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Abstract

By integrating computational modeling (MCNP5, ANGLE, MEFFTRAN) and experimental
techniques (gamma spectrometry, AAS, CHARM II),this thesis develops and applies advanced
methodologies for analyzing radioactivity and contaminants in honey, a dense and complex ma-
trix with significant nutritional value. The study specifically addresses critical challenges in
gamma spectrometry, including photon attenuation, self-absorption, and true coincidence sum-
ming (TCS) effects. The optimized Monte Carlo simulations demonstrated excellent agreement
with the experimental data (deviations <5% for low-energy gamma rays). The validated model
was then applied to quantify naturally occurring radionuclides (22°Ra, 232Th, and “°K) in honey
samples from various geographical origins. Additional analyses using AAS and CHARM II were
employed to evaluate trace levels of heavy metals (K, Zn, Cu, Al, As) and antibiotic residues
(tetracyclines and chloramphenicol), revealing contamination trends linked to industrial zones
and environmental or apicultural practices. This interdisciplinary approach offers a robust and
transferable framework for contaminant analysis in dense matrices, with important implications

for food safety regulations, environmental monitoring, and public health protection.

Keywords: Monte Carlo simulations, MCNP5 Code, HPGe Detector Efficiency, Computational
Tools(MEFFTRAN,ANGLE), Environmental contamination, Honey.

Résumé

En combinant la modélisation numérique (MCNP5, ANGLE, MEFFTRAN) avec des techniques
expérimentales (spectrométrie gamma, (SAA), CHARM II), cette thése développe et applique
des méthodologies avancées pour 'analyse de la radioactivité et des contaminants dans le miel
— une matrice dense et complexe, dotée d'une grande valeur nutritionnelle. L’étude traite des
principaux défis liés a la spectrométrie gamma, notamment 'atténuation des photons, ’auto-
absorption et les effets de coincidence réelle (TCS). Les simulations Monte Carlo optimisées ont
montré une excellente concordance avec les données expérimentales (écarts <5% pour les rayon-
nements gamma de basse énergie). Le modéle validé a ensuite été appliqué pour quantifier les
radionucléides naturels (?2Ra, 232Th et “°K) dans des échantillons de miel d’origines géogra-
phiques variées. Des analyses complémentaires par SAA et CHARM II ont permis de détecter
des traces de métaux lourds (K, Zn, Cu, Al, As) et de résidus d’antibiotiques (tétracyclines et
chloramphénicol), révélant des tendances de contamination associées aux zones industrielles et
aux pratiques apicoles ou environnementales. Cette approche interdisciplinaire fournit un cadre
robuste pour ’analyse des contaminants dans les matrices denses, avec des implications impor-

tantes pour la sécurité alimentaire, la surveillance environnementale et la santé publique.

Mots Clée : Simulation Monte Carlo,Code MCNP5 |, Efficacité du détecteur HPGe, Outils de
calcul (MEFFTRAN, ANGLE), Contamination Environnementale,Miel.
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(zeneral Introduction

Due to the rapid urbanization and population growth, food safety has become a critical
global concern. With the increasing demand for enhanced food production and widespread
distribution, ensuring food safety and maintaining stringent quality control measures have
become imperative. In recent years, many studies have focused on environmental pollu-
tion and food contamination in various products including fruits, vegetables, milk, meat,
and other products [1-3|.Among these, the measurement of radioactivity in environmental
and food samples has emerged as a vital area of reaserch due to its implications for public

health, environmental safety, and regulatory compliance.

Honey, a natural sweetener consumed world wide, holds a unique position in human
history and culture for centuries. Renowned for its nutritional and medicinal proper-
ties, including antibacterial and anti-inflammatory qualities [4], honey is produced by
honeybees from flower nectar. As a widely consumed food product, its composition and
quality are of significant interest to both consumers and researchers [5]. However, honey
is also a potential carrier of environmental contaminants, including radionuclides, heavy
metals, and antibiotic residues. These contaminants can originate from various sources,
such as soil, water, air, and beekeeping practices, making honey a valuable indicator of
environmental pollution. Consequently, the accurate quantification of these contaminants

in honey is essential for ensuring food safety and assessing environmental impact.

In the field of environmental radioactivity analysis, the High-Purity Germanium (HPGe)
detector is a preferred tool due to its high resolution and ability to perform non-destructive,
high-performance analyses [6]. This detector allows for the simultaneous measurement of
all gamma-emitting radionuclides within an energy range of 20 to 2000 keV in a single
analysis. However, the unique physical and chemical properties of honey, such as its high
density and complex matrix, pose significant challenges for gamma spectrometry. Honey
typically has a density ranging from 1.25 to 1.45 g/cm?, which is much higher than water
(1.0 g/cm?®) and many other liquids like vegetable oils ( 0.92 g/cm?) but less dense than
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metals or dense organic compounds. This high density, combined with its heterogeneous
composition (e.g., sugars, water, organic acids, and trace minerals), results in a complex
matrix that can cause photon attenuation and self-absorption effects [7]. These effects
distort the gamma-ray spectra, leading to inaccuracies in activity concentration measure-

ments.

To address these challenges, advanced computational and experimental approaches
are required. Monte Carlo simulations, such as those performed using the MCNP (Monte
Carlo N-Particle) code, have emerged as powerful tools for modeling detector responses
and determining the full-energy peak efficiency (FEPE) in complex geometries. These sim-
ulations account for critical factors such as sample density, geometry, and self-absorption,
enabling researchers to correct for matrix effects and improve the accuracy of radioactivity
measurements [8]. By simulating the interaction of gamma rays with the honey matrix
and the detector, Monte Carlo methods provide a reliable way to optimize measurement
conditions and validate experimental results. This approach is particularly important for
honey, as its variable composition and high density make it difficult to apply standard

calibration methods used for denser or more homogeneous samples.

In this study, semi-empirical codes were also employed to enhance the accuracy of
efficiency calculations and corrections. The ANGLE software was used to determine the
full-energy peak efficiency (FEPE) by modeling the effective solid angle and accounting
for geometric and matrix effects [9]. Additionally, the MEFFTRAN software was utilized
to correct for true coincidence summing effects, which are critical for accurate gamma
spectrometry measurements, especially when working with a Marinelli beaker geometry.
Environmental samples of very low radioactivity are often measured in specially designed
containers to ensure maximum detection efficiency, called Marinelli beaker geometry. The
Marinelli beaker, with its unique shape and large sample volume, required precise effi-
ciency calibration and correction for summing effects to ensure reliable detector perfor-
mance. These tools, combined with Monte Carlo simulations, provided a comprehensive
framework for addressing the challenges posed by low-density and heterogeneous samples,

ensuring reliable and reproducible results [10].

In addition to radionuclides, honey can also contain trace amounts of heavy metals
and antibiotic residues, which pose additional risks to human health. Heavy metals, such
as lead, cadmium, and arsenic, can accumulate in honey through environmental contam-
ination, while antibiotics, such as tetracyclines, may be introduced through beekeeping

practices aimed at controlling bacterial diseases. The simultaneous detection and quan-
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tification of these contaminants require a multidisciplinary approach, combining gamma
spectrometry with techniques like Atomic Absorption Spectroscopy (AAS) for heavy met-
als and receptor-binding assays (e.g., CHARM II) for antibiotics.

This thesis focuses on the development and application of advanced methodologies for
the comprehensive analysis of radioactivity and contaminants in honey. The research is
structured around three main objectives: (1) optimizing Monte Carlo simulations using
the MCNP code to determine full-energy peak efficiency for gamma spectrometry in honey
samples, (2) quantifying radionuclide activity concentrations in honey and assessing their
potential health risks, and (3) evaluating the levels of heavy metals and antibiotic residues
in honey using AAS and CHARM II techniques, respectively. By integrating computa-
tional modeling, experimental measurements, and analytical chemistry, this study aims to
provide a holistic understanding of the contamination profile of honey and its implications
for food safety and environmental monitoring. The findings of this research are expected
to contribute to the development of standardized methods for radioactivity and contam-
inant analysis in high-density matrices like honey. Furthermore, the results will provide
valuable insights into the sources and levels of environmental contaminants, supporting

regulatory efforts to ensure the safety and quality of honey and other food products.

This manuscript is organized into four chapters. The first chapter provides a the-
oretical background, discussing sources of contamination, contamination pathways, and
detection methods. It also covers the fundamental principles necessary for understanding
radiation interaction mechanisms and offers a general description of simulations using the
MCNP5 code. The second chapter focuses on the simulation methodology, detailing the
approaches used to optimize the HPGe detector. This includes a comparison between
experimental measurements and MCNPX modeling calculations, as well as corrections
for coincidence summing effects. The third chapter describes the experimental methodol-
ogy for analyzing honey samples, encompassing gamma spectrometry, atomic absorption
spectroscopy (AAS), and the CHARM II technique. The fourth chapter presents the
results and discussion, offering a comprehensive interpretation of the findings. Finally,
the general conclusion summarizes the key outcomes, highlights the implications of the

research, and outlines future perspectives.



Chapter 1

Theoretical Background

1.1 Introduction

The accurate assessment of contaminants in food products requires a multidisciplinary
approach that combines knowledge of environmental sources, detection technologies, and
computational modeling. This chapter provides a theoretical foundation for understand-
ing the nature, sources, and pathways of contaminants—particularly heavy metals, an-
timicrobial residues, and radioactive substances—within biological and environmental ma-
trices such as honey.

Honey is a remarkable natural product, valued not only for its nutritional benefits,
such as its rich antioxidant content, and medicinal properties, including its use as a natural
antimicrobial agent [11]. But also, for its role as a powerful bioindicator of environmen-
tal pollution. This unique ability stems from how honey is produced—bees forage over
vast areas, collecting nectar and pollen that may carry traces of pollutants from their
surroundings. As a result, honey serves as a natural record of environmental conditions,
reflecting the presence of contaminants in its production area [12].

This chapter introduces the principles behind the detection techniques used in this
work, including Atomic Absorption Spectroscopy (AAS), the CHARM II technique, and
gamma-ray spectrometry using HPGe detectors. Moreover, it explores the physical in-
teractions of radiation with matter, the structure and functioning of detectors, and the
challenges posed by high-density matrices. The chapter concludes by introducing com-
putational tools such as MCNP5, ANGLE, and MEFFTRAN, which are essential for
modeling detector responses, correcting measurement artifacts, and ensuring accurate

quantification of radioactivity in complex samples.
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1.2 Contaminants, their Sources, and detection

1.2.1 Radioactivity in the Environment

Radioactivity refers to the spontaneous decay of unstable atomic nuclei, releasing energy
in the form of radiation. The presence of radioactive materials in the environment can
arise from both natural and human-made sources, contributing to the background radia-
tion to which all living organisms are exposed. Understanding the distribution, sources,
and pathways of radioactivity in the environment is crucial for assessing its impact on

ecosystems, food safety, and public health [13].

1.2.1.1 Natural Sources of Radioactivity

The sources of natural radioactivity contribute to the Earth’s background radiation and

play a significant role in environmental radioactivity levels [14].

e A.Primordial Radionuclides Primordial radionuclides are elements with long
half-lives that have persisted since the Earth’s creation. The most significant among

them include:

Isotope Half Life Radiation Type | Sources

Thorium-232

14 billion years

Alpha, Gamma

Found in granite,

(232Th) sands, and ores
Product of 238U.

Radium-226 :

(226Ra) 1,600 years Alpha, Gamma Found in rocks,

soil, and ores

Potassium-40
(40K)

1.25 billion years

Beta, Gamma

Found in soil,
rocks, and plants

Table 1.1: Properties of Common Naturally Occurring Radioactive Radionuclides

These radionuclides contribute to background radiation and can enter the ecosystem

through soil, water, and air.

e Radon: Characteristics, Exposure, and Sources
Radon (**2Ra, ??°Ra, 2'%Ra) is a naturally occurring radioactive gas produced by the
decay of uranium and thorium found in rocks, soil, and certain building materials.
Because of its colorless, odorless, and tasteless, radon is not detectable without spe-
cialized instruments, making it a silent health hazard in many environments. The

most common isotope, ?*?Ra, has a half-life of 3.8 days. It can accumulate:
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e in lung tissue, as it decays, it releases radioactive particles that posing significant
health risks over time (cancer) [15].

e indoors, particularly in basements, crawl spaces, and other poorly ventilated ar-
eas, due to its ability to seep through cracks in foundations and walls.

e into groundwater by dissolving and contaminate water supplies, potentially enter-

ing the food chain through irrigation and cooking processes [16].

e B. Cosmogenic Radionuclides Cosmic radiation originates from the sun and
other celestial bodies. When cosmic rays penetrate the Earth’s atmosphere, they
interact with atmospheric molecules, producing secondary radiation that reaches the
surface [17]. Some notable radionuclides formed through these interactions include:
e Carbon-14 (C-14): Produced in the upper atmosphere when cosmic rays collide
with nitrogen atoms (N-14), resulting in a radioactive form of carbon. It is widely
used in radiocarbon dating to determine the age of organic materials [18|.

e Tritium (H-3): A radioactive isotope of hydrogen created by cosmic ray interac-
tions with atmospheric gases. Tritium is often incorporated into water molecules
and has various applications, including scientific research and environmental moni-

toring.

1.2.1.2 Artificial Sources of Radioactivity

Anthropogenic activities significantly contribute to the presence of artificial radionu-
clides in the environment. The most notable sources include:

e Nuclear Accidents: Events such as the Chernobyl disaster in 1986 and the Fukushima
Daiichi accident in 2011 released substantial amounts of radioactive materials, in-
cluding '¥7Cs and '¥1, into the environment. [19].

e Nuclear Testing: Atmospheric nuclear weapons tests conducted during the mid-
20th century introduced radionuclides like °Sr and 37Cs into the environment [20].

e Industrial and Medical Waste: Improper disposal of radioactive materials from
medical imaging and industrial applications can lead to localized contamination of

soil and water [21].

1.2.2 Detection of Radioactivity: Principles and Interactions

The detection of radioactivity is based on the interactions between radiation and mat-
ter, which generate measurable signals. Understanding these interactions is critical for
selecting the appropriate detection method and interpreting the results [14]. The primary

types of interactions include:
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1.2.2.1 Interactions of Gamma Rays

Gamma rays, being highly penetrating electromagnetic radiation, interact with matter
through three main mechanisms:

e Photoelectric Effect: Occurs when a gamma photon is completely absorbed by an
atom, ejecting an inner-shell electron. This interaction is dominant at low energies and
contributes to high-resolution measurements in detectors like High-Purity Germanium
(HPGe).

e Compton Scattering: A gamma photon transfers part of its energy to an electron,
causing it to scatter. This is the predominant interaction for medium-energy gamma rays.
e Pair Production: At higher energies (greater than 1.022 MeV), the gamma photon is
converted into an electron-positron pair [22].

The distribution of the 3 elementary effects according to the atomic number of the material

and the energy of the incident photon are given in figure below1.1:
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Figure 1.1: Ionizing radiation interactions

1.2.2.2 Radiation Detectors

Radiation detection is based on phenomena of interaction with matter; detectors make
it possible to know the nature, number, and energy of particles emitted by radioactive
sources. Two groups of detectors can be mainly distinguished according to their operating
principles: ionization of matter (Geiger-Muller counter, semiconductors); excitation of

electronic orbitals (scintillation detectors).
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1.2.2.3 Semiconductor Detectors

A semiconductor is a material that can function as both an insulator and a conductor. A
semiconductor detector consists of a single crystal, either elemental or compound, with
a band gap typically ranging from 1 to 5 eV. The Group IV elements in Mendeliev ta-
ble, particularly silicon and germanium, are the most widely used pure semiconductors
in radiation detection. These detectors are valued for their excellent energy resolution
compared to other types, due to the low energy required to generate charge carriers [23].
Operating principle of semiconductor detectors

When photons interact with the detector material, they undergo several possible inter-
action mechanisms depending on their energy. These interactions transfer part or all of
the photon’s energy to the cristal material, generating electron-hole pairs. The number
of pairs created (n) depends on the deposited energy of the incident photon F,p,s and the
average energy required to create one pair, as expressed by the relationship [24|: The

number of charge carriers generated is given by:

E abs
15

n =

For germanium, the average energy required to create an electron-hole pair is ¢ =
2.96 eV at 77 K.

However, ¢ represents an average value, with some dispersion due to the stochastic
nature of valence electrons moving into the conduction band. The number of electron-hole
pairs produced is proportional to the energy deposited by the photon, and its statistical
fluctuation follows Poisson statistics as a first approximation, scaling with the square root
of n [25].

Poisson statistics assume that each event occurs independently. In reality, the presence
of an existing electron-hole pair affects the probability of generating additional pairs.
To account for this effect, an experimentally determined correction factor—known as
the **Fano factor** (F)—is introduced. The standard deviation associated with the

production of charge carriers, o, is therefore given by [26]:

O'p:\/F-EabS-E

Figure 1.2 illustrates the electronic band structure in a semiconductor. The valence
band is completely filled with electrons, whereas the conduction band is empty. The

energy gap between the two bands is less than 1 eV for germanium (0.67 eV).
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Figure 1.2: Notion of bandgap (Eg) in an insulator, semiconductor, and conductor

However, thermal excitation can provide sufficient energy for an electron in the valence
band to move to the conduction band. As a result, a population of electrons exists in the
conduction band, contributing to the material’s conductivity. At room temperature, this
intrinsic conductivity interferes with measurements, necessitating the cooling of germa-
nium (Ge) with liquid nitrogen (77 K) or electric cooler to reduce thermal excitations.
Doping is the process of introducing impurities into a semiconductor to create energy
levels within the band gap.

o N-doping results in an excess of electrons due to donor impurities, such as phosphorus,
which contribute free electrons to the conduction band.

e P-doping leads to an excess of holes due to acceptor impurities, such as lithium, which
capture electrons and create vacant energy states in the valence band.

