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Abstract

The present thesis focused on an ionizing radiation monitoring project of the soils of the Univer-
sity of Douala campuses (campus 1 and 2) and surrounding, in the Littoral region of Cameroon. The
purpose was to provide a baseline to document the conditions present at the time of sampling. The
methodology used y-ray spectrometry-based High Purity Germanium detector (HPGe), both Energy
Dispersive X-Ray Fluorescence (EDXRF) and Wavelength Dispersive X-Ray Fluorescence
(WDXRF) spectrometry for sample’s elemental characterization, and the Monte Carlo simulation-
based Geant4 toolkit for detector efficiency calibration. The Geant4 toolkit also provides the oppor-
tunity to optimize the detection systems using computer simulations and greatly reduces the need for
expensive (radiation exposure to calibration sources) testing in the laboratory.

The assessment of ***2**U, #*Th, '¥’Cs, and *’K concentration was done by measuring soil and
sand samples by v spectrometry-based High Purity Germanium detectors (HPGe). Both laboratories of
the National Radiation Protection Agency (NRPA) of Cameroon and the Atomic and Nuclear Spec-
troscopy, Archeometry Laboratory of the University of Liege were used for experiments. Geochemi-
cal characterization of soil samples, origin determination, and provenience were accessed by X-ray
spectroscopy. By comparing the results of two detectors and the technics used according to the detec-
tor type, improvements on the y spectrometry methodology were made. The relative uncertainty activ-
ity concentration was calculated for ?*Ra, ***Th, and “’K. The average report between the GC0818-
7600SL model and the BEGe-6530 model was the main outcome that suggested real attention that
should be paid when selecting the radionuclide to be investigated on a specific type of detector. The
BEGe detector was found to be more suitable for low y energy emitters measurement, compared to the
GCO0818-7600SL model, found more efficient for high energy y emitters.

The potential radiological hazards parameters were assessed by calculating successively the fol-
lowing parameters from using those sands in the construction of dwellings and large buildings: Radi-
um Equivalent activity (Racq), Outdoor absorbed y dose rate (Dou), Annual Effective Dose rate (AED),
Internal hazard (Hi,) and external hazard (Hcx) indexes, and « and y indexes for sand samples used as
building materials. Results obtained show that Annual Effective Dose absorbed by in-habitants due to
the use of the investigated sand as construction materials was found to be below 1.0 mSv y™'. There-
fore, sand used as building materials from the investigated quarries appears to be radio-logically safe
for building construction and for the environment (beaches, built houses, ...) where people could safe-
ly spend time. Soil characterization using EDXRF in the present study provided an overview of the
geological origin or provenience of the investigated area. As a result, the analyzed soil samples could
be classified chemically as Fe-soil and are illustrative dregs from the Continental margin because of
the high concentration of Fe in all the investigated samples. These data record the elemental composi-
tion and the natural radionuclide’s radioactivity levels of the studied area and could be set as reference
database information in the region, in Cameroon as well as for the Gulf of Guinea’s data.

Monte Carlo validation based on the GEANT4 toolkit has been used to validate the efficiency
calibration of the system, and it has been noticed that the combination of y-ray spectrometry, the de-
velopment of related Monte Carlo methods, and the GEANT4 (GEometry ANd Tracking) toolkit de-
veloped for y spectrometry simulation are compelling and useful for detector characterization nowa-
days. It can then be concluded that the Monte Carlo simulation gives more prominent adaptability,
greater flexibility, gained time, precision, and accuracy when determining the detector response and
efficiency in the routine of environmental radioactivity monitoring.

Keywords : Natural radionuclides; Monte Carlo Simulation; GEANT4, y-ray Spectrometry; XRF; HPGe
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Résumé

La présente thése porte sur un projet de surveillance de 1I’exposition aux rayonnements ionisants
naturels des sols des campus de 1'Université de Douala (campus 1 et 2) et alentours, dans la région du
Littoral Cameroun. Le but est de fournir une base de référence pour documenter les conditions pré-
sentes au moment de 1'échantillonnage afin de mesurer la contamination artificielle a la suite des acci-
dents nucléaires. La méthodologie est basée sur 1’utilisation d’un détecteur de Germanium haute pure-
té pour la spectrométrie vy, la spectrométrie de fluorescence X a dispersion d'énergie (EDXRF) et de
fluorescence X a dispersion en longueur d'onde (WDXRF) pour la caractérisation élémentaire de
I'échantillon et la simulation Monte Carlo. La boite a outils Geant4 a été utilisée pour 1'étalonnage de
l'efficacité des détecteurs.

L'évaluation des concentrations de 2**23U, 22Th, 'Cs et K a été effectuée en mesurant des
¢échantillons de sol et de sable par la spectrométrie y. Les deux laboratoires de '"Agence Nationale de
Radioprotection (ANRP) au Cameroun et du Laboratoire de Spectroscopie atomique et nucléaire, ar-
chéométrie de I'Université de Lieége ont été utilisés pour les mesures expérimentales. La caractérisa-
tion ¢lémentaire des échantillons de sol, la détermination de I'origine et la provenance géologique ont
été effectuées par spectroscopie a fluorescence X. En comparant les résultats de deux détecteurs et les
techniques utilisées selon le type de détecteur, des améliorations ont été apportées sur la méthodologie.
L'incertitude relative sur les concentrations d'activité a été calculée pour le *°Ra, #**Th et *°K. Le rap-
port moyen entre le modele de détecteur GC0818-7600SL et le modéle BEGe-6530 a été le principal
résultat suggérant une réelle attention a accorder lors de la sélection du radionucléide a étudier sur un
type de détecteur spécifique. Le détecteur BEGe s'est avéré plus approprié pour la mesure d'émetteurs
v de faible énergie, par rapport au modéle GC0818-7600SL, jugé plus efficace pour les émetteurs y a
haute énergie.

Les parametres de risques radiologiques ont été évalués en calculant successivement les para-
metres suivants : activité équivalente radium (Ra.q), débit de dose y absorbé a l'extérieur (Dou), débit
de dose efficace annuel, Les indices de danger interne (Hi,) et de danger externe (hey) et les indices «
et y pour les échantillons de sable utilisés comme matériaux de construction. Les résultats obtenus
montrent que la dose efficace annuelle absorbée par les habitants en raison de l'utilisation du sable
étudié comme matériaux de construction s'est avérée inférieure a 1,0 mSv y™'. Par conséquent, le sable
utilisé comme matériau de construction des carrieres étudiées semble étre radiologiquement sans dan-
ger pour la construction de batiments et pour l'environnement (plages, maisons construites, ...) ou les
gens pourraient passer du temps en toute sécurité. La caractérisation du sol dans la présente étude a
donné un apergu de 1'origine géologique ou de la provenance de la zone étudi¢e. En conséquence, les
¢échantillons de sol analysés pourraient étre classés chimiquement comme des sols ferralitiques et sont
des résidus illustratifs de la marge continentale en raison de la forte concentration de Fe dans tous les
¢échantillons étudiés. Ces données pourraient servir de base de données de référence dans la région, au
Cameroun ainsi que pour les données du golfe de Guinée.

La modélisation Monte Carlo basée sur la boite a outils GEANT4 a été utilisée pour valider
I'étalonnage de l'efficacité du systéme, et il a été remarqué que la combinaison de la spectrométrie v,
le développement des méthodes Monte Carlo associées et I’outil GEANT4 (GEometry ANd Tracking)
est une méthode convaincante et utile pour la caractérisation des détecteurs au germanium. On peut
alors conclure que la simulation Monte Carlo donne une adaptabilité plus importante, une plus grande
flexibilité, un gain de temps, de précision et d'exactitude lors de la détermination de la réponse et de
l'efficacité du détecteur dans le domaine de la surveillance de la radioactivité environnementale.

Mots clés : radionucléides naturels ; Simulation de Monte Carlo ; GEANT4 ; Spectrométrie-y ; XRF ; HPGe.
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Thesis Outline

After a brief general introduction and background of the research in the chapter 1, chapter 2
presents the interaction of ionizing rays with matter. The description of direct and indirect ionizing
rays has been developed in this section. Since y ray are used for qualitative and quantitative character-
ization of the samples in y spectrometry, it has been a subject of particular attention in this chapter.
Different processes of y-ray interaction with matter have been developed to show the physics process-

es involved during their interaction and used later for GEANT4 simulations.

In chapter 3 we present the y-ray spectrometry method used for radiological characterization of
the samples investigated in this thesis. The study is based on semi-conductor detector and for this rea-
son, only HPGe detectors characterization was presented in this section. The process is based on
methodology description including sampling and sample preparation, detector calibration, experi-
mental protocol, and result analysis and interpretation for both model of detectors used in this thesis.
The following chapter (Chapter 4) presents the results of y-ray spectrometry analysis and the discus-
sion. The campuses of the University of Douala, and the quarries of the city of Douala and surround-

ing are the area of experimentation and the results from both sites have been presented.

Chapter 5 contains a complete characterization of X-Ray Fluorescence spectrometry using the
same samples as those used in y spectrometry. Two methods have been using: Energy Dispersive X-
Ray Fluorescence (EDXRF) and Wavelength Dispersive X-Ray Fluorescence (WDXRF). The descrip-
tion of the methodology and the results obtained are presented in this chapter. Nevertheless, perspec-
tives on the characterization of the same samples using PIXE and PIGE are expected soon. In chapter
6 we present a wide description of Monte Carlo method used for simulation in the validation process
during this thesis. The principle of the Monte Carlo Method Applied to the Particle Transport and its
application for Semi-Conductor Detectors calibration is presented in principle. In addition, the
GEANTH4 toolkit useful aspects for the present study is presented at the middle of the chapter and its

implementation in y-rays spectrometry concluded the chapter.

Chapter 7 presents the result of Monte Carlo simulation of the BEGe detector (BE6530 model)
based on GEANT4 toolkit. Basic concepts of geometry definition and material definition are present-
ed with a wide range of geometry constructed in this research. After the presentation of the geometries
built in this thesis, the process of efficiency simulation and the results for our detector are presented.
This chapter end up with the validation of the GEANT4 simulation which uses Monte Carlo equation
and C++ language code. The last chapter presents the conclusion and future work that will be imple-
mented in the future. At the end of this manuscript, we present the general conclusions of this thesis
and the scientific communications derived from the work. Appendixes and references are the last part

of the document.
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Dedication

“The more you learn, the more you have come to the conclusion: 7 don t
know anything”

ga,mﬁonﬁmg’maﬁw, g’EEMMOMPW,W,MWJMMJ
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(Proserbs 11:4, from King Soloman)
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GENERAL INTRODUCTION AND BACKGROUND Introduction

CHAPTER 1. GENERAL INTRODUCTION AND BACKGROUND

1.1.Introduction

The binding of nucleons in a nucleus is stronger for some isotopes than others, for the hundreds
of elements known. Some nuclei are sufficiently tightly-bound that they are stable (as the case of the
elements as hydrogen, carbon-12, nitrogen-14, lead-210, iron, aluminum...), others have weaker bind-
ing. This later group would be in a more tightly-bound configuration if they changed their form by
different processes as emission or capture: these are the unstable isotopes, which undergo radioactive
decay. When they undergo decay naturally, they are called natural radionuclides (U-238, Th-232, K-
40 v) and when it is from manmade reaction or activities, they are artificial radionuclides (Cs-137).
When we have a group of unstable nuclei of the same type, they will tend to decay, and it is useful to
think of the half-life, which is the time taken for half of the nuclei to decay. The half-life is one of the
most important characteristics of a radionuclide and is related to its decay constant. Natural radionu-
clides are present everywhere on the Earth since its creation and most of the remaining are products of
reaction chain of the measured ones. Artificial radionuclides from Chernobyl and Fukushima acci-
dents have been transported through natural air and water circulations. It is therefore obvious that hu-
mans are exposed to both natural and artificial radiation since the discovery of radioactivity and its
exploration for human applications (industrial, medical, or research).

Human beings are continuously exposed to ionizing radiation from natural sources. There are
three main contributors to natural radiation exposures: Primordial (from the origin of the Earth), cos-
mogenic (cosmic-rays from the universe and solar winds), and human produced [1, 2]. The presence
of natural radioactivity in our living environment can result to internal and external exposures. The
most commonly encountered radionuclides that irradiated the human body through external exposure
from geological material such as soils and rocks (primarily by y radiation) are ****U and ***Th and
their subsequent radioactive decay products, and *’K. Different elements in the natural environment as
soil, rocks, building material, water, air, foodstuff (vegetable and meat) contains natural radioactivity.
Naturally Occurring Radioactive Materials (NORMs), under certain conditions, can reach radiologi-
cally hazardous levels. In addition, the human life environment is subjected to NORM in all its exist-
ence. The radiological implication of these radionuclides is external radiation exposure by y-rays and
internal exposure due to inhalation of radon and its daughters [1]. Measurements of radiation exposure
by y-rays from NORMs, and consequently the determination of the respective dose rate are needed to
implement radiation safety measures. Human activities that enhance the exposure to NORM are de-
fined as Technologically Enhance NORMs (TNORMs).

The knowledge of the natural radioactivity level is useful in order to set standards and national
guidelines in the light of national and international regulations. Social concern on public exposition
has recently encouraged many researchers to be involved in work that evaluated the natural back-
ground radioactivity in different countries and worldwide [2—5]. The measurement of the radioactivity
level and the radiological characterization of an area is a technical work that implies the knowledge of
different parameters, economic and societal factors. The used of y-ray spectrometry method for sam-
ples characterization as well as sampling method are the first steps of this technical work. Its use has
been increased recently in different countries, especially on assessing natural radioactivity and associ-
ated radiation exposure in different soils, building materials, and sediments [4, 6, 15, 7-14]. The cali-
bration of the detection system is a subject of importance during the assessment of natural radioactivi-
ty in environmental samples since the y-ray emission of the samples is generally low.
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Long-lived radionuclides such as 281, 22Th, and “K in soil, building material, water resource,
foodstuff, and their corresponding decay products are of special interest in this context. Detailed in-
formation about their distribution in our environment is one of the major interests of national and in-
ternational organizations. The determination of the activity concentrations of natural radionuclides in
soil with acceptable accuracy is important in the assessment of radiation dose by these radionuclides,
observing the behavior of natural radioactivity in the eco-system, and monitoring the natural back-
ground. The monitoring task has been carried out in developed countries in the early 1990 s while in
developing countries, the methodology is novel. Its novelty in such countries is probably justified by
the advanced technology needed for nuclear detection systems. Its combination with X-ray fluores-
cence measurement could provide complete environmental assessment in term of health protection.
XRF method provides elemental characterization of the investigated area and from the output results,
heavy metal concentration can be determined. It is also a subject of great importance to assess heavy
metal composition in natural resource, and in human environment (water, foodstuft) to provide useful
recommendations to governments and regulators in charge of the protection of people and goods. El-
ements as Au, Pb, Cu, Cr, Mn, Fe, Ni, Co, and elements 113-118 are subjected to investigation in XRF
analysis in general.

Soil and sand are mineral deposits formed through the weathering and erosion of rocks. Sand is
usually a subject of advance degradation and transportation processes. The deposits found at different
levels within the soil generally contain natural radionuclides that contribute to external y radiation.
The distributions of these radionuclides in various soils are related to the nature of the parent rock
from which the soils are derived and the processes through which the soils are concentrated [16—18].
For this reason, there are some areas in the world where the natural background is high compared to
other. In some countries as Iran, Brazil, China, Australia, and India, the background level is more than
a magnitude higher compared to what has been measured in other countries [19]. In addition to the
natural sources, soil radioactivity may also be affected by man-made radionuclides such as *’Cs,
B4Cs, PSr etc..., resulting from nuclear weapon, atmospheric weapons testing conducted in the past
century, and nuclear accidents such as Chernobyl and Fukushima [5]. External exposure to high level
of these non-natural radionuclides can result in malignant tumors and shortening of life. Internal ex-
posure is not excluded as the contamination can be involved in the alimentation chain. Nonetheless,
NORM concentration in environment can also be increased above average natural background level
through specific industrial activities, including waste products from companies.

Radioactivity assessment is a complex task as the counting system needs calibration prior to an
acquisition. Since equipment calibration requires the use of calibration samples or standards with the
same geometry as the samples, computational method can be really useful in environmental monitor-
ing assessment. With a wide variety of sample matrices and geometries, scientists proposed different
codes for equipment calibration based on Monte Carlo algorithms [20, 21, 30-32, 22-29]. GEANT4,
MCNP, FLUKA, PENELOPE, PHITS, and several codes had been used for efficiency calibration of
different detectors. Since the simulation methods improve the advancement of science as well as re-
duce the cost and time consumed for the fabrication and used of calibration sources, the GEANT4
toolkit based on Monte Carlo algorithms is used in this research project in the view of the validation
of calibration of the y detector [20, 31-34]. This toolkit is one of the most used in nuclear technology
for national defense and generation of power, and the applications of radionuclides in medicine, in-
dustrial research, consumer products resulted in the release of radioactive material into the environ-
ment, and astrophysics research. The main advantage of GEANT4 is that it is not a software as MCNP,
PHITS, EGS, and so on, but GEANT4 is a Toolkit that provides tools to build one personal applica-
tion.
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In Monte Carlo methods, quantities of interest for the application are calculated through statistical
sampling of interaction processes and are based on random numbers. The Monte Carlo algorithm im-
plies that the physical system is described by the probability density function which allows generating
random figures and the result is taken as an average of numbers which were observed [26, 35]. y-ray
spectroscopy has been widely used in environmental radioactivity monitoring, nuclear industry, geo-
chemical investigation, and astrophysics. Most radioactive sources produce y rays, which are of vari-
ous energies and intensities, and their use is subjected to exposure risk in the laboratory and in-situ.
Geant4 (for GEometry ANd Tracking), a platform for the simulation of the passage of particles
through matter using Monte Carlo methods, was used in the present project for simulation of the
Broad Energy Germanium detector (BEGe model BE6530) [31-38]. The GEANT4 toolkit allows the
simulation of the electromagnetic processes. In the related chapter, we presented the Monte Carlo
equations used in y spectrometry and implemented in Geant4 for our simulations. The present chapter
describes an overview of the present thesis project.

1.2. Natural sources of ionizing radiation

As previously highlighted, cosmic radiation, cosmogenic radionuclides, and terrestrial radiation
due to the primordial radionuclides are the main natural sources of ionizing radiation. The variation of
the magnitude of exposure varies depending on different parameters as the region of the exposition
and the composition and origin of the geological formation. For example, the exposure to cosmic ray
obeys to the principle of “the higher is the altitude, the higher is the exposure” and increases with the
latitude with minimum exposure at equatorial regions [1]. Cosmogenic radionuclides are those formed
as a result of interaction of the primary cosmic ray with earth’s atmospheric (C-14, H-3, and Be-7).
Primordial radionuclides characterized by long half-life are those that are thought to have occurred
since the creation of the earth (U-235, U-238, Th-232, and K-40).

