector planes are
modeled as thin volumes of vacuum.

The SurfaceTrackCount quantity recorded both incident and
transmitted gamma photons. Only gamma particles were
taken into account in this scoring, and those photons which
travelled into the appropriate detector surfaces were counted.
The number of incident photons was measured at the entrance
detector, and that of the transmitted photons was recorded at
the transmission detector. The photon transmission through

each composite was calculated from:

= 3)

Where Io represents the intensity of the incident photons and
I the intensity of the transmitted photons.

The linear attenuation coefficient (LAC) was calculated using

the Beer-Lambert relation (Farokhzad et al., 2021):
u = —iln (é) 4

Where p denotes the linear attenuation coefficient (cm™), x is
the thickness of the shielding (cm), Io is the intensity of the
incident photons, and | is the intensity of the transmitted
photons.

The mass attenuation coefficient (MAC) was calculated from
the linear attenuation coefficient and the density of each
composite according to the equation (Farokhzad et al., 2021):
HUm = % (5)

The mass attenuation coefficient y,, is measured in cm? g!,
p denotes the linear attenuation coefficient in cm™, and p is
the density of the composite in g cm™.

The simulation results were processed and compiled into a
table using Microsoft Excel. The calculated LAC and MAC
values were then compared for the six granite-palm kernel
shell ash composites across the photon-energy range. Graphs
were created from the calculated wvalues using
OriginPRO2026b, showing how attenuation coefficients
varied with photon energy and comparing the shielding
properties of the different composite compositions.
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RESULTS AND DISCUSSION
Linear Attenuation Coefficient (LAC)
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Table 3 shows the calculated linear attenuation coefficient for 0.015, 0.050, 0.100, 0.300, 0.662 and 1.5 MeV.

Table 3: Calculated Linear Attenuation Coefficient for Granite-Palm Kernel Shell Ash Composite.

LAC (cm?)

Energy (MeV) M1 M2 M3 M4 M5 M6
0.015 19.8370 21.1021 22.0643 23.0232 23.9961 25.1180
0.050 0.8833 0.9890 1.0155 1.0420 1.0691 1.1046
0.100 0.3989 0.4550 0.4583 0.4616 0.4650 0.4716
0.300 0.2358 0.2805 0.2807 0.2810 0.2812 0.2834
0.662 0.1970 0.1978 0.1979 0.1980 0.1981 0.1996
1.500 0.1233 0.1239 0.1239 0.1240 0.1241 0.1251

Figure 1 shows the relationship between photon energy and the linear attenuation coefficient (LAC) for the six granite-palm

kernel shell ash composite samples.

Linear Attenuation Coefficient (cmn -1)

01

0.01

0.1
Energy (MeV)

T
1

Figure 1: LAC vs Photon Energy for six granite-palm kernel shell ash

composite samples

For all samples, the LAC decreases considerably as photon
energy increases. The most marked decrease occurs from
0.015 to 0.050 MeV, after which the curve levels off
gradually. The highest LAC values are found at 0.015 MeV,
the lowest at 1.50 MeV, and M6 has the highest LAC while
M1 has the lowest. When the energy is 0.015 MeV, the LAC
rises from 19.8370 cm™ for M1 to 25.1180 cm™ for M6; at
higher energies, however, this difference is much smaller,
with the values at 0.662 MeV lying between 0.1970 and
0.1996 cm™! and those at 1.50 MeV lying between 0.1233 and
0.1251 em™. The significant decrease at low photon energy is
mainly due to the photoelectric effect, and the interaction
probability in this region drops rapidly as photon energy
increases. As photon energy increases, Compton scattering
becomes increasingly important, causing the attenuation
coefficients to decrease and cluster more closely.

This pattern agrees with earlier research on granite-based
shielding materials. Najam et al. (2016) found that the
attenuation coefficient of granite decreases progressively as
the photon energy increases. The current LAC values at about
0.662 MeV are also similar to those obtained from published
granite data using XCOM (Berger et al., 2010), although
differences are expected because the present samples are
granite palm kernel shell ash composites with different
compositions and densities (Elsafi et al., 2021). This
comparison validates the pure granite endpoint (M1, 0%
PKSA), since the published reference data are for granite
rather than the granite—PKSA composites.

Mass Attenuation Coefficient (MAC)
Table 4 shows the calculated mass attenuation coefficient for
0.015, 0.050, 0.100, 0.300, 0.662 and 1.5 MeV.

Table 4: Calculated Mass Attenuation Coefficient for Granite-Palm Kernel Shell Ash Composite

MAC (cm?/g)

Energy (MeV) M1 M2 M3 M4 M5 M6
0.015 7.3470 7.7868 8.1418 8.4644 8.8221 9.2007
0.050 0.3272 0.3649 0.3747 0.3831 0.3931 0.4046
0.100 0.1477 0.1679 0.1691 0.1697 0.1710 0.1727
0.300 0.0873 0.1035 0.1036 0.1033 0.1034 0.1038
0.662 0.0730 0.0730 0.0730 0.0728 0.0728 0.0731
1.500 0.0457 0.0457 0.0457 0.0456 0.0456 0.0458

Figure 2 shows the mass attenuation coefficient (MAC) in relation to photon energy for the six granite—PKSA composites.
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Figure 2: MAC vs Photon Energy for six granite-palm kernel shell ash samples.

For all samples, the mass attenuation coefficient decreases as
photon energy increases, with the highest values at 0.015
MeV and the lowest at 1.50 MeV. At 0.015 MeV, the MAC
rises from about 7.3470 cm? g! for M1 to 9.2007 cm? g* for
M6; however, at 0.050 MeV it drops to between 0.3272 and
0.4046 cm? g', and at 0.662 MeV it is about 0.0730 cm? g™'.
The sharp drop observed at low photon energy is mainly due
to photoelectric absorption, whereas the growing role of
Compton scattering at higher photon energies causes the
gradual decrease in the MAC.

The current results agree with the general behaviour
previously observed for granite based on experimental
measurements and XCOM calculations. Elsafi et al. (2021)
gave XCOM MAC values of about 0.0764-0.0769 cm? g™ at
0.6617 MeV for granite samples, whereas the present study
obtained values of approximately 0.0730-0.0731 cm? g'. The
discrepancy is relatively small because the materials
examined differ. Najam et al. (2016) also found that the MAC
decreased as the photon energy increased for granite. The
higher MAC value for M6 at low photon energies shows that,
as the amount of palm kernel shell ash increases, the
composite's attenuation properties improve in this energy
range. At higher energies, the differences between samples
decrease, meaning the effect of composition on photon
attenuation in that region is reduced.

CONCLUSION

The Monte Carlo simulation showed that as the photon energy
increased, both the linear attenuation coefficient (LAC) and
the mass attenuation coefficient (MAC) of the granite palm
kernel shell ash composites decreased. Generally, the
attenuation coefficients increased with increasing PKSA
content, with the highest values in M6, especially at low
photon energies. The differences between the various
composites became less significant at higher photon energies.
These results show that increasing PKSA content generally
improves the gamma-ray attenuation characteristics of the
composites, particularly at low photon energies, suggesting it
could serve as a potential material for radiation shielding
applications. An experimental investigation of the fabricated
granite—palm kernel shell ash composite is recommended to
validate the simulated attenuation characteristics under
controlled irradiation.
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