To create a junction, the N-type and P-type semiconductors must be joined together
(see Figurel.3). Once joined, excess electrons from the N region migrate to the P re-
gion (electron-hole recombination), resulting in a region devoid of charge carriers (neither
electrons nor holes) at the junction interface. This region is known as the depletion

region [27].
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Figure 1.3: Realization of a P-N junction

The width of the depletion region is initially small because the electric field created by
the migration of charges counterbalances further migration. To enhance the performance

of the junction, it is necessary to widen the depletion region as much as possible [28].
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Figure 1.4: polarized P-N junction

To increase the width of the depletion region A reverse polarization is applied, which
is an electric field with a strong potential difference is used in the opposite direction, when
a gamma photon hits the depleted region, it interacts through processes (the photoelec-

tric effect, Compton effect or pair creation) (see Figure 1.4). This generates electron-hole
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pairs, and under the electric field, the charge carriers move towards the electrodes, creat-
ing current.

High-Purity Germanium (HPGe) detector

HPGe detector is a radiation detection device that uses an ultra-pure germanium crystal
to measure gamma rays and X-rays with exceptional energy resolution. Unlike regular
germanium, the crystal in an HPGe detector contains extremely low levels of impurities
(less than 1 part in 10 atoms)), allowing it to function as an excellent semiconduc-
tor radiation sensor [24]. Today, there are many different types of Germanium detector.
Each type meets one or more of the user’s needs. For example, some will offer opti-
mum efficiency or resolution, while others will only be truly effective in a specific energy
range, and so on. However, these different types of detectors can be classified into three
broad categories:planar detectors, coaxial detectors, and well detectors.These categories
of detectors are distinguished above all by their geometry, which gives them distinct char-

acteristics [29].
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Figure 1.5: Radiation Detector Types and Energy Suitability

1.2.2.4 Spectrometer Performance Characterization

The performance of a gamma spectrometer is primarily determined by two key charac-
teristics of the detector:

e Energy Resolution is a critical parameter that defines the detector’s ability to dis-
tinguish between two gamma rays of close energy. A higher energy resolution allows for
clearer separation of spectral peaks, making it easier to identify and quantify radionu-
clides in the sample [24]. Energy resolution is typically expressed as the Full Width at
Half Maximum (FWHM) of a peak, where a smaller FWHM value corresponds to better
resolution. For High-Purity Germanium (HPGe) detectors, typical energy resolutions are
in the range of 0.1% to 2% at 1 MeV, depending on the detector’s design and operating
conditions [30].

e Efficiency The efficiency of a detector is the ratio of the number of gamma photons

11
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detected to the total number of photons emitted by the sample. It is a function of several
factors, including the geometry of the detector, the material’s atomic number, and the
energy of the gamma radiation. Higher efficiency results in a greater number of detected
events, which translates to more reliable and accurate measurements of radioactivity. For
HPGe detectors, efficiency is typically expressed as a percentage and varies with photon

energy, geometry, and the distance between the sample and detector [25].

1.2.2.5 Detection setup

e Cryostat: This is used to cool the HPGe detector to cryogenic temperatures (around
77K) using liquid nitrogen, which improves the detector’s performance by reducing elec-
tronic noise [26].

e The preamplifier: The preamplifier’s role is to serve as an interface between the HPGe
detector crystal and the pulse-processing electronics. It takes the charge produced by the
detector from gamma radiation and integrates and amplifies it to produce a step-function
pulse, where the amplitude is proportional to the total charge [31].

e The amplifier: The amplifier’s role is to take the pulse signal from the preamplifier
and significantly magnify it. It also filters and shapes the incoming pulse to enhance
the signal-to-noise ratio, improving the resolution and shortening the response time to
prevent overlap between pulses. This is important because count rates for radionuclides
in environmental samples are typically low, and the amplifier needs to perform optimally
in this range (less than 100 counts per second) [29].

e The multi-channel analyzer (MCA): Its primary role is to convert the amplified
pulse signals from the detector into a digital form that can be analyzed, sorting the pulses
into distinct channels based on their amplitude (energy). This enables the MCA to gen-
erate an energy spectrum, which is used to identify and quantify radionuclides based on
their characteristic gamma emission peaks [31].

e Gamma Spectrometer Software: is used to analyze the energy spectrum obtained
from the HPGe detector. It helps to identify isotopes based on their energy peaks and

calculate activity concentrations.

12
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Figure 1.6: Schematic of the electronics used for signal analysis

1.2.3 Transition from Experimental Detection to Simulation

While experimental techniques such as HPGe gamma-ray spectrometry, AAS, and CHARM
provide precise measurements of contaminants in honey, they have inherent limitations.
The accuracy of radioactivity detection using HPGe detectors depends on factors such
as detector geometry, sample composition, and photon interactions, which can introduce
uncertainties in efficiency calculations. Similarly, AAS and CHARM techniques require
extensive sample preparation and are constrained by detection limits and matrix effects.
These challenges highlight the need for computational modeling to complement experi-

mental findings and enhance measurement accuracy.

1.2.3.1 Monte Carlo Simulation

Monte Carlo simulation is a computational technique that uses random sampling and
statistical probability to model complex physical and mathematical systems. It is partic-
ularly useful for solving problems involving uncertainty, stochastic behavior, or multiple
interacting variables, making it a widely applied method in physics, engineering, finance,
and medicine. The core idea of Monte Carlo simulation is to generate a large number
of random events and analyze their outcomes to approximate solutions to problems that
would be difficult to solve analytically [32]. Monte Carlo methods are especially powerful
in radiation physics and nuclear science, where they are used to simulate the behavior of
particles such as photons, neutrons, and electrons as they interact with different materi-
als. In gamma-ray spectrometry, Monte Carlo simulations play a crucial role in optimizing

detector efficiency, radiation shielding, and measurement accuracy.

13
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1.2.3.2 MCNP 5 Code

One of the most widely used Monte Carlo-based codes for radiation transport is MCNP5H
(Monte Carlo N-Particle version 5), developed by Los Alamos National Laboratory (LANL).
MCNPS5 is a general-purpose code designed to simulate the interactions of neutrons, pho-
tons, and electrons with matter, making it an essential tool for studying gamma-ray
detectors, such as High-Purity Germanium (HPGe) systems [33|. In this study, MCNP5
is used to model the HPGe detector and calculate its Full Energy Peak Efficiency (FEPE),
which is critical for accurately measuring radioactivity levels in honey samples. By in-
tegrating Monte Carlo simulations with experimental techniques, this research aims to
enhance the precision of radioactivity assessments while reducing reliance on standard

calibration sources.

1.2.3.3 MCNPS5 code structure

An MCNP input file has three major sections: cell cards, surface cards, and data cards.
The input file begins with a one-line title card, followed by the cell card section. Each

card represents a single line of input, with a maximum of 80 characters [34].

Title Card

blank line terminator {optional }
Cell Cards |Block 1)

blank line delimiter

Surface Cards [Block 2|

blank line delimiter

Data Cards [Block 3]

blank line terminator {optional}

Figure 1.7: MCNP code structure

1. The title card
The title card is the first line in an MCNP input file and can be up to 80 characters in
length. It typically provides information about the problem being modeled and is dis-
played in various locations throughout the MCNP output. The title also acts as a label,
helping to differentiate between input files and identify the content of the output files.
2. Cell Cards

The first section after the title card is for the cell cards and has no blank line delimiter at

14
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the front of it. Cells are used to define the shape and material content of physical space.
The specific format for a cell card is [35]:

j m d geo params where: j: is the cell number is is an integer from 1 to 99999.

m: is the material number is an integer from 1 to 99999, used to specify the material
present in a cell (0 if the cell is a void). The composition of each material is defined in
the data card section.

d: is the cell material density

e no entry if the cell is a void.

e positive entry = atom density (atoms/b-cm).

e negative entry = mass density (g/cm?).

geom: List of all signed surface numbers and Boolean operators that specify a cell.
Params: Optional specification of cell parameters For example, the importance card
(imp:p,e=1) specifies the relative cell importance for photons and electrons.

3. Surface Cards

The specific format for a surface card is [35]:

j a list

where:

ji is surface number starting in columns 1-5 (1-99999).

a: surface mnemonic (plane, sphere, cylinder...), as presented in table 1.2

List: numbers that describe the surface in cm (dimensions, radius, etc,.).

4. The Data Cards
The data cards section in an MCNP input file is where the key parameters and settings

for the simulation are defined.

e Mode Card: The MODE card specifies the types of particles that will be tracked
during the simulation. MCNP is capable of simulating multiple particle types, including
neutrons (N), photons (P), and electrons (E), and the MODE card determines which of
these particles are included in the simulation. For example, MODE P E indicates that
both photons and electrons will be tracked [36].

e Material Cards (M):In MCNP, the M card plays a key role in defining the materials
used in the simulation. Each material is given a unique label, such as M1 or M2, and is
made up of one or more nuclides. These nuclides are identified using the ZAID (Z-AID)
format, which merges the atomic number (Z) and the mass number (A) of the element.
For instance, 1001 refers to hydrogen-1, and 6012 represents carbon-12. The material’s
composition is determined by listing each nuclide’s ZAID along with its proportion, which

can be expressed either by atom or by weight. For example, M1 1001 1.0 describes a ma-
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Table 1.2: MCNP surface Cards

Surface | Definition Equation Format Example
Type
Plane Surfaces
PX Plane 1 to x-axis r=a 1 PX 10 $ Plane at x = 10
PY Plane 1 to y-axis |y =0 2 PY5 $Planeaty=>5
PZ Plane L to z-axis z=c 3 PZ -3 $ Plane at z = —3
P General plane Az +By+Cz=D 4P111-10 $z+y+z=10
Spherical Surfaces
SO Sphere at origin 22 +y? 4+ 22 = R? 5380 5 $ Radius =5
S Sphere at | (r—20)?+(y—v0)>+(2— | 6523410 $ Center at
(20, Yo, 20) %)? = R? (2,3,4), R =10
Cylindrical Surfaces

CX Along x-axis (y—yo)>+(2—2)>=R* | 7CX 32 § Centered at y =

3,z =2
CY Along y-axis (x—20)*+(2—20)*=R*|8CY005 $x=02=0,

R=5
CZ Along z-axis (r—2)’+(y—w)?*=R*|9CZz114 $z=1y=1,

R=4

Conical Surfaces
KX Cone along x-axis | (y—yo)?+(2—20)>=(x— | 10 KX 0 0 0 30
7o)% tan?
KY Cone along y-axis | (r—z0)?+(2—20)*=(y— | 11 KY 2 2 2 45
Yo)? tan? 6

KZ Cone along z-axis | (x—x0)’+ (y—yo)? =(2— | 12 KZ 1 1 1 60

20)% tan? 6

terial consisting entirely of hydrogen-1, while M2 6000 0.5 8016 0.5 defines a material

with equal parts carbon-12 and oxygen-16 by atom fraction. These definitions are crucial

because they directly influence how particles interact with the simulated geometry, af-

fecting outcomes such as particle scattering, absorption, and energy deposition. Accurate

material definitions are therefore essential for ensuring the simulation reflects real-world
behavior [37].
e Source Definition (SDEF): The SDEF card defines the particle source. It specifies
the position, energy, direction, and type of particles being emitted. For example, SDEF
POS=0 0 0 ERG=1.41 PAR~=1 defines a photon source located at the origin with an
energy of 1.41 MeV. Additional parameters, such as DIR for direction or EXT for spatial
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distribution, can be included to further refine the source definition. The SDEF card is

essential for ensuring that the simulation accurately represents the physical conditions of

the problem, such as a point source, a beam, or a distributed source [35].

o Tallies: In MCNP, tallies are used to measure specific quantities of interest during

a simulation, such as particle flux, energy deposition, or reaction rates. The table 1.3

provides an overview of the most commonly used tally types, their descriptions, and their

applications [38].

Table 1.3: Summary of MCNP Tally Types, Their Applications, and Examples

Tally

Type Description Example Use Case
Surface current tally (particles Measures neutron current across
F1 . FI:N 1
crossing a surface). surface 1.
F2 Surface flux tally (particle flux F2:P 2 Measures photon flux on surface 2.
integrated over a surface).
F4 Track—length estimate of particle F4:N 1 Calculates neutron flux in cell 1.
flux in a cell.
5 Pom‘t dete‘ctor' tally (flux at a F5N 000 Mfea%sures neutron flux at the
specific point in space). origin (0,0, 0).
Energy deposition tally (energy Calculates energy deposited by
F6 . F6:N 1 .
deposited in a cell). neutrons in cell 1.
Fission energy de‘posmlon‘tally' Measures fission energy
F7 (energy from fission reactions in ~ F7:N 1 P
deposition in cell 1.
a cell).
Pulse—'h'e lgh.t tally (energy Simulates detector response to
F8 deposition in a cell, used for F8P 1 .
photons in cell 1.
detector response).
F9 Radiative heating tally (energy F9-P 1 Measures heating caused by
deposited by photons in a cell). ' photons in cell 1.
Multiplier card (used to modify 1
FM  tallies, e.g., for reaction rates or ~ FM4 1 (1 102) Mult1phe§ F4 tally by‘ the (n,7)
cross-section for reaction rates.
dose).
B Energy bins (used to divide tally B401 10 Divides F4 tally results into energy
results into energy groups). bins: 0-1 MeV and 1-10 MeV.
T Time b%ns (u§ed t'o divide tally T4 0 1e6 103 Divides F4 tally results into time bins:
results into time intervals). 0-1 s and 1 ps-1 ms.
. . Divides F4 tally results by cosine
C Cosine bins (used for angular C4 -101 of the angle: backward, perpendicular

distribution of particles).

, forward.

e Physics and Control Parameters:The NPS card sets the number of particle

histories to simulate, which directly affects the statistical accuracy of the results (e.g.,
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NPS 100000 simulates 100,000 particle histories).
o The CUT card :is used to apply energy cuts, which discard particles below a specified

energy threshold, thereby improving computational efficiency.

1.2.3.4 Tools Supporting Efficiency Calculation: ANGLE and MEFFTRAN

software

In the field of gamma spectrometry, especially when dealing with non-point, extended, or
complex samples such as those in Marinelli beakers or high-density matrices like honey,
additional tools are required to ensure accurate calculation of detector efficiency. While
Monte Carlo simulations provide detailed modeling, software such as ANGLE and MEFF-
TRAN are valuable for semi-empirical efficiency prediction and correction of complex ef-
fects.

ANGLE (Advanced Nuclear Geometry and Laboratory Efficiency)

is a widely used computational tool designed to calculate the Full Energy Peak Efficiency
(FEPE) of gamma-ray detectors. Unlike full Monte Carlo simulations, ANGLE uses the
concept of the effective solid angle (w) combined with empirical and semi-analytical models
to determine the efficiency of detectors for a wide variety of sample geometries (cylindrical,
disk, Marinelli, etc.) and densities [39]. It operates on the principle of efficiency transfer,
meaning it starts with the experimentally calibrated efficiency of a reference source (typi-
cally a point source) and applies correction factors to compute the efficiency for a sample
of different geometry or composition. This makes it especially useful when simulating
complex geometries is computationally expensive or impractical. ANGLE requires [40]:
Precise detector geometry, Sample dimensions and density, Elemental composition of the
sample, Gamma-ray energies of interest. This tool proved to be particularly helpful in this
thesis, as it allowed efficient modeling of the HPGe detector’s response to honey samples,
and was used to validate and compare with MCNP5 simulation results.

MEFFTRAN (Marinelli Efficiency Transfert)

In gamma-ray spectrometry, especially when analyzing complex geometries such as Marinelli
beakers or dense matrices like honey, correction for true coincidence summing (TCS) and
matrix effects is essential to ensure measurement accuracy. MEFFTRAN (Matrix Effects
Transfer), an analytical software tool, was developed to address these challenges. Origi-
nally introduced and refined by Tim vidmar, Bogdan Sima, and collaborators, as part of
ITAEA-supported projects and international efforts to improve the reliability of gamma-
spectrometry in environmental and food monitoring. [10,41] MEFFTRAN provides a fast

and reliable method to correct for coincidence summing effects, self-attenuation, and ge-

18



CHAPTER 1. THEORETICAL BACKGROUND

ometrical efficiencies without the computational burden of full Monte Carlo simulations.
It utilizes pre-calculated solid angles, decay schemes of radionuclides, and sample-specific
parameters such as density and composition to produce correction factors tailored to
each measurement setup. MEFFTRAN is particularly advantageous in routine analyses
involving Marinelli beakers, where its efficiency transfer and summing correction capabil-
ities help mitigate the bias introduced by complex sample-detector interactions [10]. In
this work, MEFFTRAN was used in parallel with MCNP5 and ANGLE to correct for
summing effects and to better understand the influence of matrix composition on mea-
surement accuracy. Its integration helped ensure the reliability of activity calculations,
especially in complex honey matrices where attenuation and coincidence summing are

significant.