In another hand, we distinguish TENORM for Technologically Enhanced Natural Exposure
which are exposures to natural radiation technologically enhanced by human activities. For instance,
the exposure to cosmic rays during air travel and special exploration are considered as TENORM [1,
39, 40]. Additional cases of enhanced exposures include mining activities in phosphate industry, pro-
cessing of monazite sands for rare earths extraction, oil and gas industry, radon in subway station, ra-
don and thoron in closed culture with CO», and coal-fired workstations. Significant exposure in some
agricultural facilities, especially in case of vinyl greenhouse in radon prone area as large-scale agricul-
tural facilities which used underground air for air -conditioning and CO> supply is a TENORM.

1.3.Importance of the Monte Carlo Simulation

The Monte Carlo simulations have two contributions to this project. First, we characterized the
efficiency and the calibration of the spectrometry chain: this is directly applicable to the calibration of
the y detectors of our laboratories. Several parameters related to the efficiency of the detector are at
the origin of the inaccuracies during the measurement: the detection and sample geometry, the shield-
ing of the measurement system, the solid angle of detection, and the statistical and counting times that
can be easily profiled by simulation. This simulation has not only academic but also industrial inputs
as it could enable detector manufacturers such as CANBERRA to refine the characteristics of the
germanium crystal in order to further optimize the detection efficiency of the system. On a second
point, the laboratory measurement results must be resumed by simulation in order to identify and re-
duce the error on the measurement. This was achieved by the following steps [10, 11]:

- Understanding and correction of complex effects that plague coincidence systems, including
cascade summing and the low—energy time—walk of coincident events;
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- Developing expertise in the Geant4 toolkit and Monte-Carlo methods for metrology, allowing
the creation of detector system simulations which could be utilized to optimize the geometries
and efficiencies of the proposed system.

As GEANT4 is an object-oriented toolkit for simulating the passage of particles through matter in
different disciplines as Nuclear, Medical, Applied Physics, and Astrophysics, it provides a wide range
of classes to be implemented for our personal simulation. Originally it was used to model particle and
nuclear physics experiments, however Geant4 is now used in a wide range of fields including nuclear
medicine and radiation protection. The GEANT4 toolkit encompasses an ample set of physics models,
specialized for particle type, energy range and detector applications, and functionality, ranging from
geometry to tracking, visualization and event biasing [31, 32, 41]. Relevant classes edited by pro-
grammers are usually related to the geometry, the physics processes, and the primary particle genera-
tor. When correctly adjusted, one can develop appropriate MC code for reproduction of a real physical
phenomenon. The Monte Carlo methods based GEANT4 simulations developed in the present study
were used to validate the obtained experimental result.

1.4.Relevance and justifications of the study

According to the literature, few studies have been carried out in Cameroon on assessment of the
public exposure due to natural radioactivity from soils and building material such as sand and data on
radionuclides concentrations in materials from mining areas are scanty. Consequently, there is a gen-
eral lack of awareness and knowledge of radiological hazards and exposure levels by legislators, regu-
lators, and operators. Some studies conducted on two suspected uranium mining in Lolodorf and Poli
by Beyala and Saidou [5] [16] have reported average annual effective dose of 0.307 mSv/year and
0.31 mSv/year, respectively. The expected results obtained in this work will be additional information
on natural radioactivity from NORM industries in Cameroon and may be used to set a national global
system of NORM in the light of global recommendations. They can also be used in Validating Geant4
detector models in comparison to existing detector systems, including HPGe detectors. Using Geant4
models to optimize the HPGe primary crystal and Extending Geant4 detector system models to identi-
fy areas where current systems can be improved and contributed to the novelty of this study were set
as additional objectives.

The used of Monte Carlo simulations is a real challenge in a context which involved manipulation
in the laboratory and simulation by coding or programming at the same time. In Cameroon, the num-
ber of researchers knowing as expert in Monte Carlo methods and using GEANT4 toolkit is almost
null. It is, therefore, a priority to implement MC methods based GEANT4 toolkit and extend the re-
search application to XRF, medical application, and other detection systems. It is also a new oppor-
tunity to invest in this new research field in view to share the knowledge with the future generation
and implement the results of the present work with another researcher in the field and everywhere it
can be useful.

This study will be important especially to the Radiation Protection Board in designing radiation
protection control guidelines. It is therefore of primary importance that radioactivity data that is col-
lected for the investigated areas, forms a basis for protection guidelines. The results obtained in this
study, together with data from other studies performed earlier, will enable projections on the possible
levels of radioactivity enhancement due to radioactive soils and sands in Cameroon due to human ac-
tions. Having a baseline is always a matter of monitoring as the background could be contaminated by
manmade actions and accidents as Fukushima. After such accident, monitoring the contamination
knowing the background is appropriate and could easily lead to valuable conclusions as the situation
without background data could be difficult to manage. The main contribution is the drawing of radio-
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logical map of the country as well as the introduction of Monte Carlo methods based GEANT4 code.
The useful value of GEANT4 might be proven by extending its use in different medical centers for
cancer’s treatment as the use of Radiotherapy, Cobalt-therapy, and linear accelerator in the sub-region
(Central Africa Zone).

1.5.Description of the environment of work

A PhD thesis requires to some extent, intervening parties, an organization, an internal and exter-
nal collaboration, and capabilities (intellectual, material, and technical) for its achievement. By the
active participation to the national and international communication on the research domain, the pre-
sent work is partially the continuity of the Master’s study concerning environmental monitoring as-
sessment on the one hand, and is a new project concerning Monte Carlo simulation, Geant4 toolkit,
and other nuclear methods used (XRF) on the other hand. The understanding of y spectrometry’s prin-
ciples was acquired during Master thesis. Concerning Geant4 toolkit and Monte Carlo simulation
based on C++ programming, the laboratory provided a framework where the attendance to different
international programming summer schools was possible. Two summer’s schools had then been at-
tended in the field of Monte Carlo simulation based GEANT4 toolkit, in 2015 and 2016. The Atomic
and Nuclear Spectroscopy, Archeometry laboratory of the University of Liege, the host University is
equipped with many High Purity Germanium detectors and Silicon Drift Detectors as well as Sodium
Iodine (Nal) detectors. The laboratory is also equipped with servers (NIC4); a cluster dedicates to in-
tense scientific calculations. This equipment was used as experimental setups and computational re-
sources. Several detectors used for experimental part of the project are presented in Figure 1-3 a and b.

Resource for computational work consisted of laptops and desktops as well as the GEANT4
toolkit. GEANT4 toolkit [32, 34, 42] is a publicly available Monte-Carlo toolkit developed at CERN,
which enables us to create accurate simulations of particle propagation through interactions with mat-
ter. As the cost of computing facilities decreases (the main limitation for computer-based modelling),
Monte Carlo simulations have become essential when developing new equipment, providing substan-
tial cost savings on prototyping and designing complex works. Our personal computers are equipped
with Geant4 code for test during computational assay.

The experiment was carried out at the campuses of the University of Douala Cameroon (04°
03°14.8" - 04° 03°29.7" N and 09° 44°00.1" - 09° 44°45.2" W). The map of the area is presented in
Figure 1-1. This study site was extended to the Littoral region of Cameroon (concerning building ma-
terial, especially sand from seven largest quarries). The first studied sites are located within the Doua-
la-Bassa zone where the geology is compromised by sedimentary rocks namely by the tertiary to qua-
ternary sediments. The second Field of experiment was formed by seven largest quarries namely:

- Bonaberi Bonamikano;
- Northern Akwa;

- Bois-de-Singe;

- Youpoue;

- Youpoue-Bamenda;

- Dibamba; and

- Village.

They are all located around the Douala town as can be seen in Figure 1-2. It is located within a
humid equatorial climatic zone. Annual rainfall ranges between 3000 and 5000 mm, and the annual
average temperature is 26 °C. The hydrogeology is modelling by the Wouri, Dibamba, Mungo, and
Docteur Anse rivers and the Atlantic sea [43—45]. The site is located in and around the most industrial
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city in Cameroon as well as in Central Africa Sub-region.

Description of the environment of work

Study area

Figure 1-1: Sampling site-geographic localizations: the first studied site selected, the campuses of the

University of Douala-Cameroon.
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Figure 1-2: Sampling site-geographic localizations, the second studied sites. Sand Building material
used in Douala and its surrounding. Map of the seven big sand quarries in Douala-Cameroon.
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BEGe6530 at the NRPA laboratory

Figure 1-3: CANBERRA high purity germanium detectors used in Cameroon’s spectrometry labora-

tory (left: BEGe 6530).
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1.6. Overview of the research

Various studies are being carried out all over the world to determine the exposure of humans to
ionizing radiation by y-ray spectrometry. In Cameroon, little works had been done to date. According
to the literature, very few studies have been carried out on the assessment of public exposure due to
natural and artificial radioactivity and data are scarce even for mining areas. Preliminary studies have
been conducted in Fongo Tongo in the western region of Cameroon [46], Poli in the north [5], Lo-
lodorf in the south [16], and Douala in the Littoral [47]. These studies [4, 5, 16, 47] done by Nguelem
et al. (in 2014), Saidou et al. (2008), Ben Bolie et al. (2010), and Ndontchueng et al. (in 2013 and
2014) revealed exposure doses Non-negligible and in some investigated sites, the presence of non-
natural radioisotopes such as '**Xe and '*’Cs. Some studies conducted at two sites of uranium Lo-
lodorf and Poli by Saidou et al. [S] and Beyala et al. [16] reported the mean annual effective dose of
0.307 mSv / year and 0.31 mSv / year, respectively. Even if these values are lower than the recom-
mended values set by the IAEA [48] and UNSCEAR [1, 49], it is necessary and urgent to determine
the NORM levels in the environment where the population live, especially for other high density
(population) sites.

Recently, the activity concentration of primordial and anthropogenic radionuclides of top surface
soil samples collected in bauxite ore deposit in the Western Region of Cameroon was determined us-
ing y-ray spectrometry based Broad Energy Germanium (BEGe 6350) detector by Nguelem et al. [13].
The observed average activity concentration values of ***Ra, »**Th, and *’K are comparably higher
than the recommended limit of normal areas by UNSCEAR but lower than the reported safe limit of
mineral bauxite ore deposit zone reported in the IAEA technical report. This investigation also pre-
sents trace amounts of '*’Cs (that is not naturally occurring material) and **°U in some few soil sam-
ples. From the obtained values of radiological parameters such as radium equivalent activity and ex-
ternal hazard indexes, using soils in the investigated area as building materials might increase radia-
tion risk exposure to the population. Additional investigation based on radon exposure and its daugh-
ters was recommended for further recommendations to the regulatory authority and inhabitants of the
locality.

The Monte Carlo simulation was born (firstly developed) in 1947 at the Casino Los Alamos
where games of chance inspired Nicholas Metropolis, who published for the first time in 1949 in an
article co-written with Stanislaw Ulam, [50, 51] the principle of this method. In this area too, very few
studies are undertaken in combination with y-ray spectroscopy in Cameroon [52]. Work has been done
to compare the theoretical and experimental results but very little to improve the construction of y de-
tectors [24]. In addition, the simulation code Geant4 is itself a new research domain in developing
countries as Cameroon [24, 31, 32, 34]. It is much more used in the fields of space, medicine, and
high energy enabling international collaboration. One of the best recent PhD thesis on Monte Carlo
methods based on Geant4 toolkit and y-ray spectrometry was done by Richard Britton in 2014 [53].
He used a combination of secondary detectors to optimize a Compton suppression system for the pri-
mary detector, which could improve the performance of the Compton Suppression system by an order
of magnitude. For the detector systems themselves, he also used a combination of experimental work
and Monte—Carlo simulations to develop and validate computer models of the laboratory systems,
which have then been utilized to improve the performance of all system components. Monte—Carlo
models (using the Geant4 toolkit) were initially used to reproduce the detector response of a HPGe
detector system, with the geometry parameters tuned to reproduce the peak efficiencies for a range of
photon energies. These models were then extended to accurately reproduce more complex HPGe de-
tector systems, with all detector components, interaction effects, and source matrices fully simulated.



GENERAL INTRODUCTION AND BACKGROUND Aims of the research

Obviously, the expected results of this thesis will not only have a contribution to the international
literature, but also applications in human society with regard to protection against ionizing radiations,
the benchmark definition of natural radioactivity, and especially in the field of construction of y detec-
tors with wide energy range. Improvement would be the benefit of Cameroonian society first in the
sense that the data to be generated are related to the country directly. For experimental y and X-rays
spectrometry, the samples analyzed came from the Littoral region of Cameroon. Monte Carlo simula-
tion can be really useful internationally since the used of Germanium detector for radioactivity as-
sessment is a worldwide activity. In every laboratory (using y spectrometry with HPGe) in the world,
the efficiency calibration of the equipment is an important step that could be achieved and improved
using the outcome of this thesis (GEANT4 simulation results).

1.7. Aims of the research

The research tends to conduct a comprehensive assessment and evaluation of public exposure to
natural radiation from a selected area in Cameroon using nuclear analytical techniques. As a result of
mining or undergoing mining process, the release of radioactive elements in the environment may re-
sult into contamination and enhancement of the background radioactivity in different areas. As the
measure city in Cameroon, Douala is the economic capital of the country and the most popular with
more than three million inhabitants. Campuses of the university of Douala were selected as the prima-
ry study zone. From being a student at the University, interest was shown as to figure out if the temple
of knowledge is radiologically safe enough or not. The studied site was extended to the largest quar-
ries in and surrounding the city of Douala. Objectives consisted of to obtain reliable exposure data
from natural radionuclides. This will establish a baseline map of radioactivity levels and the radiation
dose levels within the vicinity of the investigated areas (both campuses 1 and 2 of the University of
Douala and the seven big sand quarries in and around the city of Douala - Cameroon). Secondly, the
research also tends to study the pathways of exposure to radioelement from soils and evaluate the ra-
diological risk to the population by determining the activity concentration of 2°U, #**U, #**Th, *’K us-
ing high purity germanium (HPGe) detector and measuring of dose rate of the soil/sand samples ob-
tained from two campuses of University of Douala-Cameroon and the big quarries. Thirdly, the study
uses the combination between y spectrometry, development of related Monte Carlo methods, and the
GEANTH4 toolkit for y-ray spectrometry simulation (simulation of the interaction of photon through
matter) for the validation of the experimental results. The simulation was focused on Broad Energy
Germanium detector using in our laboratory.

The evaluation of the exposure due to natural radionuclides in the campuses of the university of
Douala and surroundings (sand’s querries) using High Purity Germanium (HPGe) detector is then one
of the major outcomes of the present reseach. As the study was going on, the area of research was ex-
tended to the surrounding of the campuses (the city of Douala) and the validation based on Monte
Carlo simulation using GEANT4 code was implemented. Extensive characterization of the investiga-
tion area based EDXRF and WDXRF provided valuable insights for environmental resource assess-
ment. Classification of the studied area is one of the major topics in geology to control the weathering
process and erosion. This allows the provenance determination of the investigated areas and could
guide in historical reconstitution or classification. Information collected from this part could be also
explored by geologist and government for resource management.
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Radioactive decay is defined as a statistical process that characterizes unstable nuclei by emitting
radiation that changes the state of the nucleus. Unstable nuclei are typically defined as those that have
an excess of energy, and therefore decay to a lower energy state via a variety of energy-loss mecha-
nisms [53]. An isotope that is radioactive is then called a radioisotope and this nomenclature will be
used in the remaining document. Each radioisotope may decay using one or many modes of disinte-
gration depending on different parameters as probability of existence of a nuclear state and transition.
Each mode of decay for every nucleus has a characteristic decay half-life (ti,) which is a fundamental
characteristic of radionuclides. These half-lives depend on the amount of excess energy, the disinte-
gration mode, and the underlying structure of the nucleus. The primordial radionuclides have a half-
live in the order of the Earth age. The common energy loss mechanisms relevant to the interaction of
radiation with mater that have been subjects of the present thesis are « decay,  decay, and y decay
(which is the main topic of the research).

2.1. Particulate Radiation

Nuclear radiation can occur in various categories, percent abundances (branch ratio), and energies and
this is a challenging field when performing radioactivity analysis. Also, a given radionuclide may
have more than one mode of decay, instead of been mono-energetic emitter, it could be dual energy or
multi-energy emitter (Eu-152) [54]. It is then important to differentiate radiation by their properties. In
this section, the attention is brought to the particulate radiation including « particle and electron.

Particulate radiations are those made of particles of matter. Particle radiation is referred to as a particle
beam if the particles are all moving in the same direction, similar to a light beam. This notion was ex-
plained by De Broglie in early starting of applied nuclear physics (light properties) [55-57]. Due to
the wave—particle duality, all moving particles also have wave character. But the reason why we sepa-
rated these radiations to electromagnetic radiations is the detection method and equipment that will be
presented in chapter 3 and their nature as massif radiation. There are many particulate radiation as a
particles, Negatrons, Positrons,  particle, Auger electrons, and Neutron radiations. This section pre-
sents only a, 3, and Neutron radiation for consideration of interest.

2.1.1. aradiation

The a particle, structurally equivalent to the nucleus of a helium atom without two electrons, is denot-
ed by the Greek letter o, and consists of two protons and two neutrons. a decay is a radioactive decay
that often occurs in heavy nuclei with an atomic mass higher than 82 (Z > 82) and results with a Heli-
um nucleus emission (helium nucleus instead of helium atom as mentioned in some references). For
example, the radionuclide americium-241 decays by « particle emission to yield the daughter nuclide
2"Np according to the following equation [34, 53, 54, 58]:

W Am — % Np +3He + 5.63 MeV 2-1

Since both proton and neutron numbers must be conserved in this process, a decay changes the iso-
tope of the parent nucleus according to the general equation (2.2). a decay series can be seen in Ap-
pendix A.

JX — 43 +5He (5.63 MeV) 2-2
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The energy liberated is shared between the daughter nucleus and the a particle, and the conservation
law of energy and momentum are respected in this process. a particles are less penetrative and can be
easily stop by a small layer of paper. For example, the Table 2.1 presents the linear range of 5.5 MeV
«a particles in various absorber in units of cm.

Table 2-1: Linear range of 5.5 MeV «a particles in various absorber in units of cm [54].

Air Water Mylar Paper Aluminum Copper Gold

4 0.0048 0.0036 0.0034 0.0024 0.001 0.00075

It was observed that the range of « particle range depends on several variables including:

(i) the energy of the «a particle,
(i) the atomic number and atomic weight of the absorber, and
(iii) the density of the absorber.

