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Evaluation of the Radiation Shielding Properties of Hydrothermally Synthesized
CuO Nanoparticles via Monte Carlo FLUKA Simulations

Monte Carlo FLUKA Simiilasyon/arz Kullanilarak Hidrotermal Olarak Sentezlenen CuQO
Nanopan‘i,éiillerinin Radyasyan Kalkani Ozelliklerinin Degerlendz'rilmesi
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Abstract

Copper oxide nanoparticles (CuO NPs) were synthesized at 105 °C via a hydrothermal deposition technique. The structure of the
CuO nanoparticles was characterized via X-ray diffraction (XRD), and morphological analysis was performed by scanning electron
microscopy (SEM). The optical properties of the nanoparticles were examined via a UV-vis spectrophotometer. X-ray diffraction
analysis revealed the monoclinic phase. The direct optical bandwidth of the nanoparticles was found to be 2.88 e¢V. On the basis of
optical measurements, optical parameters such as the refractive index (n), extinction coefficient (k), and real (¢1) and imaginary (¢2)
components of the dielectric constant were calculated. At a wavelength of 550 nm, the optical constants n and k were found to be
2.75 and 0.00024, respectively, corresponding to dielectric real and imaginary constants of 7.570 and 0.0013. Additionally, photon
interactions with CuO NPs at various energy levels were simulated via the FLUKA program. The energy deposition in the material
provided valuable information for assessing the radiation shielding capabilities of the investigated material.

Keywords: CuO nanoparticles, FLUKA simulation, Monte Carlo, optical parameters, radiation shielding.

Oz

Bakar oksit nanopargaciklar: (CuO NP), 105 “C'de hidrotermal depolama yontemiyle sentezlendi. CuO nanopartikiillerinin yapisal
analizi X-1511 kirinimi (XRD) ile karakterize edildi ve morfolojik analizi taramali elektron mikroskobu (SEM) ile gerceklestirildi.
Optik ozellikleri ise UV-vis spektrofotometersi kullanilarak incelendi. X-1g1m1 kirinimu analizi monoklinik fazi ortaya ¢ikardi.
Nanopartikiillerin direkt optik bant genisligi 2,88 ¢V olarak bulundu. Optik 6l¢timlere dayanarak kirilma indisi (n), sogurma katsayist
(k) ve dielektrik sabitinin gergek (e1) ve sanal (e2) bilegenleri gibi optik parametreler hesaplandi. 550 nm dalga boyunda, n ve k
degerleri sirasiyla 2,75 ve 0,00024 olarak bulunurken, bu degerlere kargilik gelen gergek ve sanal dielektrik sabitlerinin degerleri 7,570
ve 0,0013 olarak bulundu. Ayrica, farkli enerji seviyelerinde fotonlarin CuO NP’lerle etkilesimi FLUKA programu ile simile edildi.
Malzemedeki enerji birikimi, ¢aligilan malzemenin radyasyon zirhlama 6zelliklerini degerlendirmek i¢in 6nemli bilgiler saglad:.

Anahtar Kelimeler: CuO nanopartikilleri, FLUKA simiilasyonu, Monte Carlo, optik parametreler, radyasyon kalkan.