1.2.4 Heavy Metals

Heavy metals are metallic elements with a density greater than 5 g/cm, high relative
atomic weight, and remarkable environmental persistence due to their stability and non-
biodegradability. These metals are toxic even at low concentrations, posing significant
risks to plants, animals, and humans. Anthropogenic activities are the primary drivers
of soil contamination with heavy metals [42]. Plants absorb these metals through their
roots from contaminated soil and can also accumulate them on external parts, such as

leaves and fruits [43].
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Figure 1.8: Anthropogenic sources of heavy metal pollution

Heavy metals can be classified into two primary categories based on their biological

significance [44-46]:
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Table 1.4: Classification of Heavy Metals

Category Heavy Metals Biological Role Toxic Effects
Tron (Fe) Essential for ‘oxyge.n'transport
and enzymatic activity.
excessive concentrations can
. Involved i tivati .
Zinc (Zn) HVOTVed n enzymme activation lead to toxic effects such as

and immune function.

Essential headaches, respiratory issues,

Necessary for energy production

and connective tissue formation.

Metals gastrointestinal symptoms,
Manganese Supports bone formation and
(Mn) antioxidant defense.

Heavy Copper (Cu) metabolic disturbances,

Impaired enzyme function, and

organ damage..
Integral to vitamin B12
Cobalt (Co) synthesis.
Contributes to enzymatic

Nickel (Ni) functions in trace amounts.

Neurological damage, kidney
Lead (Pb) failure, cognitive impairments
Neurotoxicity, kidney damage,
Mercury (Hg) developmental disorders
Non-

Renal toxicity, boneRenal
toxicity, bonedeminerali-

zation, respiratory issues

No known beneficial role in

Essential ~Cadmium (Cd) biological systems

Heavy
. Carcinogenic, skin lesions,
Metals Arsenic (As)

cardiovascular damage

Carcinogenic (especially Cr

Chromium (Cr) VI), liver and kidney damage

1.2.5 Heavy metals detection and measurement

Heavy metal contamination in food products, such as honey, is a significant concern due
to the potential health risks it poses. The detection and quantification of heavy metals

require precise and sensitive analytical techniques.
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CHAPTER 1. THEORETICAL BACKGROUND

1.2.5.1 Atomic Absorption Spectroscopy (AAS)

Atomic Absorption Spectroscopy (AAS) is one of the most widely used and reliable tech-
niques for detecting and quantifying heavy metals in various samples, including food
products, environmental samples, and industrial effluents. This analytical method relies
on the absorption of light by atoms in the gaseous state, making it ideal for measuring

trace concentrations of metals [42].

1.2.5.2 Principle of Atomic Absorption Spectroscopy (AAS)

AAS is based on the principle that free atoms absorb light at specific wavelengths that are
characteristic of each element. When a sample containing metal ions is introduced into a
high-temperature flame or furnace, the metal ions are converted into free atoms. These
atoms absorb light emitted by a light source (typically a hollow cathode lamp) at a char-
acteristic wavelength for each metal. The amount of light absorbed is proportional to the
concentration of the metal in the sample [47]. The absorbed light is measured by a pho-
todetector, and the concentration of the metal is determined by comparing the absorbance

with that of a calibration curve constructed using standards of known concentration [48].

1.2.5.3 Instrumentation and Components of AAS

e 1. Atomizer:

The atomizer is the component responsible for converting the sample into free atoms.

There are two types of atomizers commonly used in AAS:

e 2. Light Source (Hollow Cathode Lamp): A hollow cathode lamp (HCL) is
used as the light source. It contains a cathode made of the element to be analyzed
(e.g., copper, zinc, lead) and emits light at a specific wavelength characteristic of
that metal. Each metal has its own specific wavelength, which is crucial for selective
detection [49].

e 3. Monochromator: is used to isolate the specific wavelength of light absorbed by
the metal of interest. It ensures that only the wavelength corresponding to the metal

being analyzed is transmitted to the detector, filtering out other wavelengths [50].

e 4. Detector: The detector measures the intensity of the transmitted light. When
atoms of the metal absorb light, the amount of light passing through the sample de-
creases. The detector quantifies this reduction in light intensity, and the absorbance
is then calculated [51].
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e 5. Readout System: The absorbance data is processed by a computer or readout
system. The absorbance is compared to a calibration curve obtained from standard
solutions of known concentrations of the metal, allowing for the determination of

the metal concentration in the sample [52].

Resonance
Flame atomizer Monochromator

line source ):3 Detector
T = LI

amplifier
Spray
Nebulizer chamber —
Waste l
TT Fuel Output to
Sample Output to data recarder
Oxidant handling system

Figure 1.9: Atomic Absorption Spectroscopy (AAS) Mechanism Overview

1.2.5.4 Working Process of AAS

1. Sample Introduction The sample, typically dissolved in a suitable solvent, is introduced
into the atomizer (flame or furnace). This is typically done using a nebulizer, which
generates an aerosol from the sample solution [53]. 2. Atomization In the atomizer, the
solvent evaporates, leaving behind the metal in the form of free atoms. These atoms then
absorb the light emitted by the hollow cathode lamp [54].

e Flame Atomizer: In this method, the sample is introduced into a flame, where
it is heated to a high temperature (typically 2000to 3000to atomize the sample.
The flame is typically composed of a mixture of acetylene and air or acetylene and

nitrous oxide [48].

e Graphite Furnace Atomizer: This atomizer uses a graphite tube that is heated
to high temperatures (up to 3000) to atomize the sample. It is particularly useful
for detecting metals in very low concentrations (trace levels) and is more sensitive

than the flame atomizer [55].
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3. Light Absorption and Measurement As the atoms absorb the light, the amount of
light passing through the sample is reduced. The reduction in light intensity is measured
by the detector, which is proportional to the concentration of the metal in the sample [56].
4. Calibration and Quantification A calibration curve is constructed using standards of
known concentration of the metal. The absorbance data from the sample is plotted
against the known standards to determine the concentration of the metal in the unknown

sample [47].

1.2.6 Antimicrobial Residues

In addition to radioactivity and heavy metals, antimicrobial residues, including antibiotics
represent another significant contaminant in honey, primarily introduced through bee-
keeping practices. Beekeepers often use antibiotics, such as tetracyclines, sulfonamides,
and streptomycin, to prevent or treat bacterial infections in honeybee colonies, including
diseases like American and European foulbrood [57,58]. While these measures protect
hive health, the excessive or improper use of antibiotics can result in their residues being
transferred to honey [59]. Antibiotics in honey pose potential health risks to consumers,
including allergic reactions, toxicity, and the development of antibiotic-resistant bacte-
ria [60]. Regulatory bodies have established maximum residue limits (MRLs) for antibi-
otics in honey to ensure safety. However, contamination can also occur from environmental

exposure, such as antibiotic-laden runoff from agricultural activities [61].

Antibiotic Examples Target Mode of Action Residue Risks in Regulatory

Group Pathogens/Diseases Honey Status

Tetracyclines Oxytetracycline, American/European Inhibits bacterial Allergic reactions, MRLs set in EU
Chlortetracy- Foulbrood protein synthesis antimicrobial and globally
cline resistance regulated

Sulfonamides Sulfathiazole, General bacterial Inhibits folic acid Toxicity, Banned for use in
Sulfamethoxa- infections synthesis environmental many regions
zole persistence

Streptomycin Streptomycin Bacterial infections  Inhibits bacterial Resistance Usage banned in

protein synthesis development, potential ~ most countries
toxicity

Table 1.5: Commonly Used Antibiotics in Beekeeping

1.2.7 Antimicrobial residues detection and measurement

The detection of antibiotic residues in food products is crucial for ensuring consumer
safety and preventing antimicrobial resistance. Various analytical techniques are used for
this purpose, including Charm II, ELISA (Enzyme-Linked Immunosorbent Assay), HPLC
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(High-Performance Liquid Chromatography), and LC-MS/MS (Liquid Chromatography-
Tandem Mass Spectrometry). These methods help identify and quantify antibiotic traces
in honey, milk, meat, and other food items. Rapid screening tests like Charm II provide
quick and cost-effective results, while advanced chromatographic techniques offer high

sensitivity and specificity.

1.2.7.1 What is the CHARM Technique?

The CHARM II radio receptor assay technique developed by Charm Sciences Inc, tech-
nique is a rapid screening test used for detecting antimicrobial residues such as beta-
lactams, sulfonamides, tetracyclines, chloramphenicol, quinolones, macrolides and amino-
glycosides, in food products such as milk, honey, meat, and animal feed. It ensures food
safety by identifying residues at trace levels, even below regulatory limits, providing both
qualitative (presence/absence) and quantitative (concentration) results. It is widely used

in food safety testing due to its high sensitivity, ease of use, and reliability [62].

1.2.7.2 Principle of CHARM

The CHARM technique is based on a radiolabeled competitive binding assay, utilizing
microbial cells with specific receptor sites that bind antimicrobial drugs. During the ana-
lytical process, a sample extract is combined with a binder and a radiolabeled antimicro-
bial tracer (*H or *C). If antimicrobial residues are present in the sample, they compete
with the radiolabeled tracer for binding to the receptor sites. The amount of tracer bound
to the receptor sites is then measured and compared to a predetermined control point.
Since the binding is competitive, a higher concentration of antimicrobial residues in the
sample results in less tracer binding, while a lower concentration of antimicrobial residues
leads to more tracer being detected [63]. *How it works [50, 52]

e Sample Preparation: A small amount of the food sample (e.g., honey, milk, meat)
is extracted using a solvent or buffer solution . The extract is then filtered or treated

to remove impurities that could interfere with the test.

e Addition of Binding Components: The sample extract is mixed with a micro-
bial receptor binder that has specific sites for antimicrobial drugs. A radiolabeled

antimicrobial tracer (*°H or *C-labeled) is also added.

e Competition for Binding Sites: If the sample contains antimicrobial residues,
they compete with the radiolabeled tracer for binding to the receptor sites. Higher
antimicrobial concentrations in the sample result in less tracer binding, while lower

antimicrobial levels allow more tracer to bind.
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e Separation and Measurement: After incubation, unbound tracer is washed
away, leaving only the tracer bound to receptor sites. The amount of bound ra-
diolabeled antimicrobial is measured using liquid scintillation counting or another

radiation detection method.

e Interpretation of Results: The measured radioactivity is compared to a control
sample. High radioactivity = fewer antimicrobial residues. Low radioactivity =

higher antimicrobial content.

e Decision on Sample Safety: The results are compared to established Maximum
Residue Limits (MRLs) set by regulatory bodies (e.g., FDA, EU, Codex). If antimi-

crobial levels exceed the allowable limit, the food is considered unsafe.

1.3 Contamination Pathways and Mechanisms

Contaminants such as radioactivity, heavy metals, and antimicrobials can enter the en-
vironment and subsequently impact honey through various pathways and mechanisms.
Understanding these pathways is crucial to addressing contamination and safeguarding
both honey quality and public health.

A. Soil, Air and Water Contamination

. Heavy metals: released into the atmosphere and soil through industrial discharges,
mining activities, pesticide use, and wastewater irrigation, persist and accumulate in the
environment. Plants absorb these metals through their roots or from deposits on their
surfaces. Contaminated water bodies and soil further transfer metals to beehives, where
they accumulate in nectar and pollen consumed by bees [64,65].
Radioactivity:Radioactive isotopes from nuclear fallout, improper waste disposal, or
natural sources can contaminate groundwater and soil ecosystems. These radioactive par-
ticles enter the environment through multiple pathways: they can be absorbed by plant
roots and incorporated into tissues, or settle as aerosols directly on vegetation surfaces
and water sources. Bees become exposed through both routes - by consuming contami-
nated water [66] and collecting contaminated pollen and nectar from treated plants.
Antibiotics: used in agricultural and veterinary practices can leach into the soil and
water or air from agricultural sprays, potentially entering plants or affecting bees directly
when they forage [67].

B. Direct Exposure through Beekeeping Practices

Inadequate or improper use of chemicals in apiculture contributes directly to honey con-

tamination.
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e Antibiotics: Beekeepers sometimes use antibiotics like tetracyclines and sulfonamides
to prevent or treat bacterial infections in bee colonies. Residues of these antibiotics can
persist in honey if not used responsibly [58].

e Pesticides: The use of pesticides in hive management to control pests like Varroa
mites (parasite attacks bees) may lead to contamination if residues are not adequately
controlled [68].

1.4 Bioaccumulation and Biomagnification

Contaminants entering ecosystems often accumulate in organisms and magnify as they
move up the food chain [69]. Bees can accumulate heavy metals from repeated exposure
to contaminated nectar, pollen, and water. These metals are stored in their bodies and
transferred to honey and other hive products. Radioactive isotopes such as ¥"Cs and
9Sr, present in the environment, may bioaccumulate in bees and affect honey safety.

Honey contamination can also occur during processing and storage if equipment or con-

tainers are made of materials containing heavy metals or are improperly sanitized |70].

Radioactivity o Air
\ Bees \. Honey
Hea . - /'
vai *  Pollutants * Water /v Nectar
Plants
Antibiotics L& Soil /

Figure 1.10: Schema of Honey Contamination: From Source to Exposure
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Chapter 2

Monte Carlo Simulation and Detector

Efficiency Modeling

2.1 Introduction

The integration of experimental measurements and simulations provides valuable insights
into the capabilities and limitations of gamma-ray spectrometry, particularly within a
defined energy range. Accurate quantification of radioactivity levels requires a compre-
hensive understanding of the detector’s Full Energy Peak Efficiency (FEPE), which is
influenced by measurement conditions such as source-detector geometry and various de-
tector parameters, including detector type (semiconductor, scintillation, or solid state), as
well as the density and size of the detector material [71]|.Efficiency calibration is typically
performed using standard radioactive sources that closely match the sample in geometric
dimensions, density, and chemical composition. However, achieving these ideal conditions
is often challenging, particularly for environmental samples [72|. Computational tech-
niques help address these challenges by employing Monte Carlo-based simulation tools,
which account for all physical processes—from photon emission to its interaction with the
detector—thereby optimizing calibration procedures and reducing reliance on radioactive
standards. Additionally, this approach minimizes calculation errors caused by approxima-
tions in experimental calibration while eliminating the need for constraints or assumptions
regarding the source-detector geometric configuration |[73]. In this chapter, the simula-
tion methodology employed to determine the full energy peak efficiency (FEPE) which
is a critical parameter for calculating the activity concentration of honey samples, as it
directly influences the accuracy of gamma-ray spectrometry measurements [74]. Two soft-
ware tools were utilized for this purpose: MCNP 5 code (Monte Carlo N-Particle) and

ANGLE software. The rationale for using these codes, their theoretical foundations, and
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their application in this study are discussed. Specifically, ANGLE was used to comple-
ment the MCNP 5 simulations by providing an independent calculation of the FEPE,

enabling cross-validation of the results obtained from MCNP 5.

2.2 Gamma Spectrometry Experimental Setup

The gamma spectrometry chain used in this study is composed of a high purity Ger-
manium (HPGe) detector, connected to an analog Nuclear instrument modules (NIM)
system (preamplifier, high-voltage—power supply, amplifier, multichannel analyzer) from
Ortec industries, the latter allows to amplify, adjust and process the pulses delivered by
the detector. The spectra are visualized on a computer which are then processed by a

Gamma Vision software. Figure 2.1 shows the experimental device used in this study.

Figure 2.1: Experimental device of gamma spectrometry used

2.2.1 Detector features

A low-background gamma-spectrometer with a coaxial p-type HPGe detector with a car-
bon fiber end-cap window (GEM-C5060-S ORTEC Industries) has been used in this study.
they have a low average atomic number, which results in good transmission of low-energy
photons. The HPGe detector has an efficiency of 35%relative to a standard 3 inchx 3 inch
Nal(T1) detector with an energy resolution of 1.7 keV for the ®*Co gamma-ray at 1.332
MeV, and the peak-to Compton ratio is 62:1. For achieving the low background needed
in environmental applications, the detector was installed in a lead shielding (AT1320
ATOMTEX model) [75].
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Figure 2.2: A radio X for the detector used

2.3 Calibration of the Measurement Chain

2.3.1 Energy Calibration

The first step before any measurements is the energy calibration of the gamma-ray spec-
trometry chain. FEnergy calibration involves establishing the relationship between the
energy of gamma rays and the corresponding channel numbers in the spectrum.

For this purpose, the spectrometry chain was calibrated using a '®?Eu source. This
radionuclide emits multiple gamma rays with varying probabilities, making it valuable
for detector calibration. Some of the most intense gamma-ray emissions include 121.78
keV (28.53%), 244.70 keV (7.54%), 344.28 keV (26.59%), 778.90 keV (12.97%), 964.08
keV (14.55%), 1112.07 keV (13.64%), and 1408.01 keV (20.85%). Other notable emis-
sions occur at 411.12 keV (2.24%), 444.00 keV (3.13%), 867.38 keV (4.23%), 1085.87 keV
(10.13%), 1212.95 keV (1.43%), and 1299.14 keV (1.64%). These gamma rays cover a
broad energy range, enabling precise detector calibration and validation under various

measurement conditions.
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Table 2.1: Gamma Energies, Emission Probabilities, and Corresponding Channel Numbers

Energy (keV) | Emission Probability (%) | Channel
121.78 28.53 243
344.28 26.59 689
778.90 12.97 1558
964.08 14.55 1929
1112.07 13.64 2225
1408.01 20.85 2816

The gamma spectrum was recorded over a 3600-second period, using 8192 channels
with an energy width of 0.5 keV per channel, and analyzed with Gamma Vision software.

The energy calibration line of the measurement chain is given in figure 2.3.