All these parameters are taking into account during a reaction to determine different products. As
the a particle cannot easily penetrate the human skin, the external exposure is usually neglected com-
pared to external exposure from other radiation type. But the internal radiation from « particle is a
real concern as the energy of a particle is usually around 5 MeV or more.

2.1.2. Electron Radiation

Electron radiation, also called £ radiation, is usually known as the free electron / negatron and its
antiparticle, called positron or positon. Electron family is composed of positive and negative charged
electron. Electron is considered as radiation only when it is free and in movement. The precision will
not be always repeated in the rest of the manuscript, but we will consider this notion as fundamental
for radiation definition.

- Negatron

A negatron or negative 8 particle (f) is a free electron emitted from the nucleus of a decaying ra-
dionuclide that possesses an excess of neutrons or, in other words, a neutron/proton (n/p) imbalance. A
negatron bound to a nucleus is not radiation, but only free negatron when propagates, is consider as
radiation. The nuclear disequilibrium caused by the n/p imbalance results in the decaying of a neutron
to a proton within the nucleus, where the balance of charge is conserved by the simultaneous for-
mation of an electron (negatron) according to the equation below (mass energy balance is conserved):

n—>p +p+v 2-3
An anti-neutrino accompanies [S-particle emission. Neutrino in this reaction as always is a parti-
cle of zero charge and zero mass. Like the a particle, the 8 particle interacts with matter via:

(i) Ionization; and
(i1) electron orbital excitation as it dissipates its kinetic energy.

A third mechanism of interaction with matter, which distinguishes the 8 particle, is radiative en-
ergy dissipation via Bremsstrahlung production [54].

- Positrons

In contrast to negatron emission from nuclei having neutron/proton (n/p) ratios too large for sta-
bility, positrons, which consist of positively charged electrons (positive f particles), are emitted from

10
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nuclei having n/p ratios too small for stability, that is, those which have an excess of protons. Usually,
the number of proton in the nucleus is larger than the required number for stability, and the proton
number should be reduced by proton decay. To attain nuclear stability, the n/p ratio is increased. This
is realized by a transformation of a proton to a neutron within the nucleus. The following equation
illustrates such a transformation that can transform Co-58 to Fe-58, N-12 to C-12, and B-12 to C-12:

pron+pf+v 2-4

Positrons dissipate their energy in matter via the same mechanisms as previously described for
negatrons, which is understandable, as both are electrons. But since the positon is an antiparticle of
electron, the emission of neutrino is needed: particle + antineutrinos as products or antiparticle + neu-
trinos. The stopping powers and ranges of positrons are virtually identical to negatrons and electrons
over the broad energy range of 0.03—103 MeV as both particles have the same properties except that
they are particle-antiparticle one another [54].

The stopping power for f particles (B" or ) is the sum of the collisional and radiative contribu-
tions as shown by the following equation:

dEY dEY dEY
St R I ) IR 2-5
dx tot dx col dx rad
where the superscript + refers to positively or negatively charged electrons. § particles are more

penetrative than a radiations and could be shield by composition of metal as aluminum and low atom-
ic weight materials as plastic, wood, water or acrylic glass.

- Electron Capture

Sometimes, instead of converting a proton into a neutron internally, a nucleus is likely to capture
an electron to create a neutron after electron-proton combination. The mechanism by which an unsta-
ble nucleus can increase its n/p ratio is via the capture by the nucleus of a proximate atomic electron
(e.g., K- or L-shell electron). The combination of electron and proton is done via the following equa-
tion [59-61]:

e + p" > n + v+ inner Bremsstrahlung + X —rays + Auger electrons +(y) 2-6

The electron capture (EC) process is sometimes referred to as K capture, because most of the
electrons are captured from the K shell, which is the closest to the nucleus. This process is regulated
by mass-energy conservation as the most conservative process will be likely to occur. A v is emitted
and this emission is accompanied by another emission of internal bremsstrahlung. In this situation, the
bremsstrahlung is a continuous spectrum of electromagnetic radiation that originates from the atomic
electron as it undergoes acceleration toward the nucleus. An example of a nucleus that undergoes this
process is the transformation of Na-22 to Ne-22: the process is possible by B* decay at 90% and Elec-
tron Capture at 10% while the transformation of Zn-65 to Cu-65 is possible by B"at 1.5% and by EC
at ~98%.

- Internal Conversion Electrons (IC)

Decay by internal conversion (IC) results in the emission of an atomic electron. In general situa-
tion, when an atom absorbs the excited energy of a nucleus, it emits an electron called the internal
conversion electron. The process is known as internal conversion. It is accompanied with the emission
of y-rays. This mode of decay even competes with y-ray emission as a de-excitation process of unsta-
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ble nuclei. The kinetic energy of the electron emitted is equivalent to the energy lost by the nucleus
(energy of transition of the excited nucleus to its ground or lower energy state) less the binding energy
of the electron as illustrated by the following equation:

E,=(E,-E;)-E, 2-7
where E. is the kinetic energy of the internal conversion electron as it is propagated. This value
could be positively limited to zero as the process is likely to occur,

(Ei - Ey) is the energy of transition between the initial, E;, and the final, Ef, nuclear energies nor-
mally associated with y ray emission, and

Ey is the binding energy of the atomic electron.

Internal-conversion electrons may be emitted from specific electron shells of atoms. The energy
involved for the possible process may be expressed in terms of internal-conversion electrons and vy-
rays of the same energy less the energy difference resulting from the binding energy of the electron
[34, 54]. The process is useful in spectrometry to analyze 243/244 Cm mixture. It also helps in deal-
ing with safeguards verification with IAEA system of verification of Nuclear material [62]. In the
electron-capture (EC) decay processes, vacancies are left in electron shells (K, L, M . . .) that can be
filled by atomic electrons from higher energy levels.

- Auger Electrons

An Auger electron can be considered as the atomic analogue of the internal conversion electron.
In the internal conversion process, the energy absorbed is from nuclear origin while in the Auger pro-
cess, it is from atomic origin. In the process of falling to a lower energy shell to fill a vacancy, elec-
tron energy is lost as a photon of x-radiation emission. This x-radiation may either travel on to be
emitted from the atom or it may collide with an atomic electron, resulting in the emission of the elec-
tron referred to as an Auger electron [34, 63—65]. The application of Auger electron is generally the
Auger electron spectroscopy that is used as a valence — band spectroscopy. It is a surface sensitive
analytical technique because the Auger electrons have an escape depth of only few tens of angstrons.

Epger=(E, —E)—E,=hv—-E|, 2-8

- B particle absorption and Transmission

On the basis of the exponential character of S-particle absorption we can describe the transmis-
sion of f particles through the absorber as the exponential decay law. It is shown in the equation 2.9
below:

I=1e™" 29

where I is the intensity of the [ particles transmitted through the absorber,

Iy is the initial intensity of § particles incident on the absorber,

w is the linear absorption coefficient in units of cm™, and

x is the absorber thickness in cm (or in inverse unit of the linear absorption coefficient).

This expression can also be given in mass absorption coefficient [53, 58, 66, 67]. In that case, the
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density is considered in the formula in the exponential argument. The average range of electron de-
pending on the density of the medium for different materials is given in Table 2-2.

Table 2-2: Range of 2.3 and 1.1 Mev electron radiation in some medium. The range depends on the
medium density absorbers.

Maximum f range (energy dependence)

Material Density

(2.3 MeV) (1.1 MeV)
Air 1.2 mg/cm? 8.8 m 3.8m
Water (soft tissue) 1.0 g/cm’ 11 mm 4.6 mm
Plastic (acrylic) 1.2 9.6 4
Glass (Pyrex) 2.2 5.6 2.2
Aluminum 2.7 4.2 2
Copper 8.9 1.2 0.5
Lead 11.3 1 0.4

2.1.3. Neutron radiation

The neutron is a neutral particle, which is stable only in the confines of the nucleus of the atom. A
free neutron is not stable and especially when moving with high speed, becomes subject of interest. Its
mass, like that of the proton, is approximately equivalent (superior equivalence) to 1 u (atomic mass
unit). Unlike the particulate ¢ and f nuclear radiation previously discussed, neutron radiation is not
emitted in any significant quantities from radionuclides that undergo the traditional nuclear decay
processes with the exception of a few radionuclides such as **2Cf and ***Cm, which decay to a signifi-
cant extent by spontaneous fission. For C{-252, the average neutron ratio per fission is 3.75, which is
high enough to give this radionuclide the attention to be used in industrial radiography.

Neutrons are generally classified according to their speed which determines their kinetic energies.
There is no sharp division or energy line of demarcation between the various classes of neutrons as it
is the case for other radiation with characteristic energy; however, the following table (Table 2-3) is an
approximate categorization according to neutron energy [67—71]:

Table 2-3: Categorization of Neutrons according to their energy

Class of Neutron Energy range
Cold Neutron <0.003 eV

Slow or Thermal Neutrons 0.003 - 0.4 eV
Slow or Epithermal Neutrons 0.4-100eV
Intermediate Neutrons 100 eV — 200 keV
Fast Neutrons 200 keV — 10 MeV
High energy or relativistic Neutrons >10 MeV

Until late 1932, the neutron discovered had eluded scientist all over the world as the particle is
neutral charged and its penetration power is too high compared to particles discovered at that time.
The evidence of the existence of neutron was provided in 1932 by J. Chadwick during an experiment.
When he placed a source of a particle-radiation in close proximity to beryllium, a particle with high
penetration power was emitted contrary to the expectation: the particle was neutron. It was known that
bombarding beryllium with « radiation would produce another source of radiation, which had a pene-
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tration power through matter even greater than that of y radiation (especially for high Z materials).
Nowadays, americium / beryllium neutron sources are still used in non-destructive tests (NDT).

The discovery of neutron had been one subject of real importance in the human history since nu-
clear fission, fusion, and accelerator sources are based on neutron technology. The absolute use of
neutron in nuclear reactors without any other possibility shows how important neutrons are in nuclear
physics. Neutron has many channels of interaction with matter as elastic scattering also known as col-
lision with an atomic nucleus, inelastic scattering (generally occurs when a fast neutron collides with
nuclei of large atomic number), neutron capture, and nuclear fission [60, 61, 67, 72—74].

The most simplified expression for the calculated beam intensity (I) after passing through an ab-
sorber of thickness (x) when the absorber material consists of only one pure (when there is a mixture,
the order and arrangement of material should be taken into account) nuclide and only one type of re-
action between the neutron beam and nuclei is the following equation:

[:[Oe—n o X 2_10

where 7.0 is the number of nuclei per unit volume (cm®) and
o the neutron cross section in cm®.

The neutron cross section ¢ can be defined as the area, usually in cm® or barn, for which the
number of nuclei—neutron reactions taking place is equal to the product of the number of incident neu-
trons that would pass through the area and the number of target nuclei. This concept is the most im-
portant in neutron physics or reactor physics as the neutron is not characterized by a specific radionu-
clide or a characteristic spectrum. The-cross section is defined in units of 10?* cm?* (one barn) on the
basis of the radius of atomic nuclei being about 107> cm. The question on what would happen to a
free neutron that is not absorbed by any atomic nucleus remains. The free neutron is not stable and
will not remain longer. It decays according to the following scheme:

n—>p +e +v+0.782 MeV 2-11

The 0.782 MeV of energy released in the neutron decay corresponds to the difference in mass of
the neutron (1.0086649 u) and the sum of the masses of the products of the neutron decay, that in-
cludes the proton mass (1.0072765 u) plus the electron mass (0.0005485 u), or 1.0078250 u. Referring
to Einstein’s equation of mass and energy equivalence, this mass difference of 0.0008399 u can be
converted to the equivalent of 0.782 MeV of energy [54]. For this reason, a free neutron at rest will
always undergo the previous reaction with the production of 0.782 MeV.

In summary, we can state that the principal mechanisms of interaction of charged particles as «
particles, protons, deuterons, and electrons or f particles with matter, which result in significant
charged-particle energy loss are:

(i) ionization via coulombic interactions of the charged particles with atomic electrons of the
absorbing medium,

(i1) electron orbital excitation of the medium, which occurs when the energy transfer through
coulombic interaction is not sufficient to actually eject an electron from an atom, and

(iii) the radial emission of energy as bremsstrahlung (x-radiation) when an electron or f particle
decelerates as it approaches an atomic nucleus.
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2.2.Electromagnetic Radiation — Photons

Nuclei in an excited state can decay to the ground state through the emission of one or more y-
rays. Each y decay is mono-energetic and consists of a photon with the energy (AE) of the difference
between the parent E; and daughter Er states (minus an often negligible correction for the recoil energy
of the emitting nucleus). Photons have an intrinsic spin of 17, and therefore transitions between 0" or
0 states (where AL = 0) are forbidden. These transitions do not violate quantum mechanics rules, in-
stead occur via internal pair production or internal conversion. In the majority of cases, y decay typi-
cally occurs after a or § decay in unstable nuclei, as for equilibrium or exceeding energy, where the
initial decay leaves the daughter nucleus in an excited state. Subsequent y emission allows the nucleus
to reach the ground state, via a single emission (mono energetic y emitter) or multiple decays (dual
energy emitter or multi-energy vy emitter). These emissions are often prompt (emission time < 10°
%ec) in comparison to the half-lives of the parent nuclei, and some are observed as a cascade of radi-
ation [64, 68, 82, 83, 72, 75-81].

Among electromagnetic radiation, we distinguish:

- I radiation: usually radionuclide decay processes. It often occurs when the decayed products
leave the nuclide in an excited energy state, that is an unstable state. The remaining nuclide in
such excited state will likely fall either into the ground state or will descend in steps to lower en-
ergy states. This process liberates the energy in the form of y radiation;

- Annihilation Radiation;

- Cherenkov Radiation;

- X-Radiation: during the electron capture decay process, the vacancy left by the electron from the
K shell is filled by an electron from an outer shell (generally the adjacent L shell). This transition
is not without disturbance in the atom, even if it is really small. Transitions produced in electron
shell energy levels result in the emission of energy as x-radiation [54]. When naturally occur, the
energy is generally not greater than tens of keV, compared to energy from y radiation that can
easily reach few MeV;

- Bremsstrahlung: Bremsstrahlung is electromagnetic radiation like x-rays. It is radiated by a
charged particle as it decelerates in a sequence of collisional impacts with atomic particles.

There are different means by which photon can interact with matter. Different processes of inter-
action of photons are listed below (these four processes are the main well-known and subject of inter-
est in this project):

- Photoelectric effect;
- Compton scattering;
- Pair production; and / or
- Rayleigh scattering.

And the probability of each interaction type is energy-dependent. For environmental investiga-
tions, the energy scope of interest is between 3 kelV-3 MeV, thus Compton scattering is the over-
whelming interaction processes. Choice of a high-Z material will hence enhance both the full photo-
peak efficiency and the extent of photons interaction with the sensible detector [36—38, 64, 82, 84, 85].

2.3.Interaction of Electromagnetic radiation with matter
2.3.1.  Photoelectric effect

The incident photon interacts with a highly bonded atomic electron, ejecting it with a kinetic
energy equal to the difference between the incident photons energy and the binding energy of the elec-
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tron. The resulting electron shell vacancy can be filled by either capturing a free electron or via rear-
rangement of the electrons in other shells, resulting in the emission of a characteristic X-ray or Auger
electron. One of the case result in energy — mass conservation according to quantum mechanics prin-
ciples. This is the dominant mechanism at low energies (<~100 keV), and the probability for full ab-
sorption decreases rapidly with increasing photon energy (o E, ). The photo-absorption parameteri-
zation cross-section proposed by Biggs et al. [59] is shown in the following eq.

a(zEy) b(zEy) c(z.Ey)  d(zEy)

o(Z,Ey) = . + = + = - P 2-12

A separate fit of each of the coefficients a, b, c, and d to the explore information was determined
in several energy intervals using the least-squares method [38]. In the event that photon energy is un-
derneath the lowest Sandia energy for the material, the cross section is processed for this lowest ener-
gy, so vy is absorbed by photo absorption at any energy. This approach is coherently implemented for
models of photoelectric effect of Geant4. The physics of photoelectric effect is then well described
and implemented in GEANT4 as well as other MC code for calculations. Thus, any medium becomes
not transparent for low-energy y-ray. For example, the Ra-226 and U-235 have characteristic y-ray at
around 186 keV and implementing model for photoelectric absorption in this case is quite challenging
because of the appearance of both peaks at approximately the same energy levels.

The binding energies of the shells rely on the atomic number Z of the material for single element
material. In compound materials the i element is picked arbitrarily according to the probability de-
scribed in the following equation:

nae o(Zj Ey)

- & 5 /) o L A -
Prob(Zi, Ey) 52l 01(5 )] 2-13
Theta distribution of the Photoelectron: it is though important to evaluate the variation and
change in distribution of photoelectron since such parameters will be useful for detection systems.
The polar angle of the photoelectron is accessed from the Sauter-Gavrila distribution [76]:
do N sin?@

d(cos8) (1-Bcos@)*

{(1+2y(r - D(r-2)(1- B coso)} 2-14

p and y in this case are not the § and y decays, but the Lorentz factors of the photoelectron. cos@ is
related to the probability density function as described in the following equation:

1-p2 1 (1-2r)+p

f(cosB) = 28 A posst) = c0s0 = a2npt 2-15
The rejection function is expressed as:
(cos@) = s [1 + b(1— Bcos)] 2-16
gt s (1-PcosB)? ) ’
b=yw-1)(-2)/2 2-17

2.3.2. Compton Scattering

Compton Scattering is the process whereby an incident photon scatters off of an atomic electron,
resulting in a photon with reduced energy, and an electron carrying the energy lost from the photon
[66]. The energy of the photon and electron is angular interaction-dependent. The energy conservation
for Compton scattering process is described by the following equation (assuming that the electron is
free and at rest):
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—— 2-18

1+—Y (1 )
+ czf\ —costd)

E, =

"lo
where E, = energy of the incident photon,

moc* = rest mass energy of the electron, and
6 = angle through which the photon is scattered [53].

When € = 0, the photon is forward scattered (or not scattered at all), and the following equation
reduces to E, = E; (as expected). For high energy photons that are completely back scattered (6 =
mg

2

180°), equation reduces to E, ~ . The angle dependence of the scattered photon is shown by the

polar plot of the intensity of Compton scattered radiation in Figure 2-1.
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\—"
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140° 130° 120* 110 100* 90* 80° 70* 60* 50° 40°

Figure 2-1: A polar plot of the intensity of Compton scattered radiation as a function of scattering
angle, #. Higher energy photons tend to be forward scattered, while lower energy y-ray tends to be
more evenly distributed [34, 53, 66].