1. Introduction

'The attenuation of radiation has been employed as a valu-
able tool in scientific studies, medicine, and agriculture. Al-
though such applications are highly advantageous to human
life, unintended exposures such as cosmic rays and scattering
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gamma rays pose a threat to people and their surroundings in
a variety of ways. High gamma-dose exposure can increase
the risk of cancer and can have negative effects (Mullenders
2009, Meulepas et al. 2018). Protective substances are used
to block radiation from a variety of sources, including nucle-
ar waste treatment facilities, laboratories, and X-ray rooms.
Recent studies have investigated the radiation shielding and
attenuation properties of various glass systems, metal oxides,
ferrite nanostructures, and metallic alloys. Recent reports
indicate the utilization of Pb-Se alloys (Mansy et al. 2021)
and the gamma-ray shielding capabilities of Al,O3/PbO,
nanoparticles (Ali et al. 2020). Researchers have investi-
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gated the radiation shielding of Na,O-P,O5 glasses doped
with MnO via FLUKA and Phy-X; studied nanoscale metal
oxides, and analyzed radiation attenuation via Monte Carlo
simulations (Dridi et al. 2024). They used FLUKA to study
y-ray attenuation in metals, alloys, and metal oxides. They
also evaluated nuclear radiation attenuation in binary nano-
composites (El-Taher et al. 2025), investigated the shielding
performance of tellurite glasses with Li,O and MoOj3 using
XCOM and FLUKA (Alzahrani et al. 2024), and simulat-
ed the shielding parameters of Gd-Pb alloys with FLUKA
and Phy-X/PSD (Rehman et al. 2025). However, despite
this extensive research, no study has specifically examined
the radiation storage and absorption of CuO metal oxide
nanoparticles. This gap highlights the novelty and impor-
tance of the present work.

'This study aims to investigate the effect of material thick-
ness on the radiation shielding performance of CuO NPs
produced via the hydrothermal method. Owing to its high
atomic number and density, CuO is a promising candidate
for radiation shielding materials. To determine the radiation
shielding properties of the current CuO nanoparticles, the
FLUKA simulation program was used. The FLUKA code
is extensive simulation software that covers various applica-
tions, including radiation physics (Ferrari et al. 2005). This
study is critical for advancing the use of CuO NPs in fields
requiring efficient radiation shielding, such as medical im-
aging and nuclear technology.

2. Materials and Methods
2.1. Synthesis of CuO Nanoparticles

CuO nanoparticles were obtained via a hydrothermal meth-
od with a 0.2 M copper(Il) acetate monohydrate precursor
solution. The Cu precursor solution was mixed in 75 ml of
distilled water for 15 min at 50 °C. Simultaneously, a 0.4 M
NaOH pellet was added and stirred in 25 mL of distilled
water, after which the resulting solution was slowly added
to the CuO precursor solution. At the end of this process,
a homogeneous dark blue solution was obtained. The final
solution was stirred for 30 min at 50 °C and then for 30 min
at room temperature. The solution, which was measured at
pH 9.5, was placed in Teflon and then in an autoclave con-
tainer and kept in a muffle furnace at 105 °C for 12 hours.
Finally, the recrystallized powder was filtered, and the prod-
uct powders were cleaned with distilled water three times
and then air dried. As a result, the CuO nanostructures ob-
tained via the hydrothermal method were lightweight, na-
noscale in size, and black in color.
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2.2. Characterization

The structure and lattice parameters of the CuO NPs were
obtained via X-ray diffraction (XRD) (Scintag XIDS2000)
with Cu Ka radiation (A = 0.154 nm) in the range of 10—
80°. The surface properties of the present nanoparticles were
revealed by scanning electron microscopy (SEM) (model
FEI Quanta 250 FEG). Finally, optical transmittance mea-
surements were carried out in the wavelength range from
400-1100 nm with a UV/visible spectrophotometer (Shi-
madzu UV-2600).