Energy Calibration Curve

1400} Calibration Points
1200+t
1000 |

800t

nergy (ke

-

GO0 |

400 |
Calibration Slope = 0.5 keV/channel

200

500 1000 1500 2000 7500
Chanmne

Figure 2.3: Energy calibration curve

2.3.2 Efficiency calibration for Point Source

The first measurement consisted in determining the detector’s efficiency using a point
source of %2Eu at a distance of 14cm. The measurement time is chosen to be equal to
10000 seconds; the dead time recorded during the entire counting time was less than 2%.
In this study, we were interested in an energy range from 121 keV to 1408 keV. The figure

below 2.4 shows the experimental spectrum of *?Eu point source
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Figure 2.4: Experimental spectrum of ?Eu point source

The intrinsic efficiency measured is given by the following expression:

N
A'[’Y'TC'(%)

(2.1)

€int =

where the solid angle €2 is given by:

d
Q=27 (1 — \/}%2:—1—d2) (2.2)
d: Source-detector distance; R: Collimator radius; N: Total absorption peak area; Tc:
Counting time; A: Source activity; I,: is the photon emission probability the detector
efficiency for a source-detector distance of 14 cm, chosen to reduce coincidence is shown

in figure 2.5.
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Figure 2.5: efficiency calibration curve

2.4 Simulations using the Monte Carlo MCNP5 Code

2.4.1 Modeling the detector geometry

Each code necessitates specific input files for accurate calculations. In the initial phase,
it is crucial to input the geometrical parameters of the detector, including the dimen-
sions of the germanium crystal and the thickness of the dead layer, as provided by the

manufacturer (ORTEC). These parameters are detailed in figure 2.6.
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Figure 2.6: the dimensions of the detector as supplied by the manufacturer

The simulation of the source-detector geometry was performed using the MCNP5 code,
operating in the PE mode (photon and electron mode). This mode is particularly recom-
mended for the transport of low-energy photons [33]. To ensure comprehensive modeling
of photon interactions with the germanium crystal, the cutoff energy for photons was set
to 1 keV. This allowed for the inclusion of all relevant interaction mechanisms, such as
photoelectric absorption, Compton scattering, and pair production for high-energy pho-
tons. A total of 10® particles were simulated to achieve a statistical error of less than
1% in the results. The number of bins used was 8192. based on the energy calibration
obtained from the experiment The F8 tally for photons and electrons was used to col-
lect the deposited energy in the active crystal, generating the Pulse Height Distribution
(PHD) per emitted gamma particle [76]. To simulate realistic detector performance, the
energy resolution was modeled using the Gaussian Energy Broadening (GEB) card, which
accounts for the statistical fluctuations in energy deposition and produces a more accurate
spectrum. The GEB card parameters were obtained from the experimental spectrum by

fitting the full width at half maximum (FWHM) using the following expression:
FWHM = a + bV E + cE? (2.3)

Where E is the energy of the photon (MeV), a=0.00095124 MeV, b=0.001330 MeV2
and c=0. These constants are determined by mathematical regression from the exper-

imental data [75]. The simulated efficiency for the photon energy E is determined as
follows [77]:
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Np(E) (2.4)

Esimulated = N(E)

WhereN,(E) represents the number of photons that deposited their energy in the
detector at the energy E, and N(E)is the total number of photons emitted from the
source. Once the input file is built, the MCNP5 code offers the possibility to visualize
the modeled geometry using a software called VISED PLOTTING, which allows to check
the geometry before launching the execution of the file. All the geometric information

present in the input file has been verified using this visualization program.

2.4.2 Initial Model Based on Manufacturer Specifications

In the first simulation experiment, we simulated a point sources of '**Ba and '*?Eu us-
ing the detector dimensions provided by the manufacturer (as shown in figure 2.6. The
results revealed that the simulated detector model, based only on the manufacturer’s
specifications, could not reproduce the experimental measurements with acceptable accu-
racy. The primary results of the simulation were compared with the experimental ones
and considerable discrepancies exceeded 60% were observed (figure 2.7), especially in the
low energy range. Since the dead layers thicknesses are not always precisely provided by

the manufacturer and even can change during detector aging.
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Figure 2.7: Comparison of Experimental Full-Energy Peak Efficiency (FEPE) with the simu-
lated by the Manufacturer’s dimensions
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2.4.3 Germanium Crystal Dead Layer Adjustment

Since our detector is a p-type HPGe, its outer layer is composed of lithium. Over time,
the thickness of the dead layer increases as a result of lithium diffusion, which affects the
detector’s response. Therefore, it became necessary to adjust and optimize the dead layer
dimensions in the simulation to achieve better agreement with the experimental data. For
this purpose, the measurements were conducted using two gamma energies: 59.5 keV from
241Am and 661.6 keV from '37Cs at for positions (one directly in front of the detector and
three around the detector).

These energies were chosen to probe both the external and internal dead layers of the
crystal. The gamma ray at 59.5 keV with its short mean free path in germanium, is sen-
sitive to the external dead layer, while the gamma ray at 661.6 keV with a longer mean
free path (26.5 mm), penetrates deeper into the crystal, allowing for the characterization
of the internal dead layer.

The adjustment procedure used to estimate the thickness of the dead layer in the germa-
nium crystal involves incrementally increasing the dead layer thickness, starting from the
initial value (provided by the manufacturer) up to its optimized final value (see table 2.2).
. At each step, the measured intrinsic efficiency is compared with the Monte Carlo sim-
ulation results obtained at four selected locations. The calculation procedure stops when
the average difference between the calculated and measured intrinsic efficiencies becomes

less than 5%. The detector geometry modeled is illustrated in figure 2.8.

35



CHAPTER 2. MONTE CARLO SIMULATION AND DETECTOR EFFICIENCY MODELING

Table 2.2: The HPGe parameters provided by the manufacturer and values from the optimized

model

[75]

Parameters

\ Manufacturer Model \

Optimized Model

Aluminum Cryostat

Endcap diameter 70 mm 70 mm
Cup length 94 mm 94 mm
Thickness 1 mm 1 mm
Window to crystal distance 3 mm 3 mm
Carbon fiber window 0.9 mm 0.9 mm
Germanium Crystal
Crystal diameter 49.9 mm 49.9 mm
Crystal length 66.2 mm 66.2 mm
Ge/Li dead layer 0.7 mm 0.81 mm
Ge/B dead layer 0.0003 mm 0.0003 mm
Core Hole
Hole diameter 8.5 mm 8.5 mm
Hole depth 52.2 mm 52.2 mm
Aluminum Holder
Holder thickness 1.5 mm 1.5 mm

Aluminum/Mylar thickness

0.03 mm / 0.03 mm

0.03 mm / 0.03 mm
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Figure 2.8: the detector modeled by the MCNP 5 code

After adjusting the thicknesses of the front and rear dead layers by a step by-step
procedure, a good agreement was achieved between simulated and experimental efficiencies

(relative discrepancies decreased to 3%).
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Figure 2.9: FEP efficiency of detector at different energies for the final model
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2.4.4 Influence of Cross-Section Libraries on Efficiency Calcula-

tions

Despite extensive research in gamma spectrometry and detector modeling, there remains
limited knowledge regarding how the interaction probability between photons and the
detector material affects the overall effectiveness of the measurement system. One of the
critical parameters governing this interaction is the photon cross-section, which plays a
significant role in determining the detector’s absolute efficiency. Variations in cross-section
values directly influence the accuracy of simulated efficiency, as they alter the likelihood
of photon interactions within the detector material [26].

To investigate this effect, two different cross-section libraries were employed in simula-
tions using the MCNP5 code: ENDF/B-VI (Evaluated Nuclear Data File) and JENDL-5
(Japanese Evaluated Nuclear Data Library). These libraries were processed into ACE
(A Compact ENDF) format files using NJOY16.65.j5 [78]. The ACE format is specifi-
cally optimized for Monte Carlo simulations, allowing efficient and accurate modeling of
particle interactions based on evaluated nuclear data.

A comparative analysis of the two libraries was performed to evaluate the extent to
which the choice of nuclear data file affects the calculated efficiency results. This com-
parison highlights that the cross-section data significantly impacts the detector response,
particularly at lower photon energies, where interaction mechanisms such as photoelectric
absorption and scattering become more complex. The findings underscore the importance
of selecting an appropriate nuclear data library based on the energy range of interest to

ensure accurate simulation results and reliable efficiency calibration [75].

2.4.5 Marinelli Beaker Geometry

Environmental samples of very low radioactivity are often measured in specially designed
containers to ensure maximum detection efficiency, called Marinelli beaker geometry which
have the following characteristics [79]:

e They are made of materials with low absorption of gamma rays.

e Having an internal hollow volume to the shape of the detector for maximum efficiency.
e Airtight and not reacting with the sample content, having a wide-neck opening to fa-
cilitate their closures.

These containers have been designed to make the sample-detector geometry as symmet-
rical as possible and to increase the solid angle between the sample and the detector.
Marinelli beaker containers have lids with a unique locking design that excludes any

spillage or leakage of the sample material. The schematic and dimensions of the Marinelli
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beaker container used in this work are shown in the following figure.

Materiau:Polyethilene (CisHz00y)
Matrix = resine

Volume = 450 cm?

Density =1.15 g/cm®

D=114mm

d=77mm

H=101 mm

h=68 mm

Figure 2.10: Marinelli beaker source geometry

2.4.6 Modeling of Detector Efficiency for a Marinelli Source

To simulate the efficiency of the detector for honey samples, it is necessary to use standard
sources whose nature and shape are similar to those of the sample being analyzed, due to
the complexity of the honey matrix and the variability of its density. These sources must
have a composition close to the density and elemental composition of honey. In this study,
two multi-gamma ray sources, **Ba and '°?Eu, were used. These sources were packed
in Marinelli beakers filled with epoxy resin (chemical formula C18H2003), which closely
mimics the density and geometry of the honey samples. The resin’s composition and
physical properties ensure a faithful reproduction of the photon attenuation and scattering
behavior within the matrix, thus improving the accuracy of the efficiency calibration.
Gamma spectra were acquired using Gamma Vision software, with an acquisition time of
100,000 seconds, carefully adjusted according to the activity of the sources to maintain
a statistical uncertainty of less than 1% on the peak area. Background spectra were
collected over the same duration to ensure accurate background subtraction. The net
area of each gamma peak was determined by subtracting the background contribution
using Gamma Vision. The resulting detector response spectra were exported to OriginPro
2021 for further processing and comparison with simulated spectra on the same energy
scale. In OriginPro, the Quick Peaks gadget was used for intuitive peak identification,
while the Peak Analyzer tool enabled advanced peak fitting and deconvolution to resolve
overlapping peaks. This facilitated a more precise evaluation of the measured data against
the simulation. The complete analysis setup was saved as a reusable theme within Peak
Analyzer for reproducibility and future batch processing. Spectra were recorded using

8192 channels, with an energy resolution of 0.5 keV per channel, enabling detection of
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photons in an energy range from 53 keV to 1408 keV. The experimental full-energy peak
efficiency (FEPE) is given by [80]:

N
Eexp =
PTTAD G

(2.5)
where:
e N is the number of net counts under the peak,

In2

e A is the source activity (in Bq), calculated as A(t) = Age /2,

e T, is the counting time (in seconds),
e P, is the photon emission probability,

e ('t is the true coincidence summing correction factor.

The absolute uncertainty in the experimental efficiency is given by [81]:

s G GO CE (50

To develop a realistic detector simulation, the input file was meticulously prepared to

include all essential data describing the experimental setup. This involved specifying
the high-precision geometry, dimensions, and material properties of the detector, sample
container, and lead shielding. These details were comprehensively defined in the cell,
surface, and material cards of the input file, which comprised 18 cells and 51 surfaces.
Figure 2.11 presents the simulated HPGe detector by MCNP5 code with the Marinelli
beaker placed in the lead shielding.
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Figure 2.11: the simulated HPGe detector by MCNP5 code with the Marinelli beaker placed
in the lead shielding
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Figure 2.12: Comparison of the Experimental and Simulated Spectrum of the 2Eu Source in
Marinelli Beaker Geometry Using MCNP5H

41



CHAPTER 2. MONTE CARLO SIMULATION AND DETECTOR EFFICIENCY MODELING

As shown in Figure 2.12, there is excellent agreement between the simulated spectrum
(based on the optimized HPGe detector model) and the experimental measurement, both
in terms of peak resolution and the shape of the Compton plateau. This agreement
provides strong validation for the optimized HPGe detector geometry under environmental
analysis conditions. However, a careful comparison between the experimental spectrum
and the simulated spectrum (MCNP5) reveals the presence of several virtual peaks in the
experimental spectrum that do not correspond to the emissions of the %2Eu calibration
source. These virtual peaks are primarily due to the influence of coincidence summing
effects. Among the sum peaks observed in the experimental spectrum, various shapes and
degrees of summing effects can be distinguished, including: 1. Virtual peaks corresponding
to the respective coincidences between gamma-gamma radiation of *?Eu:

e Virtual peak at 755 keV from the sum of (411 keV with 344 keV)

e Virtual peak at 989 keV from the sum of (121 keV with 867 keV)

e Virtual peak at 1123 keV from the sum of (344 keV with 779 keV)

2. The peaks sum with the combination of X-rays; 40 keV and 45 keV from the K-shell
during the decay of %2Eu to %2Sm, with the gamma emissions of %2Eu:

e Virtual peak at 161 keV from the sum of (121 keV + 40keV)

e Virtual peak at 284 keV from the sum of (244 keV +40keV)

e Virtual peak at 484 keV from the sum of (443 keV -+ 40 keV)

3. We also have the emergence of coincidence peaks with a triple summation, Gamma-
Gamma-X-ray:

e Virtual peak at 1152 keV from the sum of (121.8 keV + 1085keV + 40 keV X-ray)

e Virtual peak at 1274 keV from the sum of (121.8 keV + 964 keV + 40 keV X-ray)

e Virtual peak at 1249 keV from the sum of (244.7 keV + 964 keV + 40 keV X-ray)

The presence of these virtual peaks leads to a noticeable increase or decrease in the
number of counts in the real photoelectric peaks corresponding to the emissions of the
source. This distortion affects the accuracy of the detection efficiency measurements as a
function of energy, ultimately compromising the reliability of quantitative calculations for
the analyzed samples. To address this issue, corrections for coincidence summing effects
are essential to achieve high-precision measurements in the determination of radionuclide
activity. These corrections ensure the accuracy and reliability of the gamma spectrometry

results, particularly in complex measurement scenarios.

2.4.7 True Coincidence Summing Effects

The multi-energy gamma-ray emissions of *?Eu and '*3Ba make them ideal for calibrating

gamma-ray detectors over a broad energy range 53-1408 keV. However, their complex
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decay schemes also introduce challenges, particularly due to coincidence summing effects
as described in figure 2.12. Coincidence summing occurs when two or more gamma rays
are emitted in a cascade (i.e. in quick succession) from the same nuclear decay. If these
gamma rays are detected simultaneously within the resolving time of the detector, they
are recorded as a single event with an energy equal to the sum of the individual gamma-
ray energies. The coincidence phenomenon arises from the simultaneous detection or -x;
these effects are independent of the frequency of the counting source and depend only on
two parameters [82]:

e detection efficiency: this is linked to the probability that a photon emitted by
the source interacts with the detector crystal. It depends on the solid angle of detection

and the photon’s energy.
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Figure 2.13: Effect of solid angle on the coincidence effects of sum peaks
e the desintegration shema: the complexity of the various de-excitation pathways

plays a major role in the summation effect due to coincidences, which is all the more

pronounced the higher the emission probability of the ray under consideration.
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Figure 2.14: decay scheme of Eu-152

Corrections for coincident peak sums can be avoided by counting the sample away
from the detector, so that the probability of two gamma rays reaching the detector at
the same time becomes negligible [6]. This is quite impractical for low-activity samples
such as environmental samples, where samples must be counted as close to the detector as
possible. Another way of avoiding coincidence summing corrections is to use a standard
containing the same radionuclide as that found in the sample to be analyzed. This may
be practical for a routine laboratory where a few radionuclides are checked using a set of
standards corresponding to those nuclides. But in cases where a variety of samples are to
be analyzed, such as environmental samples, fission products, neutron activation samples,
etc., it is virtually impossible to have standards which have the same radionuclides as
the sample to be analyzed; in such cases it is preferable to apply sum peak coincidence

corrections [83].

2.4.8 Methodology for True Coincidence Summing Correction

To account for these effects, corrections were applied using the MEFFTRAN (Marinelli
Efficiency Transfer) software, which use efficiency transfer principles and detailed decay
scheme data to account for summing effects. The software requires input data such
as the detector efficiency curve, source geometry, and decay scheme information for the
radionuclides of interest. In this study, the efficiency curve obtained from the experimental
was used as input, and the source geometry was defined to match the experimental setup
(a Marinelli beaker placed on the detector).

MEFFTRAN was then used to calculate correction factors for each gamma-ray energy

of interest. The corrections were implemented by precisely defining the characteristics
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of both the detector and the source in Excel-based sheets, ensuring that the efficiency
values were properly corrected for the true coincidence summing (TCS) effects. This
approach allowed us to obtain more accurate efficiency values by minimizing the influence
of coincidence summing on the experimental results. The FEPE corrected for coincidence

summing effects can be expressed as [84]:
5true(E> = 8meas(Ew) X Csum(E) (27)

where:

® cieas(F) is the measured full-energy peak efficiency without summing correction,

e Csum(F) is the coincidence summing correction factor, which accounts for the prob-

ability of summation losses.
1

Coum(E) = -5 B =

(2.8)

where:

e B; is the branching ratio of the i*" coincident gamma-ray,

e ¢, is the detection efficiency for the corresponding gamma energy.