An empirical cross-section equation is utilised, which similarities with the cross-section data
down to 10 keV are observed:

2-19

N J\ log(142X) P (Z)+P;(Z)X+Py(2)X2
o(ZEy) = [Pl (2) X T tax+pxZtex? ]
Pi(Z) = Z (d; + &iZ + £.Z?). The probability of a Compton scattered photon at an angle 6 is described by

the following Klein-Nishina formula:

3 . .
dge _ 2 [ 1 ] [1+c059] [ a“(1-c0s8)= ]
an To 1=a(1-cos8) 2 1+ (14 cos?8)[1+a(1—cos8)] 2-20

Here a = E, /mc*, ro = &/4meomc’ = 2.818 fin, the classical electron radius. The value of & correspond-
ing to the minimum photon energy (in the case of backward scattering, 6 = ) is given by:

.
mqc*
mqc+2E,

g0 = 2-21
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hence ¢ € [, 1]. Combining composition and rejection MC methods described in the literature [34,
82-84, 86, 87], one may set the following function for simplification:

() = [3-{- 5] [1 —ﬂ] = f(e).9(e) = [a,fi(e) + a,f, ()] g(&) 2-22

1+&2

1 1-&2 g
where a@; = 1n (—) sy =—; file) =
<

<o

1

fo(e) = a—

@& ;
f1and f> represent the probability density functions defined on the interval /&, ], and
(&) = [1- —sin?6] 223

Described the rejection function as explained previously, Ve € [g5,1] = 0 < g(¢) < 1.
2.3.3. T conversion into ¢*e” pair

During pair-production the impinging photon creates an e e pair with kinetic energies 7- & T+
respectively. An atom must be present nearby for momentum conservation, and the energy transported
by the incident photon must be greater than the rest masses of the electron and positron combined:

E,=2mc’ +T +T, 2-24

Pair-production only contributes significantly at higher energies and becomes the dominant in-
teraction mechanism at £, > 5 MeV. In comparison to Compton scattering and photoelectric effect,
pair production has a cut-off energy and occur at high y-ray energy. The total cross-section per atom
for an (e, e ") pair production has been parameterized as presented in the following equation [78, 88]:

o(Z, E7):Z(Z+1){E(X)+F2(X)Z+F3;X)} 205

E, is the incident y energy and X = In(E,/m.c’). The functions F, can be written as:

F(X)=a,+a, X+a, X’ +a, X’ +a, X*+a, X°
F,(X)=b, +b, X +b, X* +b, X* +b, X" +b, X°
F,(X)=cy+c, X+c, X>+¢; XP+c, X +ce, XP

2-26

Parameters a;, b;, ¢; can be found in a least-squares fit to the data [78]. This parameterization ex-
plains the data in the range / <Z < 100 and E, € [1.5 MeV, 100.0 GeV] (because for energies lower
that 1.5 MeV, the likelihood of pair production is almost null). The mean free path, 4, for a photon to
convert into an (e, e *) pair in a given material can be written as:

i

ME,) = (Z (n,), o(Z,, Ey)j 2-27

(na,); represents the atomic density of the i element of the material. The Bethe-Heitler formula cor-
rected for various effects is written as [34, 88]:

o Z[Z+§(Z>>{[sz +<1+s)21[¢1 (5(5))_1”(22)}55(1_5)[@ (5(8»_”22)} 2-28

do(Z,¢) _
de

o define the fine-structure constant (approximately 1/137). Here ¢ = E/E,, the total energy carried by
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2
eC

one particle of the (e”, e") pair is E. Therefore, =g, <g<1l-¢g, arethe kinematical limits of &.
p p 0 0

4

136 &,
7" e(1-¢)
ter” of the projectile. According to some conditions, two screening functions are introduced in the Be-

and explain the “impact parame-

The screening variable, 6, can be expressed as §(g) =

the-Heitler formula:

for5<1  ¢,(5)=20.867—3.2425 +0.6255° 2-29
4,(8) =20.209—1.9305 + 0.0865° 230
for3>1 ¢,(5)=¢,(5)=21.12—4.184In(S + 0.952) 231

Due to the symmetry under the exchange ¢ <« (I- g), the range of & can be restricted to ¢ € /&,
1/2].

The Bethe-Heitler was applicable with plane waves, but Coulomb waves should be used instead.
This approximation in the field of detection is justified by the conversion process that takes place in
the detection system: a photon is not directly measure as it transports no charge and no mass. A Cou-
lomb correction function is introduced in the Bethe-Heitler equation: this is called Born Approxima-
tion. In y spectrometry, energy range hardly ever exceed 5 MeV and we have the following formula
[89, 90]:

F(z) =8/3InZ+ 8f(2) 2-32

with

L 0.20206-0.0369 (crZ)* +0.0083 (e Z)* —0.0020 (x Z)° + } 2-33

f(Z)=(a Z) |:1+(0:Z)

The electron cloud gives another contribution to pair creation taken into account through the expres-
sion:

In(1440/2>") 234

D= 183127 1.2

2.3.4. Rayleigh scattering

From the name of the physicist who discovered it, it is a predominant elastic scattering of elec-
tromagnetic radiation in the nuclear field. The total cross-section of the Rayleigh scattering process
was resolved from an analytical parameterization. M. Born give the approximately atomic cross sec-
tion for this process [34, 67, 68]:

2
o(E)=r. r:r w[

M F(q,Z)['d cos® 2-35

F (q, Z) referred to the atomic form factor, Z the atomic number, and ¢ the magnitude of the momen-
tum transfer, that can be defined by the following equation:

g=2 L sin®) 2-36
c 2
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The following analytical approximations are justified and used for the form factor:

2 3 4
Fl,2)=F (x,2)= 22 T B X FOX or paxffx, 7). Fy (v, 2)] 2> 10and f(x, 2) <2 2-37
(I+a,x" +asx")

F, (x,Z) = sin(2b arctan Q)

. 5
= withx=206074-1-.,0=—2 , b=\1-a> , a=a(Z-—) 2-38
bO(1+ Q%) m.c 2m,c.a 16

where o referred to the fine-structure constant,
Fx (x, Z) describes the contribution to the atomic form factor due to the two K-shell electrons,

f(x, Z) have been assessed by Baro for Z = [ fo 92 by numerically fitting the atomic form factors clas-
sified by Hubbel.

The integration of cross-section equation is performed numerically utilizing the 20-point Gaussi-
an method [67, 75, 85]. Examples of photon cross sections for lead and germanium (the semiconduc-
tor used as crystal detector for our system) are shown in Figure 2-2 and Figure 2-3 below.
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Figure 2-2: The photon absorption coefficient for a material (lead in this case) at different photon en-
ergies.

In the case we use germanium detector (HPGe) in our laboratory, we get the photon absorption
coefficient as showed by the following figure.
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Figure 2-3: The photon absorption coefficient through germanium material at different photon energy.

The three main processes described in this sub-section, including photoelectric effect, Compton

effect, and pair production are illustrated in Figure 2-4. These three physical processes are those con-
sidered in the rest of the manuscript and taking into account in physical model in GEANT4 for MC

simulations.

a) Photoelectric Effect

Electron e

Incident
photon (y)

b) Compton Scattering ¢) Gamma Conversion into e’e” Pair

Scattered
photon (y’)

Incident

photon (y) Electron e

Incident P
photon (y) J/

Positon e*

Figure 2-4: The three main interactions of photon with matter considered in the rest of the manuscript
for computational work: photoelectric effect, Compton scattering, and pair production from right to
left. Rayleigh scattering (or elastic scattering) is neglected in the rest of the project as its contribution

is negligible in the framework of the present research.

Different processes have their occurrence likelihood depending on the energy of the y-ray and the

atomic number, Z of the material. Figure 2-5 shows the relative predominance of the three processes
considered as contributors for work done, taking into account the photon energy and the atomic num-

ber of the material involved in the interaction. Photoelectric effect is predominant for low energy pho-

tons and high-Z materials while pair-production is predominant for high energy photons and high Z
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materials. Compton scattering is dominant for the intermediate energy range.
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Figure 2-5: Relative predominance of photon interaction processes [64]. Only the main processes
described in this section are presented

Because of its zero rest mass and zero charge, y radiation has an extremely high penetration
power in matter. Compared to @ and [ particles, y penetration is more than an order of magnitude
higher. Materials of high density and atomic number (such as lead or concrete) are most often used as
absorbers to reduce X- or y-radiation intensity. Radiation intensity is defined as the number of photons
of a radiation beam that crosses a given area per second. Its attenuation when passing through a medi-
um is governed by the decrease exponential law as shown in Figure 2-6 and in the following equation
[80, 91]:

I= [0 e*ﬂx 2-39

which is similar to the exponential attenuation of neutrons discussed earlier in this chapter. But atten-
tion must be paid that for multilayer compound material, the attenuation of photon does not change
with the arrangement of elements in the material as it does for neutrons. For example, for 10 cm lead
and 1 cm water, the photon attenuation is the same whether it crosses water first of lead first. That is
not the case for neutron in general, because some materials are moderators, others are absorbers, and
the attenuation power depends on the neutron energy absorbed or moderated.
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Figure 2-6: Exponential law of attenuation of photon when interacting with matter (x denotes the
thickness of the medium).

In summary, electromagnetic radiation dissipates its energy in matter via three main mechanisms,
that are the photoelectric effect, the Compton scattering, and the pair production. The photoelectric
effect and Compton scattering generate ion pairs directly within the absorbing medium, even though
they are not directly ionizing particles as charged particles («, electron, proton, heavy charged parti-
cle), whereas, pair-production results in the creation of charged particles (positrons and negatrons)
that will subsequently dissipate their energy via ionization, electron excitation, and annihilation (for
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positrons only) [64, 92-96]. Annihilation will always occur when the positron lost its kinetic energy,
and come to rest. ['-rays interact primarily with atomic electrons; therefore, the attenuation coefficient
must be proportional to the electron density P, which is proportional to the bulk density of the absorb-
ing material. Thus, y-ray interaction with matter is an important tool to measure and evaluate the be-
havior of atoms and nucleus [64, 89].

2.4. Particle Transport and Linear Energy Transfer (LET)

The radiation properties as their charge, mass, and energy and mechanisms of interaction previ-
ously described are important parameters considered in particle transport. They govern the rate of dis-
sipation of energy and consequently the range of travel of the nuclear radiation in a medium. In this
regard, two concepts are considered to describe the behavior of particles during their propagation in a
medium and the behavior of the medium when crossed by radiation: the stopping power and linear
energy transfer (LET) are those two descriptive parameters described subsequently [64, 75, 89, 91,
92].

2.4.1. The Interaction Length or Mean Free Path

The mean free path is one important parameter used to describe the depth at which a particle /
radiation could travel into a particular medium (material). Computation of mean free path of a particle
in a media is performed using cross-section. As the cross-sections are physical processes and atom
density-dependent, the mean free path is usually given as a table of values depending on radiation en-
ergy and material characteristics (atom density). In a simple material the number of atoms per volume
is given by the following formula:

N,p 2-40

where VA = Avogadro’s number;
p = density of the medium;
A = mass of a mole.

This formula differs in multiplicity when the medium is composed of multiple elements. In a
compound material the number of atoms per volume of the i " element is given by:

N, pw 241
=2

where w; = proportion by mass of the i element;
A; = mass of a mole of the i " element.

The mean free path of a process, 4, also called the interaction length, that is used in computation-
al physics, can be given in terms of the total cross-section as shown by the following equation:

2-42

i

1 -1

where o (Z, E) is the total cross section per atom of the process and;

3 the sum over all elements composing the material;
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S n, (2, E)] is also called the macroscopic cross section. It is the summation of all microscopic

cross-sections averaging the atom density in the medium. Simply stated, the mean free path is the in-
verse of the macroscopic cross-section [34, 64, 80-83, 89, 90, 97].

2.4.2. Stopping Power

The average linear rate of energy loss of a heavy charged particle in a medium (MeV cm™) is of
fundamental importance in radiation physics, dosimetry, and radiation biology. It is the main charac-
teristic of ionization process in the tissue, which constitutes the damage in human body during irradia-
tion or exposure to such rays. This quantity, designated [— dE/dx], is called the stopping power of the
medium for the particle. It is also referred to as the linear energy transfer (LET) of the particle, usually
expressed as kel um™ in water. Stopping power and LET are closely associated with the dose and
with the biological effectiveness of different kinds of radiation. These parameters are correlated to the
biological effects of radiation in human body and are subject to investigation in radiobiology.

In 1913, Niels Bohr derived an explicit formula for the stopping power of heavy charged particles.
His calculations were based on simple and valuable approximations as: the energy loss of a heavy
charged particle in a collision with an electron could be averaged over all possible distances and ener-
gies to determine to stopping power [37], [38], [45]. Using relativistic quantum mechanics, Bethe de-
rived the following expression (accurate even using some approximations) for the stopping power of a
uniform medium for a heavy charged particle:

_d_E:47rkgzze4n In 2mc’ B’ _p 243
dx mc’ B I1(1-p5%)

where k, = 8.99 x 10° N m’ C  is the Boltzman constant given in constants definition at the be-
ginning of this report;

z = atomic number of the heavy particle (fundamental parameter for atom definition);
e = magnitude of the electron charge as defined in constants section;

n = number of electrons per unit volume in the medium;

m = electron rest mass usually denoted my;

¢ = speed of light in vacuum and usually accept for the medium as air also;

S =V/c = speed of the particle relative to c;

I=mean excitation energy of the medium.

Only the total charge ze and velocity V' of the heavy charged particle enter the expression for
stopping power. For a given medium, only the electron density » is important. For simplification, the
stopping power should be derived from the previous formula. If the constants in the Bethe equation
for stopping power, dE/dX, are combined, the previous equation can be reduced to the following
form:

B dE 5.08x107" 2% n

dx 7 [F(ﬂ)—ln]w] in MeV em™ 2-44
x

where
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K ﬂ):ln[l.ozlx_lzj ﬂz)_ 5 2-45

=31 _2
At low energy range, the factor in front of the bracket of equation 2.44, (M), in-
creases as 3 — 0, causing a peak to occur. That peak is called the Bragg peak and is one important
parameter of the heavy charged particle applications (because of the Bragg peak, the proton therapy,
and other form of its exploration are possible in nuclear medicine). The linear rate of energy loss is a

maximum as the particle energy approaches zero (0) [68, 72, 78, 82, 88].

Energy loss along an a particle track: For the majority of a particle track, the charge on the a is
two electron charges. In addition, the rate of energy loss increases roughly as 1/E. This is from the
prediction from the equation of stopping power. Near the end of the track, the charge is reduced
through electron pickup and the curve falls off. This falling off is the principal description of the
Bragg pick.

Mass Stopping Power: The mass stopping power of a material is obtained by dividing the stop-
ping power by the density p. It thus expresses the rate of energy loss of a charged particle when cross-
ing a medium. It is useful to express the mass stopping power, -dE/pdx, in MeV cm® g . Attention
should be paid when dealing with medium formed by matter in different states. In a gas, for example,
-dE/dx depends on pressure, but —dE/pdx does not, because dividing by the density exactly compen-
sates for the pressure. Mass stopping powers for water can be scaled by density and used for tissues,
plastics, hydrocarbons, and other materials that consist primarily of light elements. As a result, its val-
ues are similar for medium with similar density and heavy atoms are less efficient on a g cm™ basis
for slowing down heavy charged particles in general. It is because many of their electrons are too
tightly bound in the inner shells to participate effectively in the absorption of energy [34, 80].

The modified Bethe—Bloch formula for the energy loss reads as follows

Z{ln[,lzmczEm ,B;/J_ﬂz_ 5(/?)] 2-46
1

2 2

a?E_47rNe4 1

2
dx mc

2

Equation (2.46) holds for the range of By where Eu.x is smaller than the kinematic limit, and for
y*>>E/mc’. The restricted energy loss could be applied for electrons as the different kinematic lim-
its have been replaced by the common cut-off Ey... The cut-off energy applied in this case is charac-
teristic of all charged particles, included electron radiation. In the limit § — 1, we now have complete
the elimination of the y dependency, and the restricted energy loss reaches the Fermi plateau [82]. The
description is given by the following equation:

(dEJ _4zNe ln[ 2mc’E J 2-47
p=1

dx mc? ho
P

2.4.3. Determination of the interaction point

The interaction point in this section differs from interaction point in an accelerator, which is de-
fined as the place where particles collide in an accelerator experiment. It describes the number of
mean free path the particle travel during its existence, in average. The number of mean free paths
which a particle travels is shown by the following equation:
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- dx 248
L ()

Its value is independent of the material crossed by radiation. In general, it depends on generic pa-
rameters. If n, is a random variable referring to the number of mean free paths from a given point to
the point of interaction, it can be shown that n, has the distribution function of probability density:

P, <n,)=1-e™ 2-49

The total number of mean free paths the particle travels before reaching the interaction point, n,,
is sampled at the beginning of the trajectory as:

7 1=~ log (7) 2-50

where 7 is a random number uniformly distributed in the range (0, 1). The definition of this num-
ber is much clearer in the chapter related to MC and GEANT4 simulation. 72/ is updated after each
step Ax according the formula presented in eq. 2-48 until the step originating from s(x) = ns - A(x) is
the shortest and this triggers the specific process [34, 81, 95, 96]. This formulation is used for compu-
tation in the rest of the manuscript.

22-51

2.5. Conclusion

This chapter is the basement of the physics used in the next chapter for detection and simulation.
It is then important to illustrate such interaction of radiation with matter before introducing the exper-
imental method used in this work: the y spectrometry method. Three processes are usually considered
in y-ray spectrometry as the processes by which the y-ray interacts with matter. The photoelectric ef-
fect, the Compton scattering, and the pair-production are the phenomena described in this chapter. An
overview of other particle types was presented. Other parameters were discussed in Particle Transport
and Linear Energy Transfer (LET) sections. Those include the Interaction Length or Mean Free Path,
the Stopping Power, and the Interaction Point. These parameters are subjects of importance in y-ray
spectrometry and especially when certain detector parameters could variate during an experiment.

The following chapter is based on the description of the experimental y spectrometry, from sam-
pling method to the data published and comparison with the result obtained in different other coun-
tries in the world. As radiation measurement is one of the most innovative topics in physics, enhanc-
ing detection method is a topic of international concern. International organization as IAEA used de-
tection for safeguards verification processes. Understanding first and improving the method could
lead to important advancement in the field. The following chapter deals with y-ray spectrometry prin-
ciples and radiation measurements in practice as implemented from the sampling sites to the laborato-

ry.
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CHAPTER 3. Y SPECTROMETRY AND RADIATION MEASUREMENT

3.1.Introduction

y-ray spectrometry is a non-destructive quantitative and qualitative technique used to gauge elec-
tromagnetic radiation in the y-ray spectrum of radioactive sources. It is performed through a proce-
dure consisting of counting the number and measuring the energy of photons emitted from different
elements (radionuclide) present in a sample. The main advantage of the technique resides in the use of
high resolution germanium detectors. These high resolution y detectors are usually based on semicon-
ductor technology and scintillator, that is the secret of high resolution y-ray spectrometry [2, 98, 99].
The assess of y-rays is valuable for the public exposure assessment to radiation and has been widely
used especially for natural radiation. Since the energy spectrum of a radionuclide is specific as a fin-
gerprint, the measured energy of a y-ray corresponds to the type of element and its isotope, while the
number of counts corresponds to the abundance of the radioactive source present in the measured
sample with some little considerations. The principle is then based on natural characteristics of y radi-
ation.