2.3. Radiation Attenuation Performance

'This study was conducted to determine the optimum radia-
tion attenuation parameters for the synthesized CuO NPs.
In the context of this study, FLUKA was used to simulate
the interactions of photons with CuO NPs at different en-
ergy levels. Theoretical data were obtained via the FLUKA
code, a comprehensive simulation software that covers var-
ious applications, including radiation physics (Ferrari et
al. 2005, Ballarini et al. 2006). FLUKA refers to the fully
integrated Monte Carlo simulation software package de-
veloped since 1989. It includes the FLUKA core code and
the Flair user interface. FLUKA is a general-purpose tool
for calculating particle transport and interactions with mat-
ter, covering a wide range of applications, from proton and
electron accelerator shielding to target design, calorimetry,
activation, dosimetry, detector design, particle accelerators,
cosmic rays, neutrino physics, and radiotherapy. The FLU-
KA program calculates the energy deposition and particle
flux in the material, providing valuable information for
assessing the radiation shielding and energy storage capa-
bilities of the material under investigation. FLUKA is a
comprehensive Monte Carlo simulation code that models
complex radiation transport and interactions in 3D geom-
etries, including secondary particle production and energy
deposition. The simulation allows for the determination of
the radiation absorption efliciency, energy deposition pro-
files, and overall performance of the NPs under various ir-
radiation conditions. The results are essential for evaluating
the effectiveness of the NPs as radiation shields and their
suitability for use in applications where radiation exposure
is a concern. WinXCom, the Windows-based version of the
NIST XCOM database (Hubbell 1969), is widely used for
calculating photon interaction parameters such as the mass
attenuation coefficient, effective atomic number, and elec-
tron density over a broad energy range (1 keV-100 GeV).
This allows researchers to define custom materials by their
elemental compositions, making them ideal for studying the
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radiation shielding properties of various substances. Owing
to its accuracy and ease of use, WinXCom is frequently em-
ployed in combination with Monte Carlo simulation tools
such as FLUKA for validation and comparative analysis in
shielding studies. WinXCom and Phy-X/PSD are analyti-
cal tools for calculating photon interaction parameters such
as mass attenuation coefficients, effective atomic numbers,
and electron density. While FLUKA delivers high-preci-
sion, geometry-specific results, it demands greater compu-
tational resources and expertise. Therefore, WinXCom and
Phy-X/PSD are preferred for rapid analytical calculations,
whereas FLUKA is better suited for detailed simulation

CuO NPs
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intensity (a.u)

30 35 40 45 50 55 60 65 70 75 80
20 (degree)

Figure 1. XRD pattern of CuO NPs produced by the
hydrothermal method.

Table 1. Structural parameters of CuO NPs.

studies (Hubbell and Seltzer 2004, Ballarini et al. 2006, Sa-
kar et al. 2020).

3. Results and Discussion
3.1. Structural Analysis

The structural properties of the CuO NPs were analyzed
via X-ray diffraction (XRD). Figure 1 shows the crystalline
structure of CuO NPs synthesized via the hydrothermal
method. The diffraction peaks corresponding to the
monoclinic phase structure of CuO are located in Table 1.
The CuO NPs are well indexed to a monoclinic crystalline
nature (a= 4.68 A, b= 3.42 A, c= 5.13, a/b= 1.37, c/b=
1.50 A; density= 6.52 g/cm’; volume= 81.08 cm?). The
sharp and strong peaks are assumed to be due to the cubic
crystal structures of the CuO phase (Basith et al. 2013,
Nandhakumar et al. 2019, Amri et al. 2019).

The crystal size of the nanoparticles was calculated via the
Debye—Scherrer formula (Equation 1). For the CuO NPs,
the Debye—Scherrer relationship was used to calculate the
crystallite size () (Stokes and Wilson 1944):

0.94
~ Bcos6 )
where A is the X-ray wavelength (0.15406 nm for Cu Ka),
0 is Bragg’s diffraction angle, and B is the peak’s full width
at half maximum (FWHM) in radians. For the observed

diffraction peaks, the crystallite sizes were calculated and

are given in Table 2. Using the Debye—Scherrer Equation
(1), the average crystal size of the obtained CuO NPs was
calculated to be approximately 11.68 nm.

Material Observed va}ues Standard valoues (hkd) JCPDS card Phase
20 () d(A) 26 () d(A) —
32.62 2.75 32.53 2.74 (-110) | 01-073-6023 Monoclinic (CuO)
35.63 2.52 35.55 2.52 (111) 01-073-6023 Monoclinic (CuO)
38.91 2.31 38.92 2.30 (022) 01-073-6023 Monoclinic (CuO)
48.88 1.86 48.75 1.85 (-202) | 01-073-6023 Monoclinic (CuO)
53.73 1.71 53.50 1.70 (020) 01-073-6023 Monoclinic (CuO)