The coincidence summing correction factor Cy,m(E) is derived from the summing proba-
bility, which depends on the branching ratios of the gamma transitions and the efficiency
of the detector for each energy level [26]. Despite its effectiveness, the MEFFTRAN-based

correction method has some limitations, such as uncertainties in the detector efficiency.

Table 2.3: True Coincidence Summing (TCS) Correction Factors for Different Gamma Energies

Energy (keV) | TCS Correction Factor
53 1.000
81 1.000
121 1.040
244 1.190
276 1.010
302 1.040
344 1.190
411 1.040
443 1.170
778 1.140
964 1.080
1085 0.970
1112 1.050
1408 1.060

45



CHAPTER 2. MONTE CARLO SIMULATION AND DETECTOR EFFICIENCY MODELING

2.4.9 Application of the Validated Model to Honey Samples

After validating the detector model and applying True Coincidence Summing (TCS) cor-
rections, the finalized MCNP5 simulation was used to compute full energy peak efficiencies
for honey samples placed in a Marinelli beaker geometry. To reflect the attenuation be-
havior of the samples, the elemental composition and density of various honey types were
determined experimentally using the Wavelength Dispersive X-ray Fluorescence (WD-
XRF) technique and implemented in the MCNP5 material cards. The honey matrix was
modeled as a homogeneous mixture primarily composed of glucose (80%)CsH1206 (17%)
water 3%of trace components (K, Ca, Mg, etc.) corresponding to an approximate elemen-
tal composition of 42% carbon, 6,5% hydrogen, and 49,5% oxygen, and 2% minerals. With
three representative densities considered: 1.25g/cm?, 1.35 g/cm?, and 1.45 g/cm®. For
each density, simulations were conducted with uniformly distributed radionuclides, and
the corresponding efficiencies were used to calculate the activity concentrations .Figure
2.15 illustrating the variation of detection efficiency with density, confirming the impact

of matrix density on detector response.
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Figure 2.15: Simulated efficiency curves for different honey densities
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2.4.10 Determination of Self-Absorption Correction Factors us-
ing the Developed Model

Among the corrections applied in gamma spectrometry for large-volume or dense sam-
ples, the correction of photon attenuation within the sample matrix—referred to as self-
attenuation or self-absorption correction is particularly important Once the MCNP cali-
bration efficiency is validated by the experimental measurement for honey samples, it is
able to use the simulated efficiencies for determining the self-absorption correction fac-
tors CSA. To accurately account for the attenuation of gamma photons within the honey
matrix, self-absorption correction factors were calculated using Monte Carlo simulations.
The methodology involved simulating the detector efficiency for the honey sample with
different densities and comparing it to a reference scenario in which the sample matrix was
replaced by air which representing negligible attenuation. The CSA factor was defined
as the ratio of the detector efficiency in a reference medium (typically air, representing

negligible attenuation) to that in the actual sample [85]:

Eair
Cgp = (2.9)
where:

o ¢, is the full-energy peak efficiency (FEPE) of the detector when the matrix is
replaced by air,

® Shoney is the FEPE with the actual honey composition and density.

Using air as the reference medium ensures that the correction factor reflects the true at-
tenuation behavior of honey without introducing additional absorption effects, as would
occur if a material such as water was used [86]. This approach enables precise quan-
tification of activity concentrations by compensating for matrix-specific photon losses,
particularly significant at low gamma-ray energies.

Simulation results presnted in figure 2.16 showed that self-absorption effects were more
significant at low gamma energies due to increased photon interaction with dense matrices,
the FEPE for low-energy emissions such as 53 keV was reduced by up to 60%, with
attenuation strongly dependent on both sample density and photon energy. At higher
gamma energies(>300keV), the attenuation effects are less pronounced, as photons are
more likely to escape the sample matrix and be detected. Indeed, at low gamma energies,
the ability to pass through the sample material in which it contains heavy elements with
higher densities and be detected by a detector is difficult due to the many interactions with

material atoms, which lead to the loss of energy before reaching the detector. However,
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at higher gamma energies the FEPE is reduced by only 2-3%, owing to the latter having

a larger chance of escaping from the sample and attaining the detector

Self-Absorption Correction Factor vs. Energy for Different Densities
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Figure 2.16: Variation of the self - absorption correction factor on the sample density (g/cm3)

2.4.11 Impact of Cross-Section Library Selection on Simulated

Efficiency

Two cross-section libraries were used to carry out simulations with the MCNP5 code:
ENDF/B-VI (Evaluated Nuclear Data File) and JENDL-5 (the first Japanese Evaluated
Nuclear Data Library). These libraries were generated as ACE (A Compact ENDF)
files using the NJOY16.65.j5 code. The ACE format is specifically designed for use in
Monte Carlo simulations, providing a compact and efficient method for processing cross-
section data. This format allows for accurate modeling of particle interactions based on
evaluated nuclear data. A comparison of the two libraries was performed to assess whether
changing the library would affect the simulated efficiency results. This study underscores
the influence of cross-section data on detector response, highlighting how different libraries
can impact efficiency predictions, especially at low energies where photon interactions with
detector material are complex. The selection of an appropriate library based on the energy
range of interest is essential for ensuring accurate simulations and reliable experimental
results [75].
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Figure 2.17: Efficiency calibration curves for the two libraries ENDF/B.VI and JENDL-5

The comparative analysis in Figure 2.17 illustrates the FEPE values derived from
MCNP5 simulations using two distinct nuclear data libraries—ENDF /B-VI and JENDL-
5—. Notable discrepancies were observed at lower energies (below 200 keV), where the
ENDF /B-VI library generally provides higher efficiency values compared to the JENDL-5
library. This difference can be attributed to variations in how the two libraries evaluate
the photoelectric cross-section in germanium, which is the dominant interaction mecha-
nism at these energies. At higher energies, however, the efficiency values obtained from
both libraries converge, with differences of less than 2%. This convergence suggests that
ENDF/B-VI and JENDL-5 are similarly effective in modeling detector response in the
higher energy range.

2.5 ANGLE Calculations

To conduct calculations using ANGLE software, several key parameters must be defined.
The process begins by establishing a reference calibration curve derived from experimen-
tally determined efficiency values. The detector’s geometric properties are then configured
within the "Detector" module, where the measurement geometry is defined as a Marinelli
beaker with customizable dimensions, including radii and sample height. Sample matrices
are characterized in the "Material" module, where their chemical composition and den-
sity are specified [87]. The efficiency transfer computation is executed in the "Transfer"

module, where the reference calibration curve is applied, and the calculation is initiated
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by selecting the "Calculations from Current Data" option. ANGLE employs the concept
of the effective solid angle (£2) to compute the Full Energy Peak Efficiency (FEPE) or
absolute efficiency [75].

The solid angle €2 is given by:

Q= / dd$2

V57SD

where Sp is the surface of the detector exposed to the gamma photons and Vj is the
volume of the source.
The absolute efficiency of the sample €, is related to that of the reference standard

€abs ref DY the expression [88]:

Q

€abs = €abs,ref
’ Qref

2.6 Simulation Results and Discussion

2.6.1 Validation of the optimized detector model

The results obtained for the source '*>Eu are presented in Figure 2.18. The figure demon-
strate that the simulation using the MCNP5 code, based on the optimized detector model,
shows excellent agreement with the experimental data. In contrast, the spectral simula-
tion based on the detector dimensions provided by the manufacturer exhibits a significant
discrepancy compared to the experimental spectra, particularly in the counts of the to-
tal absorption peaks and the shape of the Compton plateau. This comparison confirms
that the detector model adjusted in this study is indeed optimized. Furthermore, the
simulation using the MCNP5 code accurately accounts for all parameters involved in the
calculation, including not only the physical interactions with the various materials con-
stituting the detector but also electronic fluctuations such as electronic noise, variations
in the electric field, charge collection, and the sampling function performed by the MCA

(multi-channel analyzer) module.
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Figure 2.18: %2Eu Spectrum: Experimental vs. MCNP Simulation (Optimized Model)

The validation of the optimized detector model was performed by comparing the FEPE
curves obtained from experimental measurements, MCNP5 simulations and ANGLE soft-
ware calculations. This multi-method approach ensures the robustness and accuracy of

the model for gamma spectrometry applications.

2.6.2 Experimental vs. MCNP5 Simulated Efficiency

The experimental efficiency curve was derived from measurements using two Marinelli
sources 3Ba and *?Eu, which provides a wide range of gamma-ray energies for valida-
tion. The MCNP5-simulated efficiency curve was generated using the optimized detector
model, which accounts for the detector’s geometric details, material properties, and elec-
tronic effects. The MCNP5-simulated efficiency curve exhibits excellent agreement with
the experimental data across the entire energy range (from 53 keV to 1408 keV). This
agreement validates the accuracy of the optimized detector model in reproducing the

detector’s response under real-world conditions.

2.6.2.1 Experimental Vs Simulation calculations

The comparative analysis presented in Figure 2.20. shows the FEPE obtained from exper-
imental measurements, MCNP5 simulations, and ANGLE software calculations. At lower
energies, particularly at 53 keV, notable discrepancies arise between the experimental and
simulated efficiency values. The efficiency values derived from the ENDF /B-VI library

closely match the experimental measurements, showing consistent agreement within a
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Figure 2.19: Comparison between experimental and MCNP-5 efficiencies

narrow margin of error (less than 3%). In contrast, the JENDL-5 library and the semi-
empirical method (ANGLE) demonstrated larger deviations of approximately 50% and
70%, respectively.

These deviations suggest differences in how each method models low-energy photon
interactions, likely due to variations in cross-section data or differing assumptions in the
modeling approaches. The ANGLE software, which estimates efficiency based on effective
solid angle adjustments, consistently predicts lower efficiencies at low energies. This
underestimation is potentially due to differences in its treatment of photon attenuation
and scattering within the matrix of the Marinelli beaker.

As the energy increases (above approximately 121 keV), the efficiency values from all
methods converge closely with the experimental data, with error margins below 2%. This
close agreement at higher energies indicates that, for applications involving mid-to-high
energy gamma rays, both cross-section libraries and ANGLE provide reliable efficiency
estimations.

However, at low energies, experimental calibration remains essential to ensure ac-
curacy. These findings highlight the strengths and limitations of each method, offering
valuable insight into their performance across different energy ranges. The effectiveness of
each approach depends on the specific energy interval under investigation, enabling more

informed decisions regarding the most suitable simulation method for a given application.
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Figure 2.20: Efficiency calibration curves for both experimental and simulation calculation.
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Chapter 3

Experimental Methodology

3.1 Introduction

This chapter describes the experimental procedures used to assess the contamination of
honey samples by radioactivity, heavy metals, and antimicrobial residues. The study em-
ploys a combination of gamma spectrometry, atomic absorption spectroscopy (AAS), and
the CHARM technique to quantify the presence of contaminants. The methodologies for
sample collection, preparation, measurement, data analysis, and uncertainty evaluation
are outlined to ensure the reliability and reproducibility of results. The experimental
approach is designed to:

e Collect and prepare honey samples from different environmental settings (industrial
zones, mountainous regions).

e Measure the activity concentrations of radionuclides using high-purity germanium (HPGe)
detectors.

e Determine heavy metal concentrations using atomic absorption spectroscopy (AAS).

e Detect antimicrobial residues using the CHARM technique.

e Apply appropriate calibration, quality control, and statistical methods to validate the

results.

3.2 Sample Collection and preparation

3.2.1 Sampling Strategy

A set of nine Honey samples (500 g each), were collected during the spring and summer

of 2022 from various apiaries located in the northeastern region of Algeria. The colonies
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of honeybees were kept from winter to summer in the same apiary.Table 1 shows the
botanical origins of the honey samples studied. The sampling process was carefully de-
signed to encompass a diverse range of environmental conditions, particularly focusing
on locations with significant industrial activities that could contribute to contamination.
A total of nine distinct areas were selected based on their proximity to industrial zones,
mining operations, and other potential sources of environmental pollutants. The chosen
sampling sites included:

e Tebessa: Samples were collected from three different locations within this region—one
near a valley, another in the vicinity of a phosphate ore, and the third from a non-
industrial area, providing a contrast to the other sampling locations, where industrial
activities, traffic, and natural resources like quarries and mines may contribute to higher
levels of environmental contamination.

e Setif: Sampling was conducted near a quarry and a iron ore site, both known for their
potential emissions of heavy metals and radionuclides.

e Djelfa: Honey was collected from an area near a research center to evaluate potential
contamination from scientific and agricultural activities.

e Guelma, Blida, and Biskra: These samples were obtained from industrial regions, where
various manufacturing processes and traffic could contribute to environmental contami-

nation.

Figure 3.1: Honey samples collection

The selection of these locations was guided by the objective of assessing the influence of
industrial activities on honey contamination levels, particularly concerning radioactivity,
heavy metals, and antimicrobial residues. The geographical distribution of the sampling

sites is illustrated in Figure 3.2.
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Table 3.1: Botanical origins of honey samples from North-eastern regions of Algeria

Sample ID Type Of Honey Plants

Collection Season/Year

HO001 Multifloral Wildflower, Lavender

H002 Unifloral Rosemaryl

HO003 Multifloral Prickly pear, Thyme

H004 Multifloral Orange Blossom, Citrus

HO005 Multifloral Ziziphus spina Christi, Buckthorn plant
HO006 Unifloral Ziziphus spina Christi, Rosemary

HO007 Multifloral Wildflower, Eucalyptus

HO008 Multifloral Artemisia

H009 Multifloral Rosemary, Artemisia

Spring 2022
Spring 2022
Spring 2022
Summer 2022
Summer 20222
Summer 2022
Spring 2022
Summer 2022
Summer 2022

9°27°0"W__ 4°27°0"W__ 0°33'0"E
I

5°33'0"E___10°33'0"E

Figure 3.2: Map of sampling locations
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3.3 Experimental setup

3.3.1 Radioactivity measurements

Preparing the sample for analysis

Measurements involving low levels of radioactivity, comparable to background levels, as
in our study, require high detection efficiencies. This can be achieved either by using
an expensive, large-volume germanium detector or by increasing the solid angle between
the sample and the detector. We opted for the latter approach. For a maximum solid
angle of around 4, it is sufficient for the sample to almost completely encompass the
detector. The Marinelli polyethylene beaker container ensures this 47 geometry. Before
filling, the Marinelli beakers are cleaned with hydrochloric acid and rinsed several times
with distilled water. Hermetically sealed samples must be stored for 30 days to allow
226Rato reach secular equilibrium with its progeny. This duration is approximately seven

times the radioactive half-life of 222Rn

3.3.2 Gamma Spectrometry Analysis

e Acquisition chain

The measurements were performed by closed end coaxial, p-type HPGe detector. The
characteristics of the p-type HPGe detector used in this analysis are described in detail
in chapter II section 2. The detector is housed in a lead casing to minimize background
radiation, (see Figure ITI-1). Each sample is then placed on the detector for 10000 s to
ensure that the statistical uncertainty in the peak area will remain below 1%. The de-
tector, immersed in a dewar, is cooled by liquid nitrogen to a temperature equal to 77 K
(-196° C ) to reduce thermal noise and improve its performance in detecting gamma rays.
The background spectrum was acquired under the same experimental conditions by plac-
ing an empty Marinelli beaker in the measurement setup. This ensures that background
radiation is measured in an environment identical to that of the actual samples, allowing
for accurate background subtraction during data analysis. The collected spectrum was
then analyzed using GammaVision software. Calculation of the activity concentrations of
the various radioelements present in the samples was carried out both manually using a
spreadsheet (Microsoft Excel), and with GammaVision software. After measurement and

background subtraction, the activity concentrations were estimated.

e Energy Calibration
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The first step in spectrum analysis is aligning the peaks of the calibration source, which
emits gamma rays of well-known energies and intensities, with their corresponding chan-
nels. To ensure accurate calibration across the entire energy range of interest, we selected
a maximum of 8192 channels with a conversion slope of 0.5 keV /channel. As detailed in
Chapter 11, the energy calibration was performed using a multi-gamma source of Eu-152
(table ??). The GammaVision software includes a built-in function that automatically

generates the calibration curve.
e Efficiency Calibration

In gamma spectrometry, determining the detector efficiency is crucial for accurately cal-
culating the activity of radioelements in a sample. This requires an energy-calibrated
spectrum from standard radioactive sources over a sufficiently long period to ensure well-
defined peaks with minimal uncertainty. To minimize errors in activity calculations, the
standard sources should have a matrix density and geometry similar to those of the an-
alyzed samples, reducing the need for self-absorption corrections. In our laboratory, we
use two calibration sources: "?Eu and '**Ba. covering an energy range from 53 keV to
1408 keV, while ?3Ba offers additional calibration points at lower energies. Both sources
consist of a resin with a density close to that of honey (1.15 g/cm?) and are contained in
450 em? Marinelli beakers. In this chapter, we opted to use the efficiency values calculated

in chapter II.
e Calculation of minimum detectable MDA activity

the detection limit refers to the smallest amount of radioactivity that can be reliably
measured above the background noise. The Minimum Detectable Activity (MDA) is a
critical parameter, as it defines the lowest concentration of a radionuclide that can be
detected with a given level of confidence. The MDA depends on several factors, including
the counting time, the efficiency of the detector, the background radiation level, and the
energy of the gamma ray being measured and (MDA'’s) are calculated using a coverage

factor of 1.645, which corresponds to a 95% confidence level, using the formula [89]:

271 +4.65vVB
MDA = 1
BT om (3.1

where:
e B is the background count rate,

e P, is the photon emission probability,
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e ¢ is the simulated efficiency of the detector,
e T, is the counting time (in seconds),
e m is the sample mass (in kilograms),

The MDA for ?*Ra, 23?Th,*°K and !3"Cs radionuclides in the present measurement
system are calculated as 0.12, 0.21, 2.15 and 0.12 Bq kg-1, respectively. The activity
concentrations of 9 samples for 137Cs artificial radionuclide were either below the MDA

or not detected.
e Qualitative and Quantitative Analysis

After acquisition, the obtained spectra (shown in figure 3.3 and 3.4) were analyzed for both
qualitative and quantitative assessments of the honey samples. For qualitative analysis,
GammaVision software, in combination with our custom-built library generated using the
NUCLEIDES-NAVIGATOR III software (ORTEC), was used to identify the radionuclides
present in the samples. The software automatically compared the measured spectra with
the library, ensuring precise identification of the radionuclides based on their characteristic
gamma-ray energies. For quantitative analysis, the activity concentrations of the different
radioelements in the honey samples were calculated both manually using a spreadsheet
(Microsoft Excel) and with GammaVision software. The software integrated the identified
peaks and calculated the activity concentrations by measuring the areas under these peaks.
Using calibration data, it then provided accurate estimates of the radionuclides activities

in the samples.
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Figure 3.3: Spectrum of gamma radiation emitted by honey sample HO08
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Figure 3.4: Spectrum of gamma radiations emitted by honey sample HOO1
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The Concentrations measured using gamma ray energies emitted by ?'*Pb (351 keV)
and MBi (609 and 1764 keV) were averaged to determine the activity concentration of
226Ra. The activity concentrations of 232Th were determined by averaging the concentra-
tions measured from gamma ray energy emitted by 2'2Pb (238 keV) and 2°8T1 (583 keV).
Direct measurements of the activity concentration of K and '37Cs were determined from
the 1460 keV and 661 keV gamma-ray energies, respectively. The activity concentration

was calculated as follows [90]:

N

A(Bq/kg) = T om
¥ c

(3.2)

where:
e N is the net peak area (counts),

and its uncertainty was calculated as:

AA=A- \/<ATN)2 + <%>2 + (AP]?)Q + (%”)2 - (ATT)Q (3.3)

3.4 Heavy Metal Analysis

3.4.1 Instrumentation

The analysis of heavy metals was conducted using a PinAAcle 900H Atomic Absorption
Spectrometer (AAS) manufactured by PerkinElmer. This high-performance instrument
is equipped with both flame and graphite furnace systems, enabling the precise quan-
tification of trace metals at low concentrations. The PinAAcle 900H offers exceptional
sensitivity and accuracy, making it well-suited for the analysis of heavy metals in complex

matrices. The operating conditions and emission wavelength lines used for each metal are
detailed in Table III.1

Table 3.2: Operating parameters for elemental analysis using AAS.

Element Al As Cu K Zn
Fuel Flow (L/min) | 2.5 2.5 2.5 2.5 2.5
Wavelength (nm) | 309.27 | 193.70 | 324.75 | 766.49 | 213.86
Slit Width (nm) 0.7 0.7 0.7 0.7 0.7
Air Flow (L/min) 10 10 10 10 10
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3.4.2 Sample Preparation

e The honey samples were prepared by digesting a 1g of each sample with 8 mL of 69%
nitric acid (HNOj3) in Teflon vessels. ® The sealed vessels were then placed in a Milestone
microwave digestion system at 1000W and 200°C to break down the honey matrix and
release the target metals into a liquid form. e the cooled digestion solution was then

diluted to 50mL using high purity deionized water.

Figure 3.5: digestion process

3.4.3 Calibration

Calibration of process of AAS was performed using a series of standard solutions for each
target metal: potassium (K), aluminum (Al), arsenic (As), copper (Cu), and zinc (Zn).
The calibration process ensured accurate quantification of heavy metal concentrations in

the samples by establishing a linear relationship between absorbance and concentration.
e Preparation of Calibration Standards

e High-purity certified standard solutions (1000 mg/L) for K, Zn, Cu, Al, and As were
prepared from certified stock solutions. e A series of dilutions were made to cover the

expected concentration range in the honey samples
e Instrument Calibration

e The AAS was calibrated using a blank solution (deionized water) followed by standard
solutions at increasing concentrations as shown in the table III.2. e The absorbance values
were recorded, and a calibration curve was generated by plotting absorbance against

concentration.
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Table 3.3: Calibration parameters for heavy metal analysis using AAS: concentration ranges
and correlation coefficients (R?).

Metal Concentration Range (mg/L) | Correlation Coefficient (R?)
Potassium (K) 0.1-4 0.993
Aluminum (Al) 10-80 0.997
Arsenic (As) 10-80 0.989
Copper (Cu) 0.14 0.997
Zinc (Zn) 0.1-4 0.996
As 193,70 Cu 324,75 K 766,49
D,‘IZZ_ 0,152 j 0.4227
H H g
< <] <)
0,000} 0,000 0,000
,0 ' cbnc(mg/L) ! 80, 00" T conc(mg/ll) ' T 40 00" 77 cong(mg) T T a0
Calib Eq'n: Lin, Calc Int Calib Eq'n: Lin, Calc Int Calib Eq'n: Lin, Calc Int
Corr Coeff: 0,098428 Corr Coeff: 0,982414 Corr Coeff: 0,993152
(a) Figure A (b) Figure B (c) Figure C

Figure 3.6: Calibration Curve for Quantification of Heavy Metals Using Atomic Absorption
Spectroscopy (AAS)

3.5 Antibiotics residues

3.5.1 Charm II test

The Charm II technique is a competition test between an antibiotic labeled with tritium
(|3H|-Tetracycline) or carbon 14 (|14C|-Penicillin G) and the substance to be analyzed to
bind to a specific receptor [62]. In the case of a negative sample, all the sites of the receptor
will be occupied by the labeled antibiotic and we obtain a high signal. In the presence of
the substance sought, the sample is counted positive since there will be competition and

the sites of the receptor will be occupied by the labeled antibiotic and the substance to

be analyzed, hence a weak signal [58].
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Figure 3.7: Charm II 7600 system equipment

3.5.2 Tetracycline Test for Honey

Antibiotics, including tetracycline drugs, are widely used in apiculture to treat bacterial
brood diseases in beehives, such as American and European foulbrood. However, residues
of these antibiotics, including tetracyclines, have been detected in honey samples world-
wide. The CHARM II Tetracycline Test is a reliable method for detecting such residues.
This test utilizes a binding reagent with specific receptor sites that selectively bind tetra-
cycline drugs. During the assay, the binding reagent is added to a sample extract along
with a known amount of [*H| labeled tetracycline (tracer). Tetracycline residues present
in the sample compete with the tracer for binding to the receptor sites. The amount of
tracer bound to the receptor sites is then measured and compared to a predetermined Con-
trol Point, which serves as the cutoff value to distinguish between negative and positive
samples. A higher amount of bound tracer indicates a lower concentration of tetracycline
in the sample, while a lower amount of bound tracer indicates a higher concentration of

tetracycline.

D Trac 3 am.ple
AntibiZb esidue

c Bind i activi:‘
rec tes t

Figure 3.8: CHARM II test principle
[91]
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3.5.3 Sample Preparation

For the analysis of tetracycline residues in honey, 5.0 + 0.1 g of honey was weighed into
a labeled 50 mL centrifuge tube. If the honey contained sugar crystals, the sample was
gently heated in warm water until it became homogeneous. Next, 20.0 mL of deionized
or distilled water was added to the honey, and the mixture was thoroughly mixed until
the honey was completely dissolved. The diluted sample was then inspected for insoluble
debris, such as bee parts. If debris was present, the sample was centrifuged at 4000 rpm
for 5 minutes, and the supernatant was used for further analysis. For dark honey samples
(Pfund value > 83), a pretreatment step was performed by adding one Ion Exchange Resin
tablet to 5.0 mL of the diluted honey extract. The mixture was vortexed for 10 seconds
and centrifuged at 4000 rpm for 5 minutes. The resulting supernatant was transferred to

a new tube and used as the 5.0 mL sample for the subsequent steps of the analysis.

3.5.4 Determination of the Control Point (CP)

The Control Point (CP) is a critical cutoff value used to distinguish between negative and
positive samples for tetracycline residues in honey. It is calculated using data obtained
from Negative Control samples. A new Control Point must be established for each new
lot of tablet reagents to ensure accuracy and consistency. The procedure for determining
the Control Point is as follows: 1. Run Negative Controls: Perform six replicate tests
using Honey Negative Control samples in the assay. 2. Calculate the Negative Control
Average: Determine the average value of the six replicates. If any of the six determina-
tions deviate by more than 15% from the average, retest and replace that determination,
then recalculate the average. 3. Calculate the Control Point: Subtract 25% from the

recalculated average to establish the Control Point.

3.5.5 Interpretation of Results

The amount of tracer bound to the receptor sites is measured and compared to a prede-
termined Control Point (CP), which serves as the cutoff value for distinguishing between
negative and positive samples. A sample is classified as negative (compliant) if the mea-
sured value is strictly higher than the Control Point. Conversely, a sample is classified
as positive (non-compliant) if the measured value is less than or equal to the Control
Point (Figure I1.2). The interpretation is based on the principle that the amount of
bound tracer is inversely proportional to the concentration of tetracycline residues in the
sample. Specifically, a higher amount of bound tracer indicates a lower concentration

of residues, while a lower amount of bound tracer indicates a higher concentration of
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residues [92].

Point de contréle

Figure 3.9: Example of interpretation of Charm II test results
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Chapter 4

Results And Discussions

4.1 Introduction

Through the integration of simulation and experimental methodologies, this chapter aims
to provide a comprehensive evaluation of the contamination levels in honey samples. Col-
lects the results obtained from Monte Carlo simulations and experimental measurements.
The first part focuses on the Monte Carlo simulation results, where the performance of the
HPGe detector is evaluated through the FEPE calibration using the MCNP5 code and
the ANGLE software. This chapter presents the experimental analysis of honey contam-
ination. It includes measurements of radionuclide activity concentrations, heavy metal
content, and antibiotic residues. Data are further analyzed to determine spatial distribu-
tion patterns, radiological and toxicological risk indexes, and multivariate correlations to
better understand the origin and behavior of contaminants. These findings are discussed

in light of international food safety standards and potential public health implications.

4.2 Experimental Analysis of Radioactive Contamina-

tion

4.2.1 Activity Concentrations

The concentration of radioactive isotopes in honey serves as an important bioindicator of
environmental contamination. Honey is particularly valuable for this purpose due to its
ability to accumulate trace elements and radionuclides from the environment. After acqui-
sition, the obtained spectra were analyzed to perform both qualitative and quantitative
assessments of the honey samples. The detected radionuclides were found to be naturally

occurring, belonging to the radioactive decay chains of uranium-238 (***U) and thorium-
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Table 4.1: Comparison of the radioactivity levels in honey samples with those from other regions

worldwide

Activity Concentration (Bq/kg)

Sample 1D 226Ra 232Th 40K
H1 0.884+0.12  0.594+0.11 24 £2
H2 1.0240.11  0.71£0.13 2342
H3 1.1740.222 0.77+£0.12 4743
H4 1.38+0.21  0.80+0.13 28+2
H5 1.67 £0.4 1.80£0.26 62+3
H6 1.25+0.14  1.38+0.22 37 42
H7 1.07£0.09  1.29£0.19 34 £2
HS8 2.1£0.39 1.563+£0.24 43 £3
H9 2.41+0.4 1.04£0.17 26 +2
Mean 1,438 1.101 36
SD 0.520 0.418 12.9
World value [93] 33 45 420

232 (***Th). Additionally, the primordial radionuclide potassium-40 (*°K) was identified.
Anthropogenic radionuclides such as 3"Cs, originating from nuclear activities, were also
measured due to their environmental and health significance. The activity concentra-
tions of ??Ra were determined by averaging the measurements from gamma-ray energies
emitted by its decay products, 2'“Pb (351 keV) and *Bi (609 keV and 1764 keV). Simi-
larly, the activity concentrations of 32Th were calculated by averaging the measurements
from gamma-ray energies emitted by its decay products, 2'?Pb(238 keV) and 2°8T1(583
keV). For °K and '37Cs, the activity concentrations were directly measured using their
characteristic gamma-ray energies of 1460 keV and 661 keV, respectively. The activity
concentrations, expressed in becquerels per kilogram (Bq/kg), were calculated using the
relationship described in Chapter 3, with uncertainties reported at a 95% confidence level.
The measured activity concentrations were found to be within the typical range observed
in natural environments, suggesting no significant anthropogenic contamination in the
sampled honey. These results align with findings from similar studies in uncontaminated
regions, further supporting the use of honey as a reliable bioindicator for environmental
monitoring. The activity concentrations of radionuclides in various honey samples labeled

HO001 to HOO9 which vary from one sample to another, summarized in 4.1.

68



CHAPTER 4. RESULTS AND DISCUSSIONS

4.2.2 Spatial Distrbution

Quantum Geographic Information System (QGIS), a free GIS program [94] were employed

to illustrate the spatial distribution of radioactive content in the honey samples using

geospatial data analysis.
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Figure 4.1: Distribution of Activity concentration in honey samples: Spatial distributions of

232Th, 226Ra and K.

The geospatial distributions of radioaelements ?2Ra, 232Th and *°K were obtained by

mean their activities using the inverse distance weighting ( IDW ) approach. The spatial

distribution maps of the studied elements are presented in Figure 4.1. It reveals that
22Th and “°K have the highest levels in the honey collected from the western part of the

study area. The maximum concentrations of ?°Ra are attained in the northeastern parts.
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4.2.3 Radiological Risk Assessment

The radiological hazard indices are standard radiation hazard parameters used to assess
the effects of radiation exposure on human and public health. By considering the ra-
diation hazard associated with radionuclides (***Ra, ?*Th, and °K), these indices are
helpful in assessing the possible radiological influence of honey samples containing these

radionuclides by a single parameter.

Daily Intake (D;,;)

The daily intake of radioactivity is considered by the accumulation of radioactivity
in the human body through food consumption includes both the artificial radionuclide
(137Cs) and naturally occurring radionuclides such as ?*Ra, *2Th and °K, is calculated

using the following equation [95] :

Ai X Aig
Nd
Where, D, is the daily intake of radionuclides (Bq/day) by individuals, A; is the

activity concentration of radionuclides (Bq/kg), A;, is the per capita annual consumption

Dint — (41)

of honey(kg/year) and Njrepresents the number of days in a year. In Algeria, the average

honey consumption in 2015 was 0.2 kg per person [96].

Annual Effective Dose (AED)
The annual effective dose is the annual radiation dosage that different human organs
absorb or get as a result of consuming the naturally occurring radionuclides found in

honey. It is calculated using equation [97] :

AED(uSv/y) = Y~ Ai x Ajg x CCF (4.2)

Where CCF is the ingestion dose conversion factor for related radionuclides which is

are 2.8 , 2.3 and 0.062uSv/Bq for ?*Ra, 232Th and *°K respectively [98,99].

Excess Life Time Cancer Risk (ELCR)
The Excess Life Time Cancer Risk (ELCR) due to the ingestion of honey was assessed
in order to estimate the possible carcinogenic consequences of consuming these veggies

over an extended period of time used the equation [100]:

ELCR = AED x RF x L (4.3)

Where, RF represents for the fatal cancer risk factor per sievert, which is 0.05 Sv~according
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to the ICRP [101]. and Lis the lifetime duration (the average life expectancy in Algeria
is around 77,9 years [102].

Internal hazard index (H;,)
Internal hazard index of the gamma-ray specific activity concentrations of 22°Ra, 232Th

and 1°Kis calculated by using equation (3) given by:

ARa ATh AK

Hi =
185 * 259 * 4810

(4.4)

Representative level index (RLI)
The representative level index (RLI)could be used to evaluate the degree of radiation
hazard associated with terrestrial radionuclides [103], and it can be calculated using the

following formula:

ARa ATh AK
LI = 4.
. 150 © 100 T 1500 (45)

The growth of destructive body cells and hence subsequent development of cancer may

occur if the value of RLI exceeds the standard value of unity [103].

Annual gonadal dose equivalent (AGDE)

The genetic significance of the annual dosage equivalent that the population’s re-
productive organs (gonads) receive is measured by the annual gonadal dose equivalent
(AGDE) [|.

The following formula was used to determine the AGDE caused by the specific activity
of ??6Ra, 232Th and *°K.

AGDE = 3.09Ap, + 4.18 Apy, + 0.314Ax (4.6)

The calculated values of the daily ingestion and radiological hazard indices of radionu-
clides 2?Ra, ?32Th and *°K are presented in Table 4.2. The highest daily intake of 22Ra
was found in sample H9 (1.32 mBq/kg), while for *Th the intake ranges from 0.32
(mBgq/kg) in sample H1 to 1 (mBq/kg) in sample H5. The daily intake of “°K ranges
from 12.6(mBq/kg) in H2 to 34.2(mBq/kg) in H5, with H5 showing the highest levels
across all radionuclides.