The process of measuring y-rays begins at the radioactive source, which emits high energy pho-
tons during its unstable radioactive decay [100]. This spectrometry technique requires advanced un-
derstanding of the photo-peak efficiency of the detector in the counting geometry for each photon en-
ergy. The use of High Purity Germanium detectors has been increasing in the 21% century so that it is
necessary to know every step involved in the method by a researcher in the field. That is the frame-
work in which this chapter is part, which consists of a presentation of y spectrometry methodology,
HPGe detectors used for this thesis and their functioning principles. Two HPGe detectors were used in
this study, one in Cameroon: a Broad Energy Germanium detector (BEGE-6530 model) and a second
one at the Laboratory of Nuclear Physics of the University of Liege in Belgium: a HPGe (GC0818-
7600SL model) [2, 101, 102].

3.2. HPGe Detectors Characterization

The ionization process in crystalline solids is the principle that allows electrons and holes move-
ment and is the basis of detection systems. Simply states, an electron raises from the valence band to
the conduction band during the ionization process. When electrons leave the valence band, an equal
number of positive holes are created in that band. The length of the band between the valence and
conduction bands, known as the gap, is the most important part to be explored for y spectrometry
technique. For example, materials with a small band gap are useful for electron transport and amplifi-
cation, that is involved in the detection process. Germanium (with 0.7 eV gap) and silicon (with 1.1
eV gap) require an average of 3.0 eV and 3.6 eV, respectively, to be expended in creating a hole-
electron pair, and so the amount of primary charge released is about ten times that in a gas filled de-
tectors [3, 53, 75, 103—106]. This provides a real advantage for using semiconductor detectors com-
pared to gas filled detectors for y-ray spectrometry assessment and environmental monitoring.

Hyper-Pure Germanium (HPGe) detectors are essential instruments in high-resolution y spectros-
copy applications. As mentioned previously, germanium material has a small gap compared to silicon
and other materials. In order to study low-level y sources and internal activity of scintillators, a detec-
tor capable to detect low energy, separation of the closest picks in the spectrum is necessary: usually,
it is said high energy resolution and good efficiency detectors for low energy y- and X-rays. High pu-
rity germanium detectors are the best suited for this purpose, if one goal is to achieve measurement
with high resolution and efficiency for low energy y rays. Recent developments in semiconductor
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growth technology have allowed the silicon and semiconductor companies to manufacture very high
purity germanium (HPGe) with impurity concentrations of less than 10" atoms/cm®. With this ongo-
ing progress, the best detection techniques are for the future, but in the meantime, germanium is one
of the most important detection crystals used in the world nowadays.

HPGe detectors operate as reverse-biased semiconductor diodes. This operational principle is
shown in the following figure. When the incoming radiation passes through the semiconductor crystal,
it produces electron-hole pairs. These phenomena release charges. When an electrostatic field is ap-
plied to the junction, charges are collected at electrodes in the surfaces of the crystal. The accounting
process is then mathematically solvable as the number of electron-hole pairs created, and the magni-
tude of the resulting electrical signal is proportional to the amount of energy deposited in the detector
by the incoming radiation [104, 107]. A reverse-biased semiconductor representation, as that used for
high purity germanium detectors, is shown in the Figure 3.1.

/ Radiation

|
|+

Figure 3-1: Representation of HPGe as reverse biased semiconductor diode: principle of semiconduc-

tor detector counting system.

The y detector used to analyze the collected samples the first PhD year was a Broad Energy
Germanium (BEGe) detector. It presents several advantages than other HPGe detectors such as:

- Its energy range, about of 3 keV to 3 MeV like no other type of detector;

- The resolution at low energies, equivalent to that of a Low Energy Ge (LEGe) detector;

- The resolution at high energy, comparable to that of good quality coaxial detectors; and

- Its short fat Sharpe which greatly enhances the efficiency at 1 MeV for typical sample geome-
tries... etc.

Another HPGe detector used in the Atomic and Nuclear Spectroscopy laboratory of the Universi-
ty of Liege was the GC0818-7600SL model. The spectra displayed for BEGe detector is characterised
by a high energy resolution. The GC0818-7600SL model is known for its ability to detect y-rays with
high energy as artificial radiation from irradiators. Specifications of both detectors used are presented
in Table 3-1 [102].

Both detectors are HPGe and have the same construction structure as described below:

- Broad energy germanium detector (including germanium crystal and all protection material
consisting of lead shield). The germanium crystal is usually known as the central part of the
detector, the heart around what all other parts are built;

- High voltage supply (for electron-hole pair transport or acceleration);

- Analog-to-digital converter (ADC);

- Pre-amplifiers in direct contact with the crystal detector;

- Amplifier as the signal output should be measured and quantified in understandable scales;

- Nuclear Instrumentation Material (NIM or the NIM-bin electronic system);

- Multichannel Analyzer as the sieve of the energy-system (MCA);
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- Sample in cylindrical barker or other appropriate geometry depending on the measurement
(Including all materials used during sampling campaign, the transfer of samples to the
laboratory, and their preparation);

- Global positioning system (GPS used to mark site during sampling campaign) just in case of
the necessity of re-sampling for a specific sampling point;

- Nitrogen cooling system for the GC0818-7600SL model in Belgium and a permanent electric
system of electric cooling for the BEGe 6530 model in Cameroon;

- Computers including Genie 2000 software installed and LabSocs mathematics simulation
software for calibration as well as other MCA software;

- Calibration sources in different varieties as point sources, volumetric sources, ...

Table 3-1: Specifications of both HPGe detectors used for y assessment, BEGE-6530 model and
GC0818-7600SL model [22, 101].

Descriptions Detector
Detector type (Canberra) GCO0818-7600SL BEGe-6530
Detector geometry Plan (coaxial one open end, Plan
closed and facing window)
Detector active area-facing window / 6500
Active diameter (mm) 43 91.5
Thickness (mm) 32 31.5
Distance from window (outside) (mm) 5 5
Window thickness (mm) / 0.6
Detector end-cup type / Carbon epoxy
Relative efficiency at 1332.5 of “°Co (%) 30 60
Full Width Half Maximum (FWHM) Res- / 0.478
olution (keV) at 5.9KeV
Full Width Half Maximum (FWHM) Res- 0.825 0.695
olution (keV) at 122KeV
Full Width Half Maximum (FWHM) Res- 1.88 1.785
olution (keV) at 1332.5KeV
Peak/Compton 38 /
Cryostat description / electrical cooling Horizontal dipstick (Elec- Vertical dipstick (LN2
trical cooling) cooling system)
Peak shape (FWTM/FWHM) for “’Co 1.71 1.88
Operational High Voltage supply (Volts) 3500 4500

The detector used for investigation was a commercial p-type BEGe detector (Model BE6530)
produced by Canberra Ltd and companies. A schematic view of the detector configuration and its dis-
position in the laboratory is shown in Figure 3-2. The small boron-implanted p+ electrode is 13.5 mm
in diameter and serves as the signal contact. Most of the residual surface of the detector is covered by
the lithium-diffused n+ electrode which also serves as the high voltage contact and is separated from
the p+ electrode by an annular groove. Different materials protect the detector crystal, that is held by a
copper cup in a 1.6 mm-thick aluminum endcap placed at 8 mm from the front window. The window
front protection is a very thin layer that should allow low-energy particles to penetrate the system
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without filtering them. The front window is made of 0.6 mm-thick carbon epoxy to enhance the detec-
tion efficiencies of low-energy y-rays that penetrate from the front. The recommended bias voltage is
+4500 V. Data acquisition systems in this work involves a charge-sensitive pre-amplifier, an integrat-
ed digital signal analyzer, and the Genie-2000 software v3.2. All components cited previously are in-
cluded in the detection chain. The pre-amplifier is integrated with the detector crystal directly and pre-
amplifies the charge signal from the p+ electrode [108—110].

The digital signal analyzer (DSA) meshes functions of the high-voltage module, main amplifier
module and MCA module in an analog electronics system. The record of the signal pulse shapes is
done by the DSA. It extracts energy information and finally sends the information to the Genie-2000
software, which addresses the production and stores the energy spectra [105]. This is done in term of
Nano or Pico second as one billion or more particles could be counted per second.

BEGe (BE-6530) at the NRPA Laboratory

Figure 3-2: Broad Energy Germanium detector (BE 6540 model) used in Cameroon
3.2.1. Germanium crystal detector

The N-type crystal High Purity Germanium (HPGe) operational system is based on a semicon-
ductor diode. Its operation is based on the electronic band structure in crystalline material with a va-
lence band in which electrons cannot move, and a conduction band in which the electrons can move.
As the forbidden gap for HPGe is low (0.7 eV), it is evident that those detectors are the most im-
portant used with semiconductor. After the creation of electron-holes pairs, the movement of electrons
in the conduction band are influenced by the applied electric field. Even, before electrons are cached,
the charges release more charges because of the acceleration due to the applied electric field. In count-
ing system, the proportionality between the number of electron-hole pairs created and the energy de-
posited in the system by vy radiation is explored [104, 111-113]. Nevertheless, the correspondence is
not perfect as some photons undergo scattering in the system before their capture or escalation. An
approximation usually used consists of neglecting the scattering from specific y compared to the total
absorption of another vy that the energy corresponds to the absorption of another.
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Figure 3-3: Band structure of the high purity germanium detector based on semi-conductor technolo-
gy.

For semiconductor diode detectors, a reverse bias is applied over a p-n junction. The bias dimen-
sion should be as to deplete the detector and to saturate the drift velocity of electrons and holes [100,
113-115]. With an N-type germanium detector configuration, the contact material can be reversed,
and the thin contact (minus terminal) can be put on the outside of the crystal while the thick contact
(plus terminal) on the inside, as shown in Figure 3-3 and Figure 3-4. To avoid repetition of concept,
the Figure 3-3 combines P-type and the principle and the Figure 3-4 implements details of the overall
system. This junction is still maintained near the inner contact by this type of configuration. Important
parameter taking into account for accuracy of the measurement in y spectrometry is the dead layer of
the detection system. Furthermore, the low energy efficiency increases due to the reduction of the
thickness of the dead layer, as it could be reduced as smaller as possible [76, 104, 116].

Ion-implanted contact \ / \
/- "l _____ 1 -
) g’ y
. 31.5mm

. Li-Diffused 13.5mm

: contact l BEGe - 6530
Closed-Ended ' y 35

' Coaxial N-type . “ mm —

\ -------------------------------------------- 91.5mm

Figure 3-4: On the left side: closed-ended coaxial BEGe 6530 in N-type configuration. Right side:
dimensions of the HPGe crystal as provided by CANBERRA firm.

The vy detector used to analyze the collected samples during the first PhD year was a Broad Ener-
gy Germanium (BEGe 6530 model) detector. It presents several advantages than other HPGe detec-
tors such as: Its energy range about of 3 keV to 3 MeV; its resolution at low energies equivalent to
that of a Low Energy Ge (LEGe). The second HPGe detector type was the GC0818-7600SL model.
The spectra displayed for BEGe detector is characterized by a high energy resolution [101]. Another
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important feature of the HPGe detector used in this project is its geometry. As previously shown in
Table 3-1, the detector belongs to the closed-ended type of coaxial detectors. This means that this de-
tector allows overcoming the leakage current problem at the front and the transmission of low energy
radiation through the front surface. This second condition is achievable only if it is made with a thin
contact, that was the case with the detectors used for this study.

The resolution of the CANBERRA Broad Energy Ge (BEGe) detector at low energies is equiva-
lent to that of our Low Energy Ge Detector and the resolution at high energy is comparable to that of
good quality coaxial detectors. The Co-60 relative efficiency for specific BEGe geometry displays its
difference with other coaxial type detector or with Nal scintillator. The detector efficiency approxi-
mately ranges between 20-50 % [102, 105, 108]. In addition to higher efficiency for typical samples’
geometry, the BEGe is characterized by lower background than typical coaxial detectors because it is
more transparent to high energy cosmogenic background radiation that permeates above ground la-
boratories and to high energy y from naturally occurring radioisotopes such as “’K and 2**T1 (thorium)
[104, 107, 117]. In general, most of the low energy y detectors have good resolution at higher energies,
but the resolution is not usually specified above 122keV. In this case, the Broad energy germanium
detector represents a breakthrough of this common observable rule as it is able to detect y-rays up to
30 keV and could easily separate ~86 keV of Ra-226 and U-235. This performance finds its secret in
the design process of BEGe: the design includes an electrode structure that enhances low energy reso-
lution and is fabricated from selecting germanium with an impurity profile that improves charge col-
lection at high energies. This performance allows the use of BEGe in different applications. But for
certain nuclear waste assay systems, particularly those involving special nuclear materials verification,
Germanium detector needs cooling system that limits its practical management [92, 95, 104, 107]. A
set of different parts of the detector and their functions is listed below:

- Carbon Window

The carbon window is used in the detection system in order to reduce attenuation of y-rays before
they interact with the detector. The layer of the end window located close to the detector is very thin.
Another advantage to use a thin carbon window is that it increases the transmission of lower energy vs
than normal aluminum housing used in old systems or different ones [100]. Usually for HPGe this end
cap consists of a beryllium or carbon filter. As both have a smaller Z compared to the aluminum, they
are likely to be more effective as the lower Z material allows the reduction of the MDA (lower Mini-
mum Detectable Activity) for a specific counting time. This reduction also provides another step in
increasing sample throughput in low background counting applications as environmental assessment,
especially in the region where activity is in a level comparable to the background.

- Lead Shielding

One major concern in y spectrometry is the shielding again cosmic radiation and others radiation
from environment of the measurement laboratory. The solution is usually provided by surrounding the
detector material by thick shielding material as lead for y radiation measurement. Lead, steel, concrete,
or depleted uranium are usually used because high atomic number materials (z) are good y shielding
systems. Lead has advantages with its high density, malleability, and large atomic number, and is the
most used element to shield y radiations [66, 100, 118]. As the detector in NRPA (Cameroon) was a
cylindrical shape type, a cylindrical shielding made of Pb (lead castle) was used to remove y-rays
coming from natural and artificial sources, and so to shield the y background. The shielding covers the
detector region and let some space to put the sample to be characterized as it was shown in Figure 3-2
[104]. The shielding system of the detector used in Belgium was made with lead plates adjusted ac-
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cording to the experiment and to the sample dimensions. The shielding system was built on the top of
the detector and sample location.

Additional design requirements are needed for lead shielding as the interaction with Pb can in-
crease the generation of X-rays. X-rays are released by the lead because some cosmic rays and ys
coming from the samples interact with the shielding. These X-rays should be shielded by additional
material in the shielding enclosures, otherwise they could enter to the detector and increase the back-
ground. For this reason, this effect has to be taken into account during the design and analysis, this
means the contributions of X-rays from Pb have to be subtracted from the spectra [90, 94, 100, 104,
112]. The detection system used for experiment in this project has a complete shielding. The lead cas-
tle includes an outer jacket made of ~9 mm thick carbon steel. The internal of the lead shield (bulk
shield) is surrounding by 1 mm low background tin and ~1.5 mm high purity low background copper
material. The copper as internal cover reduced the X-rays production from lead interaction with y-rays.

3.2.2. Cooling System: Liquid Nitrogen and electric cooling.

HPGe detectors are known for their high resolution. Its large value finds its principle in the small
value of the forbidden energy gap of 0.7 eV for germanium semiconductor. However, the resolution of
the semiconductor detectors is not as good as that of the scintillators because of its strong dependence
to the temperature. If the temperature of the HPGe is not maintained lower enough, the resolution de-
teriorates due to several parameters as:

-The increase of the forbidden energy gap,
-The thermal noise, and
-The leakage current.

It is only at sufficiently low temperature that thermal generation of intrinsic carriers (electrons and
holes) in the germanium crystal becomes negligible, the forbidden energy gap is optimized and the
leakage current decreases to the low value that is required for good performance of the detector
[ 119,120 90,100,104,112]. Liquid nitrogen is the cooler for many purposes including detector coolant.
Therefore, the germanium crystal of the detector should be kept at very low temperature. The custom-
ary procedure to achieve the cooling objectives is the use of liquid nitrogen, although an alternative
use of the electrical cooling is commercially developed and available in case LN2 technology is una-
vailable.

- GC0818-7600SL

The detector is usually housed in a vacuum-tight cryostat to reduce potential condensation of im-
purity gases on the detector surface and to inhibit thermal conductivity between the crystal and the
surroundings [100, 104, 119]. The detector used in the IPNAS laboratory in Belgium was cooled us-
ing Liquid Nitrogen (LN2). It was designed as the cryostat is mounted on the Liquid Nitrogen Dewar.
This configuration allows the cooling of the cryostat by thermal conductivity with connector in con-
tact with LN2. The lifetime of the germanium detector thus depends on the constant maintaining of its
temperature. Its thermal variations occur over the lifetime of the detector and cause the reduction of
its performance and the detector does not last longer [120]. In fact, to prevent serious damage, high
voltage can be applied to the diode only when the crystal temperature is sufficiently low to make re-
verse current negligible. Protection systems are connected to the detector to assure that high voltage
activation is available only at the required temperature. The Dewar used was about 40 litters capacity
and was equipped with a light signal that shows the level of LN2 in the tank. This control system al-
lows the technician to constantly refill the Dewar manually with liquid nitrogen and conserve the
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good functioning state of the system [121].

- BEGe-6530 cooling

The broad energy germanium detector’s cooling system used in the laboratory of the National Ra-
diation Protection Agency of Cameroon consisted of an electric cooling. This is a useful option pro-
vided by CANBERRA to developing countries where LN2 technology can pose serious problems of
availability. The electric system was connected to a power generator for alternative power supply in
the case of emergency (usually due to power outage). The starting of the generator was automatically
controlled in the case of power outage [122].

3.2.3. Electronic Devices

Signal processing is a meaningful part of the y spectrometry assessment. It plays a relevant role
in extracting useful information from the acquisition system. The description of the processing system
is though important while characterizing all the electronic devices that shape the spectrometric system.
Considering similitude between both detectors, we should optimize the parameters in the charge that
includes sensitive preamplifier, HV power supply, amplifier, and multichannel analyzer (MCA). In the
Figure 3-5 a schematic view of the set-up is shown [9, 104, 123].