CuO NPs 58.39 1.58 58.35 1.57 (202) 01-073-6023 Monoclinic (CuO)
61.66 1.50 61.57 1.50 (-113) | 01-073-6023 Monoclinic (CuO)
66.19 1.40 65.84 1.42 (022) 01-073-6023 Monoclinic (CuO)
68.23 1.37 68.14 1.37 (-220) | 01-073-6023 Monoclinic (CuO)
72.55 1.30 72.42 1.30 (311) 01-073-6023 Monoclinic (CuO)
75.31 1.26 75.82 1.26 (-222) | 01-073-6023 Monoclinic (CuO)
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Table 2. The crystallite sizes of CuO NPs.

20 (%) d(A) FWHM  Cristal size (nm)
32.62 2.75 0.57531 14.38
35.63 2.52 0.57074 14.62
38.91 2.31 0.70486 11.95
48.88 1.86 0.71366 12.23
53.73 1.71 0.76695 11.61
58.39 1.58 0.64679 14.07
61.66 1.50 0.63047 14.67
66.19 1.40 1.05725 8.969
68.23 1.37 0.80599 11.91
72.55 1.30 3409137 0.029
75.31 1.26 0.71442 14.04

3.2. Morphological Analysis

SEM was used to analyze the surface morphology of the
synthesized CuO NPs. Figure 2 shows SEM images of
the produced nanoparticles at different magnifications. As
shown in this figure, the nanoparticles exhibited a flower-like
morphology. A similar morphology for CuO nanoparticles
was reported in previous work (Rai 2024). According to the
SEM images and surface morphology of the CuO NPs,
constructed from agglomerated nanoparticles in the range
of 40-90 nm, formed a mesoporous surface.

3.3. Optical Properties
The optical properties of the CuO NPs were determined

via absorbance measurements conducted at room tempera-
ture. The optical absorbance spectrum is crucial for assessing
a material’s optical properties. The optical absorbance and
transmittance spectra of the nanoparticles are shown in Fig-
ures 3(a) and (b), respectively. In the visible range (A = 550
nm), the absorption spectrum of the CuO NPs decreased,
whereas the transmittance exhibited the opposite trend.

'The nanoparticle absorbance coefficient (o) was determined
via the following relation (Perkowitz 1993):

T=e¢* (2)

where # is the thickness, and where 7" is the transmittance.
The reflection spectra (R) of the nanoparticles shown in
Figure 3(b) were calculated via Equation 3.

T =(1-R)? exp(-A) (3)

where R is the reflectance. At A = 550 nm, the reclectance
of the nanoparticles exhibited a similar behavior as the
absorption.
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The absorbance of the CuO NPs produced by the hydro-
thermal method is shown in Figure 3a, and the transmit-
tance and reflectance changes are shown in Figure 3b. This
also indicates that the CuO NPs significantly absorbed in-
cident photons over a wide range of solar wavelengths, with
absorption edges observed at 500-650 nm. The CuO NPs,
which have 26.31% transmittance at 300 nm in the UV re-
gion, have 85.65% transmittance in the visible region be-
tween 400 and 600 nm. These behaviors can be explained by
the high transmittance (> 26% in the UV region of CuQ), as
illustrated in Figure 3b; for longer wavelengths (> 380 nm),
they become transparent.

'The optical band width (Eg) values of the CuO NPs were
calculated by extrapolating a linear relationship between
the (ahv)*and photon energy (hv) curves to the energy axis
when (ahv)?= 0 , as shown in Figure 4. The variation in o

EHT =15.00 kv  Signal A = SE1

Mag= 500KX

EHT = 1500 kv  Signal A = SE1

Figure 2. SEM images of CuO NPs at different

magnifications.
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Figure 4. Plots of (aAv)? and photon energy (4v) for the CuO
NPs.

with Ao is given by the power law of Tauc’s relation (Tauc
1974):

(ahv) = C(ho-E)" (4)

where C is a constant, 4v is the incident photon energy,
and 7 represents the transition type. For an allowed direct
transition, 7 is equal to %, whereas for an allowed indirect
transition, 7 is equal to 2. The Tauc plot of the UV-vis data
collected in the wavelength range of 250-700 nm, shown in
Figure 4, was used to calculate the optical band gap of the
CuO NPs. The energy band gap calculated from the plot of
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(ohv)? as a function of photon energy (hv) was found to be
2.88 V. The present band gap widths of the CuO NPs are
in excellent agreement with the values reported in previous
studies (Sagadevan et al. 2017, Chen et al. 2018, Nitta et al.
2022).