The annual equivalent dose (AED) in honey samples was reported between 1,061 and
2,532 pSv/y with a mean value of 1,758 pSwv/y which is under the worldwide accepted
value of 290 puSwv/y [104]. Correspondingly, the lifetime cancer risk values calculated for

the three radionuclides in the honey samples were found to vary from 4,135 x 107% to
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Table 4.2: The caculated values of daily intake and radiological health risks parameters of
226Ra, 232Th and K.

Daily intake (mBq/day) Radiological hazard indices

Sample 1D

26Ra  2%2Th YK AED ELCR H;, RLI AGDFE

(wSv/y) x107° (wSv/y)

H1 0.36 0.32 14.2 1,0618 4,135 0,012 0,027 12,721
H2 0.56 0.39 12.6 1,183 4,607 0,013 0,029 13,341
H3 0.64 042  25.6 1,922 6,201 0,019 0,046 21,591
H4 043 0.76 153 1,488 5,795 0,016 0,035 164
H5 0.9 1.0 34.2 2,532 9,862  0,0288 0,070 32,152
H6 0.69 0.75  20.3 1,7936 6,986  0,0197 0,046 21,248
H7 0.59 0.71 189 1,6142 6,287 0,017 0,042 19,374
HS8 .15 0.84 234 2,413 9,398 0,026 0,057 26,386
H9 .32 0.58 145 2,15 8,375 0,022 0,043 19,958
Mean 0.737 0.641 19.888 1,758 6,850 0,019 0.044 20.352
SD 0.323 0.228 6.950 0.514 2.004 0,006 0,013 6.145
World value [104] - - - 290 1073 1 1 300

9,862 x107° , which are significantly lower than the acceptable cancer risk threshold 1073
for radiological risk [104,105|, demonstrating that there is a comparatively low radiological
health risk associated with the consumption of honey samples in this study is relatively
low. The internal hazard index H;, and he representative level index (RLI) , both vary
from 0,012 to 0,0288 and from 0,027 to 0,070 , respectively. hance, the radiation danger
levels linked to consuming the examined honey samples are within safe limits, as indicated
by the fact that all of these values are less than unity. Finally, as can be seen, the obtained
value of AGDE for the studied samples ranges from 12,721 to 32,152 with an average of
20.352 11Sv/y. Since the average value does not exceed the permissible recommended level
by UNSCEAR [104] ( 300uSv/y ), the hazardous effects can be caused by the radiological
exposure to gonads from consuming the analysed honey samples are negligible.

The 2000 report by UNSCEAR estimated that the annual global ingestion dose from
natural sources generally varies from 0.2 to 0.8 mSv, with an average of approximately
0.31 mSv. This dose was reassessed in UNSCEAR’s subsequent 2008 report, which found
the ingestion dose generally ranged from 0.2 to 1.0 mSv, with an average annual ingestion
dose of 0.29 mSv,which 0.17 mSv is due to *°K. This dose results from the consumption of
550 kg of food per year, which corresponds to an activity of approximately 50 Bq/kg,and
0.12 mSv is due to long-lived radionuclides from the uranium and thorium series [106].
According to the WHO and the FAO in the CODEX ALIMENTARIUS COMMISION the

dose from ingestion of *°K in food is not likely to be controlled because a healthy body
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Table 4.3: Comparison of the radioactivity levels in honey samples with those from other regions

worldwide
Activity Concentration (Bq/kg)

Location 226Ra 22Th 40K 137Cs References
Italy - - 61£12 <0.16 [108]
Poland - - 36£21 1.34+0.3 [109]
Turkey - - 69+4 18.240.45 [110]
Romania 4.16£1.22 1.51£0.74 24+4 0.56+0.34 [111]

Iraq 27.18 33.18 1027.6 [112]
Kosovo 0.484+0.15 1.2840.38 20.5+0.5 1.03+0.11 [113]
Malaysia 3.96+0.40 1.46+0.23 48+4 - [114]
Republic of Serbia 4.67+1.05 1.32+0.5  52+3 < 0.5 [115]
Slovakia - - - 1.2340.04 [116]
Greece - - 30+6 0.540.1 [117]
Algeria 1.43+0.23 1.10£0.17 36+2 < DL Present study

needs potassium for its well-being and the potassium content (including °K) is kept

constant by normal physiological regulatory processes [107].

4.2.4 Multivariate Statistical Analysis

Statistical analysis of this study was performed using origin pro software [118|. Pearson

correlation analysis was performed to assess how strongly the variables under investigation

are related. The principal component analysis (PCA) was employed to find the dependent

variable principals and reduce the dimensionality of various datasets to present informa-

tion with an emphasis on similarities and differences. In addition, hierarchical cluster

analysis (HCA) was applied to classify the measured and calculated radiological parame-

ters into groups based on their similarities.

The Pearson correlation analysis of honey samples
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Table 4.4: Principal component analysis of the radionuclides and radiological health risk pa-
rameters in honey samples

226Ra 22T 0K AED ELCR  Hin RLI AGDE

226Ra 1

2TH 0469 1

0K 0,207 0,733% 1

AED  0,806** 0,868** 0,702* 1

ELCR 0,806** 0,868** 0,702* 1 1

Hin 0,736*  0,874** 0,79305* 0,99**  0,99** 1

RLI 0,535  0,897%% 0017%%  0,923%% 0,023%% 0.96527%* 1

AGDE 0,532 0,890*%* 0,921*%%  0,921** 0,921** 0,963** 0,999%*% 1
*Correlation is signifcant at the 0.05 level (2-tailed test)

**Correlation is signifcant at the 0.01 level (2-tailed test)
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Figure 4.2: Pearson’s correlation matrix for studied honey sapmles.

Table 4.4 and Figure 4.2 display the pearson’s correlation coefficients between the
concentrations of natural radionuclides (*°Ra, #*Th, and*’K) and various radiological
health risk parameters.

A moderate degree of positive correlation (R = 0.46967) was noted between #*Ra and

232Th, indicating that these isotopes may to some extent co-occur in the honey samples
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because they are present in natural decay chains. In contrast to the other radionuclides,
226Ra demonstrated a weak correlation with*K ( R=0.20757) , supporting the distinction
made between series and non-series radionuclides. On the other hand, 2*2Th had a stronger
positive correlation with YK (R = 0.73342), suggesting that both radionuclides are likely
controlled by similar geochemical or environmental conditions in the study region.

The radiological risk parameters (AED, ELCR, Hin, RLI, AGDE) exhibited consis-
tently high correlations with all three radionuclides, reflecting their mathematical depen-
dence on activity concentrations. ??°Ra, showed strong correlations with AED and ELCR
(both R = 0.80672), while its correlation with Hin, RLI, and AGDE ranged from 0.53231
to 0.7362. In contrast, 23*Th demonstrated very strong correlations with all risk parame-
ters, including RLI (R = 0.89785) and AGDE (R = 0.89078), emphasizing its dominant
contribution to the overall radiological risk.

All the radiological hazard parameters showed very strong correlations with all three
of the radionuclides as expected from their direct dependence upon radionuclide activity
concentrations. #?Ra correlated most strongly with AED and ELCR (both R = 0.80672),
while all correlations with Hin, RLI, and AGDE were in the 0.53231 to 0.7362 range.

Principal Component Analysis (PCA)

The principal components analysis (PCA) is a multivariate statistical technique, Kaiser
guidelines state that the primary component and descriptor of the variance must have an
eigenvalue greater than 1.0 [119].Table 4.5 presents the principal components loadings,
eigenvalues, as well as their respective explained variance,while the rotated factor loadings
are illustrated in Figure 4.3.

Only one component with eigenvalue exceeding 1 explain around 85% of the total
variance and shows strong positive loadings with all variables, including ?°Ra, 232Th,
40K, AED, ELCR, Hin, RLI, and AGDE. This indicates that PC1 is heavily impacted by
overall radiological risk markers and may be understood as a comprehensive radiological
risk component. PC2 accounts for an additional 12.15% of the variance and is mostly
impacted by 226Ra’s high positive loading and °K’s negative loading which suggests pos-
sible differentiation between radionuclide sources or distribution behaviors.Thus, while
PC1 rflects quantitatively the total radiological impact from all parameters , PC2 seems

to factor out the effect of certain radionuclides.
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Figure 4.3: Principal component plot

Table 4.5: Principal component analysis of the radionuclides and radiological health risk pa-
rameters in honey samples

Variables PC1 PC 2
226Ra 0,26169  0,73266
232Th 0,34716  -0,14521
40K 0,31575 -0,53158
AED 0,37621  0,19567
ELCR 0,37621  0,19567
Hin 0,38213  0,07189
RLI 0,37597  -0,19492
AGDE 0,37532  -0,19952
Eigenvalue 6,8001 0,97214

Variance (%) 85,00126 12,15174
Cumulative (%) 85,00126 97,153

Hierarchical Cluster Analysis

Hierarchical Cluster Analysis (CA) is a multivariate technique designed to categorize
system objects into clusters based on their similarities, aiming to achieve an optimal
grouping where observations within each cluster are similar, while the clusters themselves
are distinct from one another [120]. The CA data (hierarchical clustering) for the activities

of the studied radionuclides and the radiological parameters is shown in Figure 4.4. All
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the clusters are formed based on existing similarities. Two main clusters were identified
from all of the parameters. The first cluster consists of only 2Ra while the second consists
of 22Th and *°K and all the other radiological variables. From cluster 1 and cluster 2
the total level of the radioactivity mainly depends on ?*2Th and °K concentrations. The

cluster analysis showed a strong association with both the PCA and Pearson correlation.

226 Ra

232Th

AED

ELCR

Hin

RLI
AGDE

Variables

I T T T T T T T T T
100 a0 G0 40 20 0

Similarity

Figure 4.4: Clustering dendrogram of the honey samples’ radiological parameters and radionu-
clides.

4.3 Experimental Analysis of Heavy Metals Contami-

nation

4.3.1 Heavy Metals concentrations

Trace elements such as aluminum (Al), potassium (K), and zinc (Zn), as well as Heavy
metals like copper (Cu) and arsenic (As) were analyzed in honey samples to assess their
levels and potential health risks. While K, Cu, and Zn are essential nutrients required
for biological processes, Al. is non-essential and can be toxic at high levels, where As is
highly toxic even at low concentrations. These elements can enter honey through various

pathways, including soil, water, and atmospheric deposition, making honey a valuable
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bioindicator of environmental pollution. The concentrations of heavy metals and trace

elements in the honey samples are summarazed in table 77

Table 4.6: Concentrations (mg/L) of heavy metals in honey.

Heavy metals concentration

Sample ID K Zn Cu Al As

H1 725470 0.15740.017  1.206+£0,20 6.89+£1.9 ND

H2 732479  1.897+0.31  0.569+0.023 8.45+2.78 ND

H3 723457 0.14740.0091  2.13240.25 9.50+3.34  0.00940.0001
H4 684424 0.11940.016  2.018+0.26  4.57+1.4  0.022+0.0013
H5 713423  0.1014+0.012  2.885+0.42 ND 0.006+0.001
H6 749479  0.21940.019  2.127+£0.27  9.79£3.9  0.012+0.0012
H7 751488  1.01240.20 3.33940.47 ND 0.0054-0.0006
HS8 706447 0.10840.0019 1.563+0.29 11.03+4.4 0.00140.0004
H9 719452 0.884+0.018 2.694+0.38 4.739+1.3 0.003+0.0005
Mean 722,444 0,551 2.059 7.852 0,00828
SD 20.821 0,626 0,860 2,527 0,007
WHO safe limits (uggl) 5 3 10-500 i g/kg

4.3.2 Spatial Distrbution
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Figure 4.5: K distrbution .
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Figure 4.6: Zn distrbution .

Figure 4.7: Cu distrbution .
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Figure 4.8: Al distrbution .

Figure 4.9: As distrbution .

The spatial distribution of heavy metals concentrations (K, Zn, Cu, Al, and As) (presented
in figures 4.5-4.9) in honey samples reveals distinct patterns linked to environmental
and botanical factors. Potassium an essential element in plants (684-751 mg/L), was
consistently the most abundant element, with relatively uniform distribution reflecting its
natural presence in nectar. Higher concentrations of trace metals were observed in samples
from industrial zones such as Blida (H007), Biskra (H008), and Guelma (H006), suggesting
a clear influence of anthropogenic pollution. Unifloral rosemary honey (H002) showed
elevated Zn and moderate Cu, while multifloral samples from Ziziphus and buckthorn
plants (H005, HO06) exhibited significant Cu content, highlighting the role of botanical

80

Al (mg/1)

[ ] <=1.558

| ] 1.558-2.739
[ ] 2.739-3.921
] 3.921-5.103

[ 5.103-6.284
I 6.284-7.466
P 7.466 - 8.648
B 8.648-9.829

B 9829

As (mg/1)
[ ] <=0.002

[ ] 0.002-0.005
|| 0.005-0.007
[ ] 0.007-0.010
] 0.010-0.012
I 0.012-0.014
B o0.014-0.017
B 0.017-0.019

Bl > o019



CHAPTER 4. RESULTS AND DISCUSSIONS

origin. Aluminum levels were highest in summer-collected samples from contaminated
areas—especially in HOO8 (11.03 mg/L) and H006 (9.79 mg/L)—possibly due to increased
dry-season deposition. Arsenic was not detected in honeys from relatively clean zones
(HOO1, HO02) but was present in trace amounts in samples from mining and industrial
areas, with the highest values found in H004 and H003, near phosphate and iron ore sites.
Overall, the spatial distribution pattern confirm that environmental exposure and floral
sources both contribute to the variability in heavy metal content, with summer samples

and those from polluted regions generally exhibiting higher concentrations.

4.3.3 Health Risk Assesssments

To evaluate the potential health risks associated with heavy metal exposure through honey
consumption, risk assessment indices such as the Daily Intake of Metals (DIM), Target
Hazard Quotient (THQ), and Hazard Index (HI) were calculated. These indices help
determine whether the detected metal concentrations pose a significant non-carcinogenic
or carcinogenic risk to consumers. The assessment considers average honey consumption
rates and established reference doses for each metal to provide a comprehensive under-
standing of potential health implications.

Daily Intake of Metals (DIM)

To determine the dose of human exposure,the average daily intake of was calculated

by the following equation:

Oeavmea Coneinae
DIM(mg/kg/day) = —ewvymetal X ~honeyintake. (4.7)

Baverageweight

where Cerq is the heavy metal concentration in honey (mg / L ), Choneyintake is the
average daily consumption of honey and it was estimated to be ( 50 g/day for both adults
and infants [121]) and Bayerageweight 15 the average body weight, it was considered to be
70 kg for adults and 15 kg for children [122].

Target Hazard Quotient (THQ)

The Target Hazard Quotient (THQ) is a widely used parameter in health risk as-
sessment to evaluate the non-carcinogenic risk of exposure to heavy metals. It compares
the estimated exposure level of a heavy metal to its reference dose (RfD), which is the
maximum daily exposure unlikely to cause adverse health effects over a lifetime. When the
THQ is less than 1, the exposed population is considered to be at no serious risk.However,
if it is greater than 1, it indicates that exposure may pose health hazards . The THQ is

calculated using the following formula [123]:
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DIM

THQ=—2—.
“=®D

(4.8)

where, RfD refers to the oral reference dose proposed by the U.S. Environmental
Protection Agency (US EPA) of each heavy metal. Oral RFDs for heavy metals were
presented in Table 4.7.

Table 4.7: Reference oral dose (RfD) for metals

Metals RfD ( mg/kg/day) Source

7Zn 0.3
Cu 0.04
As 0.0003 [124]
Al 1.0
K NS

NS: Not Specified.

Hazard Index (HI)

The HI is also used to assess the cumulative risk of multiple metals present in a food
product, calculated by summing the THQ values for each metal. The hazard index is
key factor for evaluating the overall potential risks associated with exposure to many

contaminants, it is the sum of HRIs of each heavy metals and is calculated as follows:

HI =THQcy, +THQu +THQz, + THQ as (4.9)

When the HI is greater than 1, it indicates the concumed item that contains pollutants

may have a significant negative impact on one’s health.
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Table 4.8: Daily Intake of Metals from honey consumption by adults and children

Daily Intake ( mg/kg/day )
Sample 1D K Zn Cu Al As
H1 Adults  0,3836  8,30688E-5 6,38095E-4 0,00365 -
Infants 1,78994 3,87616E-4  0,00298  0,01701 -

H2 Adults  0,3873 0,001 3,01058E-4  0,00447 -
Infants 1,80723  0,00468 0,0014 0,02086 -
H3 Adults 0,38254 7,77778E-5  0,00113  0,00503 4,7619E-6

Infants 1,78501 3,62927E-4  0,00526  0,02345  2,222E-5

H4 Adults  0,3619  6,2963E-5 0,00107  0,00242 1,16402E-5
Infants 1,68872 2,93798E-4  0,00498  0,01128 5,43156E-5

H5 Adults 0,37725 5,34392E-5  0,00153 - 3,1746E-6
Infants 1,76032 2,49358E-4  0,00712 - 1,48133E-5
H6 Adults  0,3963 1,15873E-4  0,00113  0,00518 6,34921E-6

Infant  1,8492 5,40687E-4  0,00525  0,02417 2,96267E-5

H7 Adults 0,39735  5,3545E-4 0,00177 - 2,6455E-6
Infant 1,85414 0,0025 0,00824 - 1,23444E-5
HS8 Adults 0,37354 5,71429E-5 8,26984E-4 0,00584 5,29101E-7

Infants 1,74304 2,6664E-4 0,00386  0,02723 2,46889E-6

H9 Adults 0,38042 4,65608E-4  0,00143  0,00251 1,5873E-6
Infants 1,77513  0,00217 0,00665 0,0117  7,40667E-6

The data in Table 4.8 demonstrates that honey consumption contributes minimal
amounts of metals to daily dietary intake for both adults and children. K shows the
highest levels (0.36-0.40 mg/kg/day for adults; 1.69-1.85 mg/kg/day for infants) because
it is naturally abundant in plant-derived foods such as honey, but these values remain
well below the recommended daily intake. The 4.7 times higher exposure seen in infants
simply reflects their smaller body weights rather than greater consumption, as toxicolog-
ical assessments are weight-normalized. Trace metals like Zn, Cu, and Al appear at very
low concentrations (107° to 1073 mg/kg/day), with the highest aluminum level in infants
(0.02417 mg/kg/day in H6) representing less than 1% of the safe weekly limit. Detectable
As in some samples (up to 2.96 x 1075 mg/kg/day) falls far below WHO safety thresholds
(Table 4.7). While occasional outliers like elevated zinc in sample H2 suggest possible local

environmental factors, the overall pattern confirms honey’s safety. The entries for certain
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metals indicate levels below detection limits, providing additional reassurance. The study
ultimately confirms that typical honey consumption poses negligible metal-related health

risks across all age groups.