HPGe g Multichannel
detector Preamplifier Ao Analyzer
Personal
High Voltage Pb shield (10 cm) Computer
Power Supply

Figure 3-5: Diagram of high purity germanium detector system, including its major components.

- Preamplifier

The signal pulse produced as a result of the interaction of a y in the detection system cannot be di-
rectly digitized or counted. The pulse has a very narrow width, short lifetime, noise, and small ampli-
tude. For these reasons a pre-amplification stage is necessary before any further treatment of the sig-
nal [124]. Thereby, the preamplifier plays the following main roles:

- provide an optimum coupling between the detector crystal and the rest of the electronic sys-
tem,

- shape the pulse, minimize the noise by filtering, and increase the amplitude of the pulses
[125].

Changes in the capacitance of the detector and from cables must be regulated by the preamplifier
in order to reduce the noise. It should be mounted as close as possible to the germanium crystal to re-
duce the capacitance effect from wires. Direct coupling between germanium crystal and preamplifier
is the best solution as it additionally minimizes the input capacitance and allows the monitoring of the
leakage current. Another function of the preamplifier, instead of directly amplifying the voltage or
converting the current to voltage, is to integrate the accumulated charge on the detector capacitance in
another capacitor [104, 123, 124].
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HPGe

PopTop Capsule

Figure 3-6: Scheme of preamplifier (electronic representation), FET, and capacitor inside the Pop-
Top capsule.

- Amplifier

From the Pop-Top of the HPGe comes out two duplicated pre-amplified signals, called Energy
and Time
signals. From the preamplifier, the signal course continues in the amplifier. The main functions of the
amplifier are to:

-fix the gain of the signals (increase the amplitude),

-restore the baseline,

-filter the noise,

-provide a (near-) Gaussian shaping and cancel the pole-zero [100].

In the case of the BEGe detector, the amplifier is coupled with the Nuclear Instrument Module
(NIM) provided by Canberra connected to the MCA. Usually from the two signal outputs of the pre-
amplifier, the unipolar (with positive lobe) is used in y-ray spectroscopy. It is carried to the MCA
whereas the bipolar with a positive lobe is used for timing applications. In spectrometry treatment, an
amplifier should have a constant amplification for pulses of all amplitudes without distorting any of
them to conserve information transmission and signal data [66, 100, 105].

Figure 3-7: Canberra Amplifier - Nuclear Instrument Module (NIM) of the detection system used.
- High voltage power supply

The bias voltage value has to be set in a way that it stabilizes coupling between devises and re-
duces thermal noise [104, 118]. HV should be regularly controlled also as the number of fully stopped
radiation and the pulse height depends on its value. Adjustment should be made consequently to the
design requirement and experimental condition. For example, when the bias voltage and electric field
are low, the collection of charge carriers is incomplete because of trapping or recombination along the
track of the incident particles. Charges are created but are not transported up to the conduction band
for acceleration by electric field. The fraction that escapes to the collection will decrease as the elec-
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tric field is increased. It is though important to set the saturation region as the charge collection be-
comes complete and constant at that value [104, 126]. The safety of the detector should also be as-
sured by applying the high voltage only when the system is cooled enough at LN2 temperature as
stated before. Maintaining a slow ration of increasing voltage starting from 0 up to -4500 V is one
condition to maintain the stability of the detector and its long-life reliability.

- Multichannel Analyzer (MCA)

The Multichannel Analyzer is a device which sorts out incoming pulses according to pulse height
and keep counting the number at each height in a multichannel memory. As its name indicates, every
y-ray that interacts in the detector volume is analyzed by the MCA. The content of each channel can
then be displayed on a screen or printed out to give a pulse height histogram (displaying the number
of detected particle counted versus channel number) [118]. The MCA digitize the amplitude of the
incoming pulses through of an analog-to-digital converter (ADC), which associates different values
received according to the pulse height. As the output is counts versus channels, the energy calibration
is needed to allocate different energies of the study scale to channels [100, 104]. Energy calibration is
one of the most important steps in y spectrometry measurement as well as in other nuclear counting
systems (that the interest is qualitative and quantitative). Furthermore, the total number of channels
settles the grid into which the voltage range is to be digitized. This grid is known as conversion gain
and determines the resolution of the MCA, that is also an important parameter to be controlled in vy-
ray spectrometry for energy resolution. Larger number of channels with a short range of energy im-
plies improvement of energy resolution.

3.3. Experimental Protocol in y-ray spectrometry

3.3.1. Field of experiment
- Campuses of the University of Douala.

The field of the experiment covered the two campuses of the University of Douala — Cameroon, a
site located within the basin of Douala, named “Douala — Bassa” zone. The geographic coordinates
were measured between 04° 03°14.8" - 04° 03°29.7" N and 09° 44°00.1" - 09° 44°45.2" W. The geolo-
gy of the site is characterized by sedimentary rocks from the tertiary to quaternary sediments as
shown of Figure 3-8 left [44, 127]. Detailed descriptions of the study area are presented in research
done by Guembou et al., [2, 101]. As the area of study cover a location in an important basin in the
Littoral Region of Cameroon, its geology is well known. It is a part of the largest city of Cameroon
and Central Africa Region where the annual average temperature fluctuated around the value of
27.0 °C (80.6 °F). The studied area sits on high hydrology with flowing rivers as Wouri and Dibamba
and characterized by a tropical climate. The city of Douala is a coastal city with borders-shared with
the Atlantic Ocean. It typically features warm and humid conditions with an average annual humidity
of ~83% and the rainfall is a particularity of the area which experiencing around 3,600 millimeters
(140 in) average of precipitation per year [2, 101]. The rainfall variability is observed between two
main seasons: the raining season, usually from Mars to October and the dry season from November to
February. sampling areas are presented in the following figures with sampling points (Figure 3-8).

- Extending area of study: quarries in the city of Douala and surrounding.

For the second part of experimentation, the sites of experiment were the seven big quarries name-
ly “Bonaberi Bonamikano, Northern Akwa, Bois-de-Singe, Youpoue, Youpoue-Bamenda, Dibamba
and Village” around the Douala city as shown on Figure 3-8 (right). The hydrogeology is modeling by
the Wouri, Dibamba, Mungo, and Docteur Anse rivers and the Atlantic sea, as it includes the sur-
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roundings of the main city, not only the Bassa area as the site presented previously [43—45]. The sand
of these different careers is caught in various rivers in the vicinity of the city of Douala and in the sea
(Douala is a coastal city). We had different criteria to classify sand; by color (gray, black, red, and
white) depending on the grain size (fine, small grain, medium grain, and coarse) and according to the
need of construction (bricks, slab, beam, and plastering). All these types were analyzed and different
characteristics are presented in Table 3-2. These detailed data were collected during sampling cam-
paigns in collaboration with different category of people including masons, inhabitants, sandblasters,
beach visitors, and representative communities. Additional data were collected from the data bank of
studies done on the site published and non-published.
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Figure 3-8: First - The Study Area consisting Douala Bassa area and second - Geographic location
map with sample sites (the seven queries were presented here)

3.3.2. Sampling and sample preparation
- Sampling

For the first campaign: Composites of 18 soil samples were sampled from the 02 campuses, 07
from Campus 1 named ESSEC situated at Ange-Raphael and 11 from Campus 2 located at Ndong-
Bong (Douala — Bassa area). The sampling method was a mixed sampling technique combining both
simple sampling method (random selection of sites) and stratified sampling method using a repre-
sentative well-defined distance between sampling points. The samples were labelled accordingly on-
field and transferred to the laboratory for specific preparation and analysis. The vertical or near verti-
cal surface was dressed to remove smeared soil before sampling. As human activities are ongoing in
the study area (construction, agriculture, and waste deposit), the impact on the human being should
not be neglected. This was necessary to minimize the effects of contaminant migration interferences
due to smearing of material from other levels and activity. In addition, weathering and erosion pro-
cesses are highly active processes in the area of study with high annual rainfall. Each composite sam-
ple was a mixture of five samples collected within an area of 6.25 m? separated from each other by a
distance of 300 m to cover the study site and to observe a significant local spatial variation in terres-
trial radioactivity as shown in Figure 3-9 [2, 47, 101]. This stratification and sampling process help
displaying the result in an appropriate manner in case additional investigations are needed around a
sample point. Each sampling point was marked using a global positioning system (GPS). Four sam-
ples were collected at the edges of a square of 2.5 m length and one at the center. These five sub-
samples collected at a depth of approximately 20 to 25 cm from the top surface layer were mixed-up
thoroughly to form a composite sample and packed into a polyethylene bag to avoid contamination
between different samples taken at different points.

For the second sampling campaign: A total of 24 representative samples of sand building materials
currently used in Douala, have been collected and labelled accordingly directly on site in the selected
quarries thus to avoid contamination either during transportation and storage in the different sites
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where work shall be done. The sampling method was based on site sampling instead of site-point
sampling as in the previous case. This is due to the non-fixed point of study and the origin of the sand
used as building material. In this case, sand is transported all over the city to be used as building mate-
rial and the exposure is not on-site as the case of soil study. Mobility and mixture is on a high-level in
the second sampling campaign compared to the first one. In the case of further investigations, site
study is considered instead of sampling point and its surrounding, that is likely to be a little bit com-
plex process because of large area to be assessed.

2.5m 2.5m
300m

2.5m ‘ 2.5m

4
v

Formation of each composite sample within the
study area of 6.25 m? each

Figure 3-9: Composite sample collection methodology within the Sampling Sites
- Sample preparation

At the laboratory, samples were air-dried for a week then oven-dried at 105°C for 24 hours, as
the moisture should be totally removed from the samples to avoid moisture effect. The dried samples
were grinded into powder and sieved through a 2 mm wire mesh to obtain a uniform particles size.
Homogeneity of the sample is an important factor in y-ray spectrometry as it could influence the self —
attenuation factor of the sample itself. One might make sure that the sample homogeneity is achieva-
ble at 90% at least during the sample preparation. Samples were then packed in a 120 mL air tight
polyethylene cylindrical container, dry-weighed, and stored for a period of 30 ~ 32 days for secular
equilibrium between the long-lived parent and daughter nuclides (For more details, see Ndontchueng
et al. 2014 [2, 47]). One month was set in order to maintain radioactive equilibrium between ***Ra and
its daughters as 30 days’ period is 10 time the 03 days’ half-life period of the uranium daughters in the
uranium series.

It is really important to achieve secular equilibrium since the radionuclides investigated includes Ura-
nium and Thorium that the concentrations were evaluated using daughter radionuclides in the decay
chain of Uranium and Thorium.

In both cases, the acquisition process of the measurement of samples consisted of counting the

120 ml container for 86,400 seconds. The main objective of the acquisition was the determination of
activity concentrations of different radionuclides as >*°U, ***Ra, ***Th, and *’K using appropriate y-
lines as stated by Ndontchueng et al. [4, 13, 47]. Interference or coincidence correction due to the
pick at energy of 186.2 keV of ***Ra (correction to Uranium y-ray at around 185.7 keV) has been tak-
en into account for the activity concentration assessment. Due to the high quality of the detection sys-
tem and the long measurement time, the uncertainty was given at the 95 % confidence level. As y-ray
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spectrometry is a non-destructive passive analytical method, measurement time is usually set longer to
achieve the desired statistic. In some cases, the measurement time might be adjusted (half day, two
days or more) depending of the detection system characteristics and the activity of the sample [116,
128-133].

Three parameters were checked using a *Co and *’Eu point sources located at 30 cm distance
from the germanium detector crystal: these parameters are relative efficiency, resolution, and peak to
Compton ratio. For the effectiveness of the radioactivity assessment, energy and efficiency calibra-
tions should be done appropriately. Both calibrations determine the qualitative and quantitative meas-
urements in nuclear applications, respectively.

Table 3-2. Samples description for the second sampling campaign. Quarry’s description and location
are given within the vicinity of the Douala basin (Rio Del Rey basin on the Atlantic Ocean cost) [2].

sSi:tiznpling Sample Id Orlglsne:lver/ ::::;;:f Grain size Need of construction
: . Bricks Beam Plastering Concr
AN 1 Wouri Gray Medium ete Rambler, Slja
AN 2 Wouri Yellow Coarse Slab, Beam
Akwa-Nord AN 3 Wouri Yellow Medium All"
AN 4 Wouri Gray Fine Plastering
AN 5 Wouri Gray Small All
AN 6 Wouri Black Small Rambler
) DI 1 Dibamba/soil Black Fine Bricks, Slab, Beam
Dibamba . . . .
DI 2 Dibamba/soil Red Small sticky Plastering
Village VI 1 Doctor Anse White  Medium sticky Bricks, Rambler
VI 2 Doctor Anse White Fine Slab, Beam
BB 1 Wouri Yellow Fine Bricks, Beam
Bonaberi-Bon BB 2 Wouri White Small Slab, Beam
amikano BB 3 Wouri Yellow Small All
BB 4 Wouri Yellow Coarse Bricks, Rambler
BS 1 Wouri/Sea White Coarse Plastering
Bois-De-Sing BS 2 Wouri/Sea Red Medium Plastering, Rambler
e BS 3 Wouri/Sea White Small sticky Bricks, Beam
BS 4 Wouri/Sea Black Medium Bricks, Rambler
YO 1 Wouri/Sea White Fine Rambler
Youpoue YO 2 Wouri/Sea White Medium Bricks, Rambler
YO 3 Wouri/Sea Black Coarse Bricks, Slab, Beam
YB 1 Doctor Anse Black Small Bricks, Beam
Youpoue-Ba YB 2 Doctor Anse Gray Coarse Bricks, Beam
mendal . .
YB 3 Doctor Anse  Yellow Small Bricks, Plastering

* Sand used for different purposes in general. It can be used in replacement of all other type studied in
this work with high cost.
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3.3.3. Steps for quality assurance during sampling and sample preparation

As to check whether the equipment is well calibrated and if the obtained results are in accordance
with the reality, quality assurance should be done in the laboratory where measurements are under
taken. The following measures were taken into consideration during the study;

(i) During sampling, logs were kept with the details of sample site and sample number and loca-
tion of the sampling point for information storage during the overall study;

(i) Samples were kept in sealed polythene bags to avoid cross contamination during transportation
and with properly fixed unique labels on each bag. Appropriated plastic bags were used to
make sure that additional chemical or physical processes are not likely to be occurred during
their conservation;

(iii) Three samples were obtained from each sampling site in order to achieve statistical representa-
tion of sampling in the case of sand analysis and five sub-samples to form the main sample in
the case of soil study. Both sampling methods were proved to be statistically representative for
the study area;

(iv) All the necessary precautions were taken in the use of tools during sampling, drying, and crush-
ing to avoid cross contamination of samples. For example, the sampling tools were cleaned af-
ter taking one sample and prior to the next sample, as a double bling check in case dust might
be deposited on a tool during the movement from one point to another;

(v) During the determination of intensity of the natural radionuclides, a careful selection of region
of interest (ROI) on the spectrum and with consistent window for all samples was ensured. As
picks could be closer and the analysis become more complex, pick separation need clear ROI
definition.

(vi) The standard reference materials prepared in the local laboratory or/and provided by IAEA
were used for calibration of the y-ray detector and calculation of activity of the samples provid-
ed a standard procedure for the analytical technique of measurements. Energy calibration is re-
lated to qualitative analysis, consisting of identifying energy-ray characteristic of a radionuclide
while efficiency calibration allows quantitative measurement. The last one is used in activity
evaluation to determine the activity concentration of a radionuclide present in a sample.

- Secular equilibrium

The rate of decay of any radionuclide is proportional to the number of atoms present in the
source i.e., the activity A is directly proportional to the number of atoms, N of nuclides present [105,
134, 135]. Simply states, the activity is defined as the number of decay per unit time as in the case of
Y, @, and [ emissions (decay):

—dN
A=——=AN 3-1
dt
where A is the decay constant in s, Activity of radionuclide after time # is given by the following
equation, which can be derived from the previous one by mathematical integration:

A=A, e 3-2

Where Ay is the initial activity of the source. As the parent decay produces the daughter, the rate at
which the daughter radionuclide depends on the parent instantaneous activity. As initially, there is not
daughter radionuclide as considered in general cases, the relationship between parent and daughter
activity is given by the following equation:
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ADaughter _ ﬂ’Daughter 3-3

A A

Daughter A’Parent

Parent

This equation is the result of development and simplification of activity decay relation for parent
and daughter radionuclide. If the daughter radionuclide’s half-life is too lower than the parent’s,
Ap>>M\p, this means the daughter’s activity is approximately equal to the parent’s activity. The corre-
sponding state is referred to as secular equilibrium. This is normally achieved in a closed system
hence secular equilibrium in the decay series of 2*U can be distorted by the escape of ***Rn. For this
reason, samples should be sealed and stored for a while before measurement. The amount of the
daughter’s radionuclide builds up until the number of daughter atoms decaying per unit time becomes
equal to the number being produced per unit time [76, 104, 107, 111, 123, 136, 137].

- Detector Energy Response

In addition to detect the presence of radiation, most detectors can also provide radiation data: en-
ergy, time, etc. This follows as the quantity of ionization in a detector generated by radiation is pro-
portional to the energy it loses in the sensitive volume. The dimension of the detector affects the
measurement process and influences the result as the statistic could be adjusted based on the system.
For example, if the detector is large (dimension) enough to fully absorb the radiation, the ionization
process will give a measure of the energy of the radiation. The count rate will be larger than that of a
small detector [118].

- Energy Resolution

The energy resolution is the most significant variable for detectors intended to assess the energy
of incident radiation and to identify the emitter radionuclide. This is the extent to which two close en-
ergy-lines can be distinguished by the detector. The resolution can generally be evaluated by sending a
mono-energetic radiation beam into the detector and observing and interpreting the resulting spectrum.
The resolution is generally provided at full width half maximum of the peak (FWHM). Energy peaks
closer than this interval are generally regarded as irresolvable, as the detector view them as one peak.
There are several deconvolution methods to separate such close peaks in the spectrum, but in basic y-
ray spectrometry, it is almost impossible. Also, depending on the type of detector, the separation of the
peaks is a difficult task if Nal scintillators are used compared to HPGe semiconductors. Deposition of
energy in a detector is a stochastic process and is therefore linked to statistical fluctuations. A major
restriction of energy resolution is the amount of basic procedures for which load is deposited (ioniza-
tion, particle-hole formation, fluorescence excitation, and subsequent light emission) and the effec-
tiveness of these additional procedures [104,105,115,140]. Thus, with increasing energy, these statisti-
cal fluctuations should be decreased in relative terms, roughly as: E2

- Energy Linearity

The linearity of the detector response is a highly desirable property. That is, the detector's output
signal is proportional to the energy deposited on it. A detector may lose linearity at the high extreme
of energies (saturation) or may be nonlinear in the low end [104]. When the linearity of the detector is
assumed at the beginning of it life (E = a CN + B), the linearity could not be fit after a certain period
of use. The linearity previously expressed in the line equation is adjusted by a polynomial equation of
the appropriate order (E = a2 CN? + a; CN+ ap). CN stands for channel.