Optical parameters such as the refractive index (n),
extinction coefficient (&), reel (g,), and imaginary (e,) parts
of the complex dielectric constant can be calculated via UV-
vis spectra via the following relationships (Wooten 1972,
Moss et al. 1973).

_al
K=am ©)
_1+R iR,
"=T-RTWa=r2 K ©
81:f’l2+k2 (7)
82=2I’lk (8)

'The plots of n and k as a function of wavelength are shown
in Figures 5(a) and (b), respectively. At a wavelength of 550
nm, the n value was 2.75, whereas the k value was 0.00024
(Table 3). The variations in the €, and €, values with respect
to the wavelength are shown in Figures 5(c) and (d),
respectively. As seen from these graphs and Table 3, the €,
value is 7.570, whereas the ¢, value is 0.0013.

3.4. Radiation Shielding Performance
Figure 6 presents the FLUKA-based simulation setup

designed to replicate the experimental conditions for
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Table 3. Optical parameters of CuO NPs at 550 nm.

Material

Eg (eV)

CuO NPs 2.88

evaluating photon attenuation in the target sample. The plot
of the variation in the HVL values with energy, expressed
as the layer thickness (cm) that can absorb half of the
amount of radiation interacting with the material, is given
in Figure 7. The half value layer (HVL) and tenth value
layer (TVL) are the required thicknesses to reduce the high
photon intensities by one half and one tenth, respectively
(Agar et al. 2019). Moreover, the mean free path (MFP),
which indicates the average distance that radiation travels
in the material before interacting, is inversely related to the
linear attenuation coeflicient (u) (Sayyed et al. 2018). The
mass attenuation coefficient (W/p) is used to obtain these
parameters as follows:

HVL = —F77—+ = 7 9)
100
ln<7)
_ 10 / _ Inl0
TVL = i =" (10)
-1
MFP = U (11)

For the CuO NPs examined, a low HVL value means that
the material interaction with radiation is greater, and at 100
keV, energy absorbs more radiation. It was found to have an
HVL value of 0.27 cm at 100 keV (Figure 7). The highest
HVL thickness value was obtained for the 1.83 cm CuO
NPs at an energy of 1 MeV. The variation graph of the tenth
value layer for the layer thickness, which can absorb 1/10 of
the radiation interacting with the material as a function of
energy, is shown in Figure 7. The TVL value increased to
10 MeV, after which it gradually decreased until 20 MeV.
'The CuO NPs had the highest mean free path (MFP) value,
approximately 5.4 cm, at an energy of 900 keV. For CuO
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Figure 5. Dependence of the A) refractive index 7, B) extinction coefficient 4, C) real dielectric constant €, and D) imaginary

dielectric constant €, of CuO NPs on the wavelength.
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NPs, interactions with 200 keV energy photons resulted
in minimal radiation attenuation, with approximately 15%
of the incident radiation being absorbed by the material.
This low attenuation is attributed to the energy of the
photons, which primarily interact with the CuO NPs via
the photoelectric effect and, to a lesser extent, Compton

scattering (Sayyed et al. 2025).
The energy deposition values obtained from the FLUKA

simulations were found to be consistent with those derived
from the Phy-X/PSD program for similar photon energies,

confirming the accuracy of the simulation results (Figure 8).