Table 4.9: Target hazard quotient and harzard index of metals from honey consumption by
adults and children

Target Hazard Quotient

Sample ID K Zn Cu Al As Hazard Index
H1 Adults - 2,76896E-4 0,01595 0,00365 - 0,019874779
Infants — 0,00129  0,07444 0,01701 - 0,092739696
H2 Adults - 0,00335  0,00753 0,00447 - 0,015343033
Infants — 0,01561 0,03512  0,02086 - 0,071593663
H3 Adults - 2,59259E-4 0,0282 0,00503 0,01587  0,049359787
Infants — 0,00121 0,13159 0,02345 0,07407  0,230322644
H4 Adults - 2,09877E-4 0,02669 0,00242 0,0388  0,068121692
Infants - 9,79326E-4 0,12456 0,01128 0,18105 0,317869444
H5 Adults - 1,78131E-4 0,03816 - 0,01058  0,048921516
Infants —  8,31193E-4 0,17807 - 0,04938  0,228277581
H6 Adults - 3,86243E-4 0,02813 0,00518 0,02116 0,054865078
Infants — 0,0018 0,13128 0,02417 0,09876 0,256011433
H7 Adults - 0,00178  0,04417 - 0,00882  0,05476984
Infants — 0,00833  0,20609 - 0,04115  0,255567033
HS8 Adults - 1,90476E-4 0,02067 0,00584 0,00176  0,028464726
Infants — 8,888E-4  0,09647 0,02723 0,00823  0,132822107
H9 Adults - 0,00155  0,03563 0,00251 0,00529 0,044985361
Infants — 0,00724  0,16628 0,0117 0,02469 0,209910694
Average Adults 0,04274509
Infants 0,199457144

Table 4.9 presents the THQ for individual heavy metals (Zn, Cu, Al, and As) detected
in honey samples (H1-H9), as well as the aggregated Hazard Index (HI), representing the
cumulative non-carcinogenic health risk due to simultaneous exposure to these elements.
The values are calculated separately for adults and infants, considering their respective
consumption rates and body weights.

Across all samples, the THQ values remained below the safety threshold of 1, indi-
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cating that the exposure to individual metals through honey ingestion does not pose a
significant non-carcinogenic risk for either adults or children. However, a clear trend of
elevated TH(Q values is observed in infants, with values approximately 3—-5 times higher
than those for adults. This is attributed to infants’ lower body mass and relatively higher
consumption ratio, making them more susceptible to bioaccumulated toxicants.

Copper (Cu) consistently exhibited the highest THQ values among all metals across
most samples, particularly in samples H3, H4, H6, and H7, with infant THQ values
reaching up to 0.206 (H7). This is of concern, given Cu’s potential to induce oxidative
stress and hepatic toxicity at elevated levels.

Arsenic (As) though often present in lower concentrations, demonstrated significant
THQ contributions in samples H4, H6, and H9, with the highest value being 0.181 in
infants (H4). This reflects a potential concern for chronic exposure, especially considering
the high toxicity of inorganic arsenic compounds.

Aluminum (Al) a neurotoxic element, showed moderate THQ values in infants, partic-
ularly in H2 (0.02086) and H6 (0.02417), though well below the critical threshold.

Zinc (Zn) an essential trace element, generally displayed low THQ values across all sam-

ples and age categories, indicating low toxicity risk from honey ingestion.

When evaluating the Hazard Index (HI), the sum of all individual THQs for each
sample, a clearer picture of cumulative risk emerges. The HI remained well below 1 in all
adult cases, with the highest being 0.068 (H4). However, for infants, the HI values were
significantly higher, peaking at 0.3179 (H4) and exceeding 0.25 in several samples (HG6,
H7, H9). These results suggest that while adult exposure to these contaminants via honey
remains within safe limits, infants may face an elevated cumulative risk, particularly in

samples from industrial zones where environmental contamination is likely.
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Figure 4.10: Hazard index

4.3.4 Multivariate statistical analysis

Pearson Correlation Analysis

Pearson correlation analysis can be used to evaluate the correlation between HM con-
centrations and successfully identify different sources by looking at the linear relationship
between two different HMs. The degrees of linear correlation are described by the cor-
relation coefficient value (r), with |r| >0.3, it shows that there is a relationship between
the two HMs, while|r| > 0.7 There is a significant correlations [125]. Figure ?? displays
the Pearson correlation coefficients for each of these rates along with their significance
levels (p < 0.05). In this study, the correlations are considered moderate ( 0.5 < r <
0.7) , and weak ( r<0.5 ), respectively. The findings demonstrated that the high positive
correlation between Zn and Cu suggests that these metals have a possible common source
or similar behavior in the honey matrix. There was a nearly moderate positive correlation
between Al and K, suggesting that they might originate from a variety of sources [126].
Weak correlations between Zn and K, K and Cu signifie that these HMs may not be
homologous [127|. As ( same with Al except with K ) has negative correlation with all
metals which indicating that these metals may originate from different sources or undergo

distinct biogeochemical processes.
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Figure 4.11: Pearson’s correlation matrix for studied heavy metals of honey sapmles.

Principal Component Analysis (PCA)

The PCA has been used to identify pollutant sources and can effectively reduce the
number of variables and there by facilitate analysis of the relationships among the ob-
served variables [128]. Kaiser guidelines state that the primary component and descriptor
of the variance must have an eigenvalue greater than 1.0 [119].Thus, taking into account
eigenvalues greater than one, two principal components were extracted, accounting for a
cumulative variance of 83.73%. (Table 4.10). The first component (PC1) with a contri-
bution of 47.68% made significant positive contributions to the loadings of Zn (0.60104)
and Cu (0.61721), and one high negative contribution for Al (-0.50469). This shows that
PC1 is under the control of anthropogenic sources, that is, metal processing and industrial
emissions. Copper and zinc are widely used in galvanization, metal alloying, and elec-
tronics production, while aluminium negative loading may indicate a geogenic dilution
or an alternative natural background source. Hence, PC1 may reflect mixed inputs from
industrial processes and natural geological backgrounds. The second cmponent (PC2)
accounted for 36.05% of the variance and had significant positive loadings for K (0.60149)
and Al (0.46336), and a significant negative loading for As (-0.60607). This component
would indicate natural sources and agricultural amendments. Potassium and aluminum

are usually from soil minerals and rock weathering, while arsenic, as it is both geogenic
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and anthropogenic, has a reverse pattern—Ilikely due to leaching or differential mobility

in soil systems. Thus, PC2 could be related to lithogenic inputs as well as application of

phosphate fertilizers and pesticides mobilizing arsenic.

Table 4.10: Principal component analysis of trace metals in honey samples

Metals PC 1 PC 2
K 0,03917 0,60149
7n 0,60104  0,22029
Cu 0,61721 0,0875
Al -0,50469  0,46336
As -0,03941  -0,60607
Eigenvalue 2,384 1,802
Variance (%) 47,683 36,046
Cumulative (%) 47,683 83,729
-0.8 -0.6 -0.4 -0,2 0,0 0.2 0.4 0.6 0.8
9 9 T T T T T T
81 K
7
6 - Al 05
51
4 1
— 37 Zn
R 2]
S s
® 0 0.0
o 1
O -2 1
& -3 _-
-4
5
-6 =05
7] 5
-8 _
-9 T T T T T T T T T T T
-10 -8 -6 - -2 0 2 < & 8 10

PC1 (47.7%)

Figure 4.12: PCA analysis loading 2-D plot (PC 1 vs PC 2) for heavy metals in honey

Hierarchical Cluster Analysis

Hierarchical cluster analysis was conducted to analyze which sampling locations had

similar metals concentration to evaluate honey samples having comparable properties. According
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to the hierarchical dendrogram showed in Figure 4.13, K and Al grouped together in the
first cluster, which indicated a highly similar occurrence or concentration profile of these
two elements among the honey samples. Zn grouped with them later, which indicated
a moderate degree of similarity among these three elements. Cu grouped at the lower
similarity level, which indicated a more differential nature or source. As diverged as an
outlier, joining the others only at the lowest similarity level, which means that it has a
disparate distribution or potential source of contamination in the honey. Cluster pattern
may be a sign of differences in floral origin, environmental contact, or human-modified
inputs contributing to honey composition. These results showed good agreement with

those of the pearson’s correlation and principal component analysis.
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Figure 4.13: hierarchical dendrogram
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4.4 Experimental Analysis of Antibiotics Residues Con-

tamination

4.4.1 Antibiotics residues concentrations

Antimicrobial residues in honey are a significant concern due to their potential health
risks and impact on food safety. The analysis of antibiotic residues in honey samples
was conducted using two kits: TETH-012B for tetracyclines (chlortetracycline, oxytetra-
cycline, and tetracycline) and ATBLH-007C for chloramphenicol. For tetracyclines, the
detection limits were set at 10 ppb for chlortetracycline, 20 ppb for oxytetracycline, and
15 ppb for tetracycline. The control point for the assay was 1332 cpm, with negative and
positive controls recording 1583 cpm and 864 cpm, respectively. All honey samples showed
cpm values ranging from 1399 to 2231, which were higher than the negative control but
lower than the positive control, indicating no detectable tetracycline residues above the
specified limits. Consequently, all samples were classified as "Negative" for tetracycline
residues.

For chloramphenicol analysis, the detection limit was set at 0.3 ppb. The control
point for this assay was 1196 cpm, with negative and positive controls recording 1795
cpm and 1083 cpm, respectively. The cpm values for all honey samples ranged from 1232
to 1343, which were below the negative control but above the positive control, confirming
the absence of chloramphenicol residues above the detection limit. As a result, all samples

were also classified as "Negative" for chloramphenicol residues.

Table 4.11: Tetracyclines Residue Detection Results and Sample Analysis

Sample Kit Detection Control Negative Positive Sample Decision
ID Limit pointe  Control  Control value
(ppb) (cpm) (cpm)  (cpm)  value
H1 Chlortetracycline 2098
H2 10 2022
H3 Oxytetracycline 1399
H4 20 1975
H5 TETHO012B Teracycline 1332 1583 864 2096 Negative
H6 15 1829
H7 2231
HS8 2036
H9 2056
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Table 4.12: Chloramphenicol Residue Detection Results and Sample Analysis

Sample Kit Detection Control Negative Positive Sample Decision
ID Limit pointe  Control  Control value
(ppb) (cpm)  (cpm)  (cpm)  value
H1 1291
H2 1211
H3 1327
H4 1328
H5 ATBLHO07C 0.3 1196 1795 1083 1343 Negative
H6 1338
H7 1232
HS8 1277
H9 1283

The results presnet in tables 4.11 and 4.12 indicate that none of the analyzed honey
samples contained detectable levels of tetracycline or chloramphenicol residues, as all cpm
values fell within the acceptable ranges defined by the respective negative and positive
controls. For tetracyclines, the cpm values of the samples were consistently higher than
the negative control and lower than the positive control, confirming compliance with
regulatory limits. Similarly, for chloramphenicol, the cpm values of the samples were
below the negative control but above the positive control, further validating the absence
of residues. These findings are consistent with honey produced under regulated conditions,
where the use of antibiotics is strictly controlled.

The absence of tetracycline and chloramphenicol residues in these samples highlights
their compliance with international safety standards, ensuring consumer protection against
potential antibiotic exposure. Chloramphenicol, in particular, is a banned substance in
food production due to its severe health risks, and its absence in the tested samples un-
derscores the quality and safety of the honey. These results align with previous studies
that have reported low or undetectable levels of these antibiotics in honey from regions

with stringent
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(General Conclusion

This thesis began by developing a Monte Carlo model of an HPGe detector using
MCNP5 Code to simulate its efficiency for gamma spectrometry applications. The initial
model was constructed based on the manufacturer’s specifications; however, significant
discrepancies were observed, particularly in the low-energy range(80%). These discrep-
ancies highlighted the limitations of using nominal dimensions alone when simulating
detector performance. To resolve this, the model was refined by adjusting the germanium
crystal’s dead layer thickness, which had a critical impact on the detector’s low energy
response. After optimization, the simulated full energy peak efficiencies showed excellent
agreement with experimental values, with deviations reduced to less than 5% for low en-

ergies and less than 2% for higher energies.

Following validation with point sources, the model was extended to simulate the de-
tector response for Marinelli beaker geometry, which is commonly used in environmental
sample measurements such as honey. This geometry introduces additional complexities
due to the sample’s volume and its distribution around the detector, as well as the oc-
currence of True Coincidence Summing (TCS) effects that can significantly distort the
measured efficiency, especially for radionuclides with cascade emissions. To account for
these effects and ensure the reliability of the results, the Marinelli Efficiency Transfer
software (MEFTTRAN) was applied for TCS correction. Despite these challenges, the
refined Monte Carlo model maintained its accuracy and proved to be effective for complex

geometries and real sample measurements.

In addition, two photon cross-section libraries—ENDF /B-VI and JENDL-5 were tested
and compared to identify which dataset provided the best agreement with experimental
results. This comparison was crucial, as the selected cross-section data have a direct
impact on the simulated response of the HPGe detector. Moreover, understanding how
each library performs in different energy ranges helped to choose the most suitable library

for the specific energy interval relevant to this study. ANGLE software was employed.it
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estimates detection efficiency based on the effective solid angle, offering a semi-empirical

method that complements the MCNP5 results and supports their validation.

Following its validation and optimization, the Monte Carlo model was applied to evalu-
ate the radioactivity levels in honey samples of various botanical and geographical origins.
These measurements focused on key naturally occurring radionuclides: 22°Ra, 232Th, and
40K. Special consideration was given to self-absorption effects within the honey matrix
due to its high density (typically ranging 1.25 to 1.45 g/cm?) and complex composition
(sugars, water, organic acids, and trace minerals). These properties pose unique challenges
for gamma spectrometry, such as photon attenuation and self-absorption, which signif-
icantly reduce low-energy gamma photon detection efficiency. By accurately modeling
the matrix composition and density, the simulation accounted for these effects, ensuring

reliable results.

The validated model allowed for the precise quantification of activity concentrations in
the samples, which were subsequently used to calculate critical radiological hazard indices
(AED, ELCR, Hin, RLI, and AGDE). The results confirmed that all measured values re-
mained well within internationally accepted safety limits, as defined by UNSCEAR, WHO,
and FAO, highlighting the radiological safety and high quality of Algerian honey.
Beyond radioactivity measurements, this research also assessed the presence of other con-
taminants in honey, namely heavy metals and antibiotic residues (tetracycline and chlo-
ramphenicol residues), using Atomic Absorption Spectroscopy (AAS) and the CHARM
IT technique, respectively. These methods were selected to complement the radiological

analysis and provide a broader evaluation of honey safety.

The spatial distribution of heavy metals (K, Zn, Cu, Al, As) in honey revealed clear
correlations with both environmental pollution and botanical origin. Higher concentra-
tions were observed in samples from industrial zones and during the summer season.
Potassium (K) was the most abundant element, while trace metals like Cu, Al, and As
showed elevated levels in honey collected near industrial or mining areas, reflecting the

combined influence of anthropogenic activities and seasonal factors.

To interpret these complex datasets, multivariate statistical analyses—Principal Com-
ponent Analysis (PCA) and Hierarchical Cluster Analysis (HCA)—were employed. These
methods successfully identified contamination patterns, revealed significant correlations,

and enabled differentiation between samples from industrial versus non-industrial zones.
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GENERAL CONCLUSION

Finally, CHARM II analysis confirmed the absence of tetracycline and chlorampheni-
col residues in all tested samples, demonstrating compliance with international food
safety standards and underscoring the honey’s microbiological quality. Together, these
results validate the effectiveness of combining simulation-based approaches with multi-

contaminant experimental analysis for comprehensive food safety assessment.

Looking forward, future research could investigate the specific sources and pathways of
honey contamination—such as pollutants from soil, irrigation water, and atmospheric de-
position—providing insights into environmental exposure routes. Additionally, advances
in simulation tools and high-resolution spectrometry could further enhance the precision
and efficiency of contaminant detection. The integration of machine learning, such as
deep learning algorithms for spectral deconvolution and contamination pattern predic-
tion, holds great promise for accelerating analysis and improving decision-making in food

safety monitoring.
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