- Time resolution
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The time resolution is the capacity of a detector or experimental set-up to be used in time meas-
urements to determine the exact moment an interaction occurred in the detector. Time resolution is
expressed in terms of FWHM. Time histograms are generally achieved by measuring coincidence
from one detector to another used as a reference [102—104, 123, 138]. Time resolution is a critical pa-
rameter in nuclear instrumentation as the signal treatment should be done in nano- or pico-second.
Time scale is very low compared to what is usually measurable in human time scale.

- Decay Time

The decay time identifies the prompt scintillation yield of a material and its time of recovery be-
fore the material returns to its unexcited state and can undergo another scintillation event [66, 100,
104, 105]. It also describes the rate of decay for radioactive particles in a first order decay process as
following the exponential decay relation.

-  Dead Time

The dead time is the minimum amount of time necessary to separate two events to be recorded as
two separate pulses. In other words, it is the detector's finite time to process an incident event that is
generally associated with the pulse signal length (duration). Depending on the detector’s type, during
these phases, a detector may or may not remain sensitive to other occurrences. In some cases, the time
limit may be set in the detector itself by process, and in other cases the time limit may arise in the re-
lated electronics [66, 100, 104]. Because of the random nature of radioactive decay, there is always
some likelihood of losing a real event because it happens too rapidly after a previous event. These
losses influence the observed count rates and distort the time distribution between events ' arrivals.
The counting rate of the detector must be kept sufficiently low to avoid large dead-time effects so that
the likelihood of a second event occurring during a dead-time period is low. It is then possible to cor-
rect the residual impact.

3.3.4. Detector calibration procedure: energy and efficiency calibration

Both analyzes in Cameroon and in Belgium use similar methods for calibration of the detectors,
but here we mentioned accuracy and deviance for each laboratory technics. There are few additional
steps in each calibration procedure in each laboratory, depending on the geometry, the stability, and
availability of the detection system.

In Cameroon, each sample was subjected to a coaxial y-ray spectrometer consisting of Broad
Energy Germanium detector (BEGe-6530 model) manufactured by Canberra Industries. The detector
roomed at the spectrometry laboratory of the National Radiation Protection Agency of Cameroon. Ex-
cellent performance, routinely available in coaxial germanium detectors, and especially in the one
used for this part of research. The energy resolution of the system (FWHM) at the experiment time
was approximately 0.5 keV at 5.9 keV for *Fe, 2.2 keV at 1332 keV (*°Co), and approximately 0.75
keV at 122 keV (°’Co). For these higher efficiency detectors, "peak-to-Compton ratios" are usually
quoted in the range of 25 to 40. These ratios are strong functions of resolution, efficiency, and exact
detector crystal geometry, and no typical values can be given without knowledge of all of these pa-
rameters. The detector is placed in a low-level Canberra Model 747 lead shield with 10 cm thick-
ness [2, 4, 13, 101, 139]. The energy distributions from radioactive samples to the nuclear instrumen-
tation system were generated by the computer inbuilt Multiport II Multichannel Analyzer (MCA).
Each sample was counted for 86400 seconds (24 hours). This counting time was set as the nuclear
method used is a passive one and the samples were not highly radioactive, for effective peak area sta-
tistics of above 0.1%. Following the sample analysis process, the activity concentration in Becquerel
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per kilogram (Bq.kg™') for each radionuclide was calculated after background separation using the
Genie-2000 software version v3.2. Prior to the activity calculation, the self-absorption and cascade
summing correction were taken into account [108, 140, 141].

Assuming that the secular equilibrium between >**U and ?**Th and their respective decay daughter
products was reached after 32 days, the following relatively intense y-ray transitions were used to
measure the activity concentrations of the radium (Ra-226), thorium (Th-232), and potassium (K-40)
above mentioned radionuclides [47, 53, 142].

(a) ?°Ra concentration was calculated based on the assumption that it is a weighted mean of the
activity concentrations of the y-rays of 2'*Pb (295.1 keV, 351.9 keV), ?"Bi (609.3 keV and
1120.29 keV), and its specific y-ray at 186.2 keV. The 186.2 keV y-ray line of *°Ra was used only
in the case the interference with the Uranium ray was resolved. Otherwise, the peak is likely to be
the combination of the two’s, including uranium surface.

(b) The y-ray photopeaks used for the determination of the **Th activity concentration contents
were 338.4 keV, 911.2 keV, and 969.11 keV of **®Ac and 238.6 keV of 2'*Pb. They were weighted
accordingly during the activity calculation step.

(c) *K activity concentration was directly determined using its y-ray at 1460.8 (with 10.7%
branch ratio) y-ray [47].

In Liege, each sample was measured with a y-ray spectrometer consisting of a high purity ger-
manium detector setup (GC0818-7600SL model) and multichannel analyzer 8192 channel. The sys-
tem was consisted of a Canberra germanium detector with active diameter of 43 mm, relative efficien-
cy of 30% at 1.33MeV “Co line and a resolution of 1.88 keV at the same line. The shielding enclo-
sure of the detector was an in-laboratory built system, compare to the BEGe system which the lead
shield was a complete Canberra system. The selected samples were subjected to y spectral analysis
with a counting time of 86,400 s (24 hours). The absolute photopeak energy calibration of the system
was carried out using standard multi-y emitter '>*Eu source. The sources were placed in the dedicated
space on the top of the germanium detector with the radionuclides dispersed in gel matrices within
planar beakers of geometries identical to that of the evaluated samples for efficiency calibration step.
The calibration spectra were also acquired for 7,200 s (2h) [6, 13, 47, 101, 140]. For background sub-
traction, background spectra were acquired for 48 hours prior to the measurement. The background
spectra measured after the measurement of the last sample was compared to the first background spec-
trum in order to verify that the experimental conditions remain the same during sample acquisition
(assurance quality).

Detector calibration.

The pulse height scale must be calibrated in terms of absolute y-ray energy in y-ray spectroscopy
with germanium detectors. It is essential to correctly identify the centroid of some recognized energy
peaks in order to calibrate any v instrument, and then a calibration curve can be carried out to convert
channels to energy units. Once the energy calibration points are created throughout the entire energy
range of interest, a calibration curve relating energy to channel number is normally derived. Common
techniques involve the least-square fitting of a polynomial of the following form:

E = i a,C’ 3-4

n=0
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Where E; is the energy of the channel (C) number i (C;). The calibration curve for a standard
HPGe is usually linear, but in some cases the nonlinearity compels a polynomial fitting of order great-
er than 3 or 4 [22, 100].

Any measurement of absolute y-ray emission rates needs detector efficiency understanding. The
emission rate for a point source can then be calculated by evaluating the full-energy peak region over
a specified time period and determining the solid angle of the detector from its size and the source-
detector distance. However, the dimensions of these detectors are not standardized to any degree, and
the accuracy of their active volume is very difficult to determine. Efficiency calibration is usually re-
ported as an assortment of y-ray energies covering the interest range to allow an empirical efficiency
versus energy curve to be constructed.

Energy calibration is a procedure consisting to assign of channel number to energy values: The
details are depending on the system used. Minima 2 energy lines are needed; ideal are 3 to 5 lines. We
derived the polynomial (02 order) relationship because the fitting Energy=Cst x Channel was not as
accuracy as possible and could lead to higher standard deviation values.

400 1400

1000 | 1000 L

® Energy ® Energy

Linéaire (Energy)

600 | so | Poly. (Energy)

Energy Linear = 0.2501xCN + 135.25 I Energy= -5E-06 CN2 + 0.282CN + 94.47
I R = 0.9991 [ ’ R> = 0.9992
200 —_— 200 Lo v v . . -
0 2000 4000 6000 0 2000 4000 6000
Channel Number Channel Number

Figure 3-10. Energy calibration curves (Linear and Polynomial fitting) of the high purity germanium detector
(HPGe)

The following equations

Energy Linear = 0.2501 x CN +135.25 with R” = 0.9991

Energy Poly=-5x10" CN* +0.282 CN+94.47 with R? =0.9992

are the best equations to fit the energy calibration curve.

Experimentally, the full energy peak efficiency for a particular sample-to-detector geometry is
obtained by measuring the net counts under the photo-peak energy of interest, and using the following
equation:

N, N,
E=——=——"""+ 3-5
Ny t,PA4e
where: N, is the number of counts in the photo-peak, corrected for dead-time and pile-up losses and
Ns is the number of photons emitted from the source. The other terms as AT describes the time

elapsed since calibration up to measurement, 4 the activity of the source on the reference date, P the

branching ratio corresponding to the energy E, A the decay constant, and ¢, the real time taken for the
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data run [2, 4, 6, 129, 143]. The experimental procedure follows the listed steps:

- Connect the detector to computer;

- Acquire background spectrum for 5 min or 2 hours;

- Puty source in front of the detector;

- From start menu on the computer go to programs menu and then acquire a spectrum;

- Start detecting radiations;

- After 5 min (or two hours respectively), press stop;

- By right click on mouse and choose set ROI and then shade the area under the peak;

- Go to setting choice energy calibration and then choose 2 points;

- Move the pointer to the maximum count of the peak;

- Record the value of channel number (CHy) at the maximum counts and the energy calibration
(Eo);

- Repeat the same steps for the second and third source and unknown source;

- Plot a graph between CHy and Ey to find the slope.

The Compton edge was considered in the evaluation of the spectra. In addition the process of ac-
counting this process is given in the following figure (Figure 3-10). The calculation was done using
the following formula:

E E

derived from = 4 3-6
1+ 1+— (1-cos®)
2F mc

e

The uncertainties can be calculated by the propagation of error equation and assuming the time t,
is known precisely:

(e} = [;ngw ' (%jﬁ]z(w o2y (2 aap| 52

511 keV 1000 ¢
| Na-22 g Cs-137

12/5keV o
' e A

I - /
¥ 100 W\‘W
N\ r
\

100000 ¢

10000 -

1000 L

N

F Mot | / w

100 L a LIy PO I
f A" 0
10 L \ \ W i 662 ke
Compton Edge 1 “ompton Kdge 2 1 [
1 L L L L1 L
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000

Figure 3-11. Nomenclature of the spectra of Na-22 and Cs-137 when considering the Compton Edge
during analysis measured from Nal detector.
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Spectra from different radionuclide measure are presented below. The figures highlight (Figure 3.12)
the high resolution of the HPGe compared to the Nal detector. This comparison shows best spectra
resolution for HPGe detector as highlighted bellow.

Table 3-3: Spectra resolution comparison between HPGe and Nal (TI)

. HPGe Nal (TI) .
Nuclide  Energy (keV) Ratio Nal/ HPGe
AE*100/E
Co-60 1173 0.865541 5.73% 6.620134
0_
1332.5 0.777486 4.70% 6.045125
Cs-137 662 0.782477 7.07% 9.035405
511.22 1.175384 7.73% 6.576572
Na-22
1275 0.780047 5.26% 6.743183
5000 10000 ¢
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Figure 3-12. Spectra comparison between HPGe and Nal detectors. Large Gaussian distribution of picks from
Nal detector than from HPGe detector (left: Normal scale. Right: Log scale).

The average value of full width at half maximum, FWHM, corresponds to the resolution of the
high purity germanium (HPGe) and sodium iodide (Nal (T1)) detector. It describes how the detector
can separate two adjacent energy peaks and hence, for unambiguous nuclide identification. Figure 3-12
indicates FWHM as a function of y-ray energies for Nal(Tl) and HPGe detectors, provide useful in-
formation. It is shown that resolution is directly proportional to the y-rays energies. But FWHM is
much smaller in Germanium detector compared to the Nal(Tl) detector. Therefore, HPGe offers very
good resolution and is a good instrument for nuclide identification compared to the Nal (TI) detector.
In conclusion, high purity germanium detector has better resolution compared to the scintillation type
of detector, sodium iodide (Nal). The HPGe detector offers the advantage of resolving two closely
located energy points and has the ability to detect a mixture of nuclear material.

The ratio between resolution of Nal detector and High Purity germanium detector shows that the
HPGe detector have about 9-time better resolution than Sodium lodine detector for Cesium-137 with
energy of 662 keV; about 6.6-time better for the first pick of sodium-22 with 511 keV energy and
about 6.7-time better for its second pick with 1275 keV energy; about 6-time better resolution for the
two picks of Cobalt-60 at 1173 keV and 1332.5 keV energies. HPGe detector has better resolution
than Nal(Tl) detector

The detector's absolute efficiency calibration curve was determined using different calibration ac-
tivity sources either prepared in our Spectrometry Laboratory, or produced by Areva Cerca Lea Com-
pany and supplied by Canberra. The system's efficiency calibration was performed using a classic
'32Ey multi-y emitter source. The source was placed surrounding the germanium detector with the ra-
dionuclide dispersed in gel matrices within planar beakers of geometries identical to that of the evalu-
ated samples. The "*?Eu source activity concentration was 3.24 kBq, for an active volume of 55 cl
spread homogenously in a gel matrice with a density of 1.6 g/cm®. This source was chosen to be com-
parable with the measured samples and therefore in the initial efficiency measurement using these
planar housed sources, corrections for y-ray self-attenuation within the samples are accounted for. The
spectrum of calibration was also acquired for 7,200 s (2h). To compute the cascade summing correc-
tion, the (P/T) calibration curves were generated. Corrections were calculated after the sample geome-
try was established and specified in the software using the Geometry Composer Tool [13, 17, 47, 140,
144].

Once a detector's efficiency is evaluated using calibration sources at multiple energies, it is im-
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portant to fit the obtained curve to these points to define the efficiency across the entire energy spec-
trum. Thus, for any energy value within the complete energy range, interpolation could be performed.
Several empirical formulas have been defined in the literature to assess the efficiency of an HPGe,
based on different software and tools. However, for one type of HPGe detector, whether planar or co-
axial geometries, efficiency fits are optimized. One frequently used formula to cover broad energy
ranges is a linear function relating the efficiency logarithm to the energy logarithm. The full energy
peak (¢) of a high purity germanium detector (HPGe) can be demonstrated in the form of a y-ray pol-
ynomial (E) as described in the following equation [103, 104, 123, 145-149]:

N

In(e)= Zai (nEY™ 3-9

i=1

where E is the energy and a; are the polynomial coefficients for different source-to detector dis-
tances (z). If a few data points are available or all are concentrated in a small energy region, the value
of N could be limited to 2 or 3 terms to produce a stable oscillation-free solution [100]. An empty
polystyrene container was counted in the same way as the samples to determine the background dis-
tribution owing to naturally occurring radionuclides in the surrounding environment around the detec-
tor. The levels of activity were calculated after measuring and subtracting the background.

3.4. Measurements of Activity concentration.

The activity of each sample was measured using a y-ray spectrometer consisting of a shielded
germanium detector supported by a classic electronic chain consisting of a multichannel analyzer,
8192 channels. The detector was a Canberra’s manufacturer product and contains a High Purity
Germanium crystal with an active diameter of 91.5 mm. All the selected samples were subjected to y
counting or acquisition of 86,400 s (24 hours) and followed by the spectral analysis. y Acquisition
V.3.1 and Analysis Software from Canberra. Genie 2000 software was used for data acquisition and
analysis. The spectra were evaluated using peak search, nuclide identification, activity and uncertainty
calculation characteristics, and MDA calculation modules, all integrated in the software and relying

on the following equation [2, 75, 104, 105, 111]:
Ny N,

A(Bq/kg) = s 1y 3-10
Mgxex P x Ko xKg XK

Where A(Bglkg) is the activity concentration of radionuclide,

N the count rate of radionuclide in the sample,

the count rate of radionuclide in the background,

M, mass of the sample,

& the full energy peak efficiency,

P, the emission probability,

K, the cascade summing correction factor,
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K, the correction factor for self-attenuation,

Kbpc the decay correction factor for radionuclide.

The uncertainty of the activity concentration (AA) was calculated using the following equation
and the result was expressed as relative uncertainties:

D AGREAC)

Where AN is the count rate uncertainty,

AP, the emission probability uncertainty found in the nuclear data tables [150],
Ag the efficiency uncertainty, and
AM the weighing uncertainty [103].

The initial activity concentration of **Ra present in the samples was estimated using the y-ray
transition at ~ 186 keV. Several transitions from decays of shorter-lived radionuclides in the >**U de-
cay chain, such as 2l4pp and 2'“Bi, were also used to estimate the activity concentration of 226Ra,
weighted as both radionuclides were taken into account in the activity evaluation. The activity con-
centration of #**Th was determined using y-ray transitions associated with the decay of **Ac, 2'?Pb,
and *®T1. Both radionuclides activity concentrations were weighted to the computation of the thorium
activity as mentioned in the previous description [2, 101].

3.5. Assessment of radiation hazard and radiological parameters.
Radiation hazard

The radium-equivalent activity was assessed in order to evaluate the radiation hazard connected with
construction materials used in dwellings. The radium equivalent activity is a weighted sum of activity
of radionuclides ***Ra, ***Th, and *’K based on the assumption that 370 Bq kg ' of *°Ra, 259 Bq kg
of #*Th and 4810 Bq kg ' of K produce the same dose rate for y-rays [47, 98, 129, 151]. Radium
equivalent activity was computed from the following relation:

Ra,, = Ay, +1.434,, +0.077 4, = A 370 370 3-12

+—A, +——
e 2597 4810 ¢
Where Ara, A, and Ak are the specific activities concentrations of **°Ra, ***Th, and “’K expressed in
Bq kg, respectively and 1.0, 1.43, and 0.077 are weighted coefficients for the calculation.

Outdoor absorbed y dose rate

v dose rates in outdoor air at 1m above the ground surface were estimated using the activity concen-
trations of the 2**U, ***Th, and ** K measured previously in soil samples and using dose coefficients
(in units of nGy h! per Bq kg ') 0.462, 0.604, and 0.0417 for 28U series, 222Th series, and *° K, re-
spectively [1, 49]. These values were proposed by Beretka and Mathew and implemented by many
other authors [2, 129, 152]. The Outdoor absorbed y dose rate (Do) was assessed based on the follow-
ing relation Eq. (14):
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D, (nGyh™)=0.462 x A, +0.6044,, +0.0417 4, 3-13

where Ara, ATh, and Ak are the activity concentrations of 226Ra, 22Th, and * K, respectively, ex-
pressed in the unit of Bq kg .