'The simulation representation of the energy storage capacity
of CuO NP materials as a result of interactions with 200
keV and 900 keV photons is given in Figure 9. Figure 9
shows that the midpoint of the target is 29.2 keV/cm?/pp at
200 keV, 24.4 keV/cm?*/pp at 300 keV, 18.1 keV/em?/pp at
400 keV, 14.2 keV/em?*/pp at 500 keV, 14.1 keV/em?/pp at
600 keV, 9.61 keV/cm?/pp at 700 keV, 8.37 keV/ecm*/pp at
800 keV, and 7.39 keV/em*/pp at 900 keV. These findings
indicate that the center of the CuO NPs stores the maximum
energy. There was a decrease in energy accumulation as one
moved away from the center of the material.
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In addition to energy deposition, the radiation absorption
properties of the CuO NPs were evaluated via FLUKA and
compared with the results obtained from the Phy-X/PSD
and NIST programs. All three programs were used to model
the interaction of photons with the material.

The results from NIST and Phy-X/PSD exhibited similar
trends regarding energy absorption by the material. Both
the NIST and Phy-X/PSD programs revealed that CuO
NPs have the ability to absorb and attenuate radiation. The
NIST, FLUKA, and Phy-X/PSD programs all revealed that
there was no significant change in the mass attenuation
coefficients between the 600 and 900 keV photon energies.

The study results demonstrate that the attenuation
properties of CuO NPs vary with photon energy, which is
consistent with the expected behavior of shielding materials.
The mass attenuation coefficient decreases with increasing
photon energy, highlighting the effectiveness of the material
in attenuating low-to-moderate energy radiation (Sayyed et
al. 2025). The high atomic number of copper contributes
significantly to the absorption of photons, especially in
the lower energy range. The CuO NPs show considerable
potential for radiation shielding, particularly against low-
to-moderate energy photons, as confirmed by the FLUKA
simulation results. The material's HVL, TVL, and MFP
values suggest that it performs efficiently in environments
with low-energy photon sources, making it suitable for

Karaelmas Fen Miih. Derg., 2025; 15(3):120-130

B Phy-X
@ Nist
* FLUKA
B
— T 1 Figure 8. Mass attenuation coeflicients
800 900 (4/p) obtained from Phy-X/PSD, NIST,
and FLUKA for photon energies in the
keV range.

specific medical and industrial applications. However,
its effectiveness against high-energy gamma radiation
is lower, indicating the need for further optimization in
terms of density or thickness to improve performance in
high-energy environments. For lower-energy photons
(such as 100 keV), both FLUKA and Phy-X resulted in
higher energy deposition and absorption near the material’s
center. In earlier studies, the influence of CuO on the linear
attenuation coefficient (LAC) was investigated, and the
results revealed a positive relationship between the CuO
concentration and LAC value (Sayyed et al. 2025). These
findings further support the conclusion that CuO materials
are effective materials for radiation shielding and are suitable
tor applications in the nuclear, medical, and space industries.

4. Conclusion and Suggestions

The structural, morphological, optical, and radiation
attenuation performance of the CuQO nanoparticles was
studied. The XRD results confirmed the presence of
monoclinic CuO NP phases. The SEM images revealed that
the material surface exhibited an agglomerated nanoparticle
morphology, forming a porous flower-like structure. The
refractive index, extinction coefficient,and real and imaginary
parts of the dielectric constant were found. At a wavelength
of 550 nm, the refractive index (n) and extinction coefficient
(k) were determined to be 2.75 and 0.00024, respectively,
corresponding to real and imaginary parts of the dielectric
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function (g1 and €5) as 7.570 and 0.0013. As a result, sharp
absorption edges in the 500-650 nm wavelength region were
observed, together with a calculated energy band gap of 2.88
eV. Additionally, this study demonstrated their radiation
shielding capabilities. The half value layer (HVL), tenth value
layer (TVL), and mean free path (MFP) were determined,
and the results showed that at 100 keV, the HVL, TVL,
and MFP were 0.27 cm, 0.91 cm, and 0.39 c¢m, respectively.
'This study revealed that although the nanoparticle synthesis
processes are simple, CuO NPs have potential for use in
radiation shielding and medical radiology applications.
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