Outdoor Annual effective dose (AED)

The conversion factor from the absorbed dose in air to the effective dose and the occupancy fac-
tor are essential in estimating the effective outdoor annual dose. A value of 0.7 Sv Gy ' was used in
the UNSCEAR report (2000) for the conversion factor from the absorbed dose in air to the effective
dose received by adults and 0.2 for the factor of outdoor occupancy, implying that 20% of the time
was spent outdoors. The coefficient 20% related to the fraction of time spent out is really fit with
western countries with different climate. For example, in western countries, the winter season is one
of the most contributors in reducing that factor as people are likely to stay indoors. In addition, the
larger number of people involved in outdoor activities in developing countries increase the factor up
to OF = 0.4. This value was not considered in this project but is under consideration for validation
prior its use. The annual effective dose (AED) in units of mSv per year was estimated using the fol-
lowing formula [2, 4, 13, 47]:

AED(mSv/y)=D,,, x DCF x OF x FT 3-14

Where AD, DCF, OF, and FT are absorbed dose rate in air (nGy/h), dose conversion factor (0.7
Sv/Gy), outdoor occupancy factor (0.2), and the time conversion factor (8760 h/y), respectively [49].
These factors are also expressed in UNSCEAR report [49].

External and internal Hazards indexes in sand samples

Krieger (1981) suggested the following conservative model based on the assumption of infinitely
thick walls without windows and gates as a criterion for external hazard index (Hex) calculations to
limit the radiation dose from building material to 1.5 mGr y™'. This criterion only reflects external
exposure due to the y-ray emitted and corresponds to a maximum radium equivalent activity value of
370 Bq kg ' for the materials. The value of this index must be lower than unity for the radiation haz-
ard to be negligible as recommended by UNSCEAR and IAEA [98, 153].

MZARa_i_ATh + AK <1 3-15
- 370 259 4810

Internal exposure is caused by inhalation and ingestion of terrestrial radionuclides. Inhalation
dose results from the presence of dust particles comprising >**U and **Th decay chains radionuclides
in the lower atmosphere in inhabitant environment. Radon's short-lived decay products (***Rn) are the
main contributors to inhalation exposure or internal exposure. They enter human (animal) body by
inhalation through respiratory organs. To assess the internal exposure due to **’Rn gas and its daughter
products, the internal hazard index has been defined by Beretka and Mathew and validated by differ-
ent other researchers in the field [129]. The calculation was based on the following equation:

_ARa+ATh + AK

= <1 3-16
185 259 4810

The European Commission (EC) suggested an index called the y index (/ ;) to check compliance
with EC rules for the use of building materials. I, was calculated using the formula below [154]:
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v A Ae 3-17
300 200 3000

EC introduced a two dose criteria for the y dose related to the used of building materials: an ex-
emption criterion of 0.3 mSv y ' and an upper limit of 1 mSv y™'. In general, countries in the Europe-
an Union (UE) use these criteria as their guidelines. But some countries, depending on their own regu-
lations, apply different rules. Therefore, most of the countries apply their control on the upper limit (1
mSv y ). If the exemption level of 0.3 mSv y ™' is considered, then the values of I, should be below
0.5 for materials used in bulk (like sand, cement, clay for concrete, ...); however, if the upper level of
1 mSv y ! is considered then the values of Z, should be below 1 for such materials. In Cameroon, the
IAEA recommendations are applied by the regulatory body. For superficial building materials (covers,
ornaments, and other material on surface with high likelihood of contact with inhabitants) with re-
stricted use (tiles and board), the higher values of I, should be comprised between 2 and 6, supposing
control values of 0.3 and 1 mSv y ™', respectively. It is therefore a policy maker — decision making re-
lation that is applied for each country. Attention should be paid on how the limits are set.

Excess a radiation caused by the inhalation of radon liberated from building materials can be es-
timated using the a index (I,), which has been defined by the formula (3-18). The quantity /, has been

proposed by Krieger and Stoulos [2, 154—157]. The recommended values of /, and I , are below 0.5
and 1, respectively [1, 2, 154, 158].

7 = Ar 3-18

3.6. Conclusion

The present chapter depicted the basis of y-ray spectrometry measurement. The description of
different steps involved in y-ray spectrometry measurement were detailed. Experimental procedures of
the measurements of the energy resolution, the linearity, the efficiencies, the active volume size, and
the dead layer thicknesses were described in detail as below [104]:

(a) Energy resolution: point-like sources of 2 Am, **Ba, 7Cs, °°Co and '*?Eu were located ap-
proximately above the top surface of the detector to measure its energy resolution. As to the point-like
sources, the radioactive materials are sealed as a dot (1 mm diameter) in a thin plastic film. At first,
the ®*Co source was measured alone to adjust the parameters of the system. Then the energy resolu-
tions of more y peaks with energies between 30 keV-3 MeV from the above radioisotopes were ob-
tained to study their dependency to the y peak energy.

(b) Linearity: the same sources as in Procedure (a) were measured and the peak locations of the
corresponding y-rays were recorded to check the linearity of the detector’s response to the y-ray ener-
gy deposition.

(c) Efficiency: a certified cylindrical volume mixed source made of filter medium (**'Am, *’Co,
Co, 3%y, **Mn, etc), was placed on the top surface of the detector to obtain the dependency of the
absolute detection efficiency on the y-ray energy. As for a concerned y-ray, the net peak count was
calculated and used to determine the corresponding detection efficiency, taking into consideration the
measurement time, the emission intensity of the y-ray, and the source radioactivity.

(d) Dead layer thickness: the same **' Am source as in Procedure (a) was used to measure the
front and side dead layer thicknesses. In certain measurements, the source was placed at a fixed posi-
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tion and the full-energy-peak (FEP) detection efficiency of the 59.5 keV y-ray was obtained experi-
mentally (given the certified source activity).

As the application of nuclear methods are useful in industrialization, the world needs to keep de-
veloping new techniques and updating the existing ones. The present chapter focused on a technical
overview of the y spectrometry and the details used to obtain the results that are to be presented in the
next chapter. From the sampling to data acquisition in the laboratory, different steps involved in the
present project concerning y detection are described in this chapter. They included:

- Investigated site description;

- Sampling method description;

- Sample collection and preparation;

- Detector calibration (in both energy and efficiency);
- Data acquisition and analysis;

- Activity concentrations calculation; and

- Radiation hazard parameters evaluation.

52



CHAPTER 4. Y SPECTROMETRY RESULT AND DISCUSSION

Since this study aim to contribute to the determination of natural radioactivity levels in the cam-
puses of the University of Douala and surrounding, and to improve the y spectrometry (Using High
Purity Germanium detectors) methodology by Monte Carlo method, this chapter is complementary to
the previous one. It presents the results of activity concentration measurements and radiological haz-
ards from both studied areas. The soil and sand samples were analyzed by measuring the radioactivity
concentration, the radiation absorbed dose rate, the annual effective dose rate, and hazard indexes.
The quantities have been determined and the results presented in tables and graphs. The first section
discusses the result obtained from campuses studied while the second part (section B) comments the
result of the investigation of the queries in Douala and surrounding.

A. Campuses of the University of Douala (Campus 1 and 2)
4.1. The concentration of natural radionuclides

The activity concentrations of investigated primordial radionuclides *°Ra, ***Th, and *’K in soil
samples from the two campuses of the University of Douala-Cameroon, measured with both spec-
trometry instruments are presented in Table 4-1. Along the concentration are also presented the geo-
logical coordinates of each sampling point because this information was not presented in the previous
chapter for the related site. As can be seen in the table, the average activity concentrations of ***Th is
higher than the worldwide value. As the thorium is the main contributor to the radiation exposure, at-
tention should be paid to its level in soil samples, to deeply the investigated area. But the activity con-
centrations of **°Ra and *’K are lower than the world average values of 35 and 400 Bq kg™ respective-
ly. These average worldwide values found in the UNSCEAR report are not a limit or a target values,
but specific value as comparisons are made with different other countries. The most abundant radio-
nuclide found in the assessed sample was found to be potassium. Its concentration was about 66% and
70% of the total (**Ra + #*Th + *K), **°Ra is 09% and 08%, and ***Th is 25% and 22% in campus 1
and 2, respectively. These results were expected as the presence of potassium in soils, rocks, environ-
ment, and even in the human body is likely to be a natural process due to its high level. Potassium is
also present in foodstuff as part of living being.

The radium equivalent activity was computed to evaluate the radioactivity in each sample
weighted by the three natural radionuclides found. Raeq values ranged from 115.98 to 158.48 with an
average value of 133.42 and from 116.63 to 159.77 with a mean of 136.53 in the unit of Bq kg™, in
campus | and 2, respectively. Compared to the UNSCEAR recommended value of 370 Bq/kg, the
average value of the radium equivalent activity was low. Therefore, the radiological analyses show
that these two campuses are safe as recommended values were not exceeded. Extended analyses are
needed to draw clear conclusions about the safety of people being exposed in the region, but in gen-
eral when the radium equivalent activity is lower than 400 Bq/kg, other radiological parameters are
lower than the recommended safe values. This applies to external exposure quantities.

As shown in Table 4-1, the activity concentration slightly varied from one sampling point to an-
other and from one site to another. These differences observed in both locations may appear from the
non-uniform distribution of radioactivity contents present under the crust of the Earth. Igneous rocks
are usually regarded to have greater radioactivity concentrations than sedimentary rocks. The areas
being studied are part of the Littoral Region, which is Cameroon's main sedimentary basin [2, 44,
101]. This formation has variation in sediments, limestone, shale, and clay. From the recorded activi-
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ties concentration of the radionuclides found (***Ra, #**Th, and *’K) in the present study, it can be no-
ticed that the obtained average value of ***Th in both locations was observed to be comparably higher
(to the UNSCEAR value) than both of *°Ra and *’K in almost all the investigated soil samples proba-
bly due to the high content of thorium in sedimentary rocks.

We also evaluated the soil activity concentration using two both BEGe-6530 and GC0818-7600SL
models HPGe detector. By comparing the results of the two detectors and the technics used according
to the detector type, results presented significant values as can be seen in Table 4-1 and Table 4-6
were displayed. The relative uncertainty activity concentration was calculated for **Ra, %**Th, and *’K.
The average report between GC0818-7600SL model and BEGe-6530 model was calculated and the
mean value of 3.36 was displayed as can be seen in Table 4.3.

As shown in Table 4-1, the measurement results of the activity concentration with the BEGe-6530
detector are very interesting. Indeed, the relative uncertainties are very small compared to the results
obtained with the detector GC0818-7600SL regarding ***Ra and ***Th. It is important to notice that
the Broad Energy Germanium Detector is very adaptable to low energies. The y-ray of ***Ra at 186.2
keV is detected with best resolution and minimal uncertainty while using the BEGe detector. However,
for potassium which emits a line around 1461 keV, the ratio Err (7600SL)/Err (BEGE-6530) <1 is less
than the unity. Therefore, the HPGe detector GC0818-7600SL model was found to be more suitable
for high y energy measurement and is not the best option for assessing radionuclides with low y-ray
energies. It can therefore be seen that BEGe measurement results are appropriate compared to other
HPGe detector types and that we can really use 7600SL-model only to measure high energy y emitters.
As Broad Energy Germanium detector is designed for low background radioactivity measurement and
low energy y-ray, it was expected that the standard deviation for low y emitter will be lower than that
of the high y energy emitter. When comparing potassium y-ray line to those of radium and thorium, it
is evident that the standard deviation for potassium measured by BEGe is expected to be higher. This
is already checked through the computation of the minimum detection activity MDA [101]. These re-
sults were published by Guembou et al. (2017) [101].

In addition, Cs-137 concentrations measured with both detector models and the obtained results
are displayed in Table 4.1. This radionuclide was not detected in few samples (ND) and its concentra-
tions vary between 0.28 and 1.01 with an average value of 0.46 Bg/kg for campus 1, and from 0.17 to
0.95 with a mean of 0.30 Bq/kg for th samples from Campus 2, respectively. The origin of the meas-
ured cesium (non-natural Cs-137) was and is still subjected to further investigations as there are no
nuclear power plants or nuclear reactors in operation in Cameroon or nearby the investigated area, to
lead to the presence of such artificial radionuclide in the Campuses of the University of Douala. Its
values measured with the BEGe detector model vary between 3.02 and 3.98 with an average value of
3.39 Bg/kg for samples from the campus 1, and from 0.72 to 3.79 with a mean of 3.02 for samples
from the campus 2, respectively.
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Table 4-1: Specific activities of '*’Cs, ?Ra, ***Th, and *’K in soil samples from Campus 1 and 2 of the University of Douala measured using BEGe-6530

(Douala) and GC0818-7600SL (Liege) high purity germanium detectors. The uncertainty was given at the 95 % confidence level

Sampling Sample

Activity concentration (Bq/kg)

Latitud Longitud
sites ID atitude ongitude 137Cs 226Ra Z2Th WK
Laboratory of measurement Dla” (BEGe) 7600SL Dla (BEGe) Lge* (7600SL) | Lge (7600SL) Dla (BEGe) Dla (BEGe Lge (7600SL)
ry
UDO1 04°03'20.8"N  09°43'57.6"W |4.0+0.3 0.6£0.1 |26.7+0.8 11.2+1.9 65.9£1.6 35.7£0.5 32.6+3.2 117.9£3.8
UD02 04°03'25.1”N  09°44'00.1"W | 3.2+0.12 ND 29.0+0.8 31.51+2.2 80.0+1.9 54.9£0.6 13.942.9 195.7+4.1
UDO03 04°03'22.6"N  09°44'07.1"W |3.2+0.3 0.4+0.0 |22.0£0.7 28.94+2.2 59.1+1.4 28.8+0.5 70.9+£3.7 218.3+4.1
Campus 1 UDO04 04°03'19.7"N  09°44'04.1"W | 3.0+£0.3 03+0.1 |[254+08 28.442.5 63.3£1.5 27.4+0.4 38.0+£3.4 170.1£3.9
UDO05 04°03'17.2"N  09°44'02.9"W | 3.4+0.3 0.7+£0.1 |[23.3%0.7 29.04+2.3 59.8+1.4 29.94+0.5 44.04+3.3 93.8+£3.7
UD06 04°03'14.8"N  09°44'08.0"W | 3.7+0.3 1.0£0.1 |29:2+0.9 21.5+2.3 71.1+1.7 45.4+0.6 21.84£3.1 188.0+4.1
UD07 04°03'16.7'N  09°44'11.0"W | 3.3+0.0 03+01 |22.8+0.7 39.56+2.6 62.6x1.5 31.3+0.5 52.843.1 254.5+4.3
Minimum 3.0+0.3 ND 22.0£0.7 11.2+1.9 59.1+1.4 27.4+0.4 13.942.9 93.8+3.7
Maximum 4.0+£0.3 10101 [29.2+0.9 39.6+2.6 65.9£1.6 54.9£0.6 70.9+£3.7 254.5+4.3
Average values + Standard Deviation 3.4+0.3 0.5+0.1 |25:5+0.9 27.242.3 66.0+7.4 36.2+0.5 39.2+19.1 176.9+4.0
UD08 04°03'29.7"N  09°44'26.5"W |0.7+0.4 ND 22.3+0.7 13.942.0 52.6x1.3 30.2+0.5 44,7433 248.6+4.3
UD09 04°03'31.0"N  09°44'30.3"W |3.8+0.3 02+01 |27.7%0.8 41.6+£2.2 62.8+1.5 32.5+0.5 16.8+3.1 47.4+3.6
UDI0 04°03'22.0°N  09°44'30.0"W | 1.5+0.9 03+01 |24.9+0.7 92.94+3.1 72.5+1.7 69.0+0.6 14.7£2.8 226.0+4.7
UDI1 04°03'25.1"N  09°44'36.8"W |2.8+0.2 0.5+0.1 |22.0£0.7 11.842.6 63.9£1.5 76.0+0.7 11.9£2.7 172.6+4.2
UDI12 04°03'21.5"N  09°44'39.0"W |3.6+0.3 03+0.1 |[22.9+0.7 50.7£2.9 64.5+1.5 69.2+0.7 15.842.9 239.0+4.6
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Campus 2 UDI13 04°03'16.5"N  09°44'39.8"W |3.5+0.3 03+0.1 |[25:9+0.8 69.8+3.2 74.1+1.7 91.4+0.7 15.1+£3.0 225.7+4.5
UDI14 04°03'18.4"N  09°44'37.5"W |3.2+0.3 03+01 |23.8+0.7 41.5+2.9 63.2+1.5 78.1+0.8 80.8+2.8 198.2+4.4
UDI15 04°03'16.8"N  09°44'35.5"W | 3.6+0.3 0.2+0.1 |26.7+0.8 49.9+1.8 79.0+1.8 66.7+0.7 18.3+£3.2 260.7+4.8
UDI16 04°0324.9"N  09°44'42.2"W |2.9+0.3 02+0.1 |24.60.8 62.9+2.5 71.7+1.7 73.9+0.6 29.9+3.2 245.0+4.6
UD17 04°0321.2"N  09°44'45.2"W | 3.6+0.3 ND 25.0+£0.7 23.542.2 72.4+1.7 76.3+0.6 19.8£1.8 240.2+4.6
DU18 04°03'18.2"N  09°44'42.7"W | 3.7+0.3 1.0+0.1 |23.7£0.7 49.4+29 57.2+1.4 59.8+0.7 42.3+£3.2 271.8+4.7
Minimum 0.7+£0.4 ND 22.0+0.7 11.842.6 52.6x1.3 30.2+0.5 11.942.7 47.443.6
Maximum 3.8+0.3 1.0£0.1 |27.7+0.8 92.9+3.1 79.0+1.8 91.4+0.7 80.8+2.8 271.8+4.7
Average values + Standard Deviation 3.0£1.0 03+0.1 |24.5£1.8 46.2+2.6 66.7+7.9 65.7+0.7 28.2+20.7 215.9+4.5
Range 17.00-60.00 11.00-68.00 140.00-850.00
Worldwide
Average 35.00 30.00 400.00

"Dla means Measured at the laboratory of the University of Douala

#Lge means measured at the laboratory of the University of Liege
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The observed similar variation in activity concentration of ***Ra and *’K is due to the fact that both
studied sites are closed one to another. In addition, investigated soils samples were from sites
originated from the same geological formation and are likely to have similar properties. The slightly
difference in average activity concentration value of **K from one sampling point to another is also
due to the irregular distribution of uranium, thorium, and potassium contents present in the area under
investigation. As radionuclides studied in the present project are natural long-life nuclides, their
presence in an area could be constant or less variation could be observed if human activities have less
effects. The measurements showed a comparatively low level of anthropogenic radionuclide *’Cs
activity levels. This could be interpreted as one of the consequences of the Chernobyl or Fukushima
nuclear accidents. This conclusion was drawn since this radionuclide is not natural in the environment
and is usually sprayed as nuclear power plant or bomb explosion product. Table 1 shows the activity
concentration values of '*’Cs measured in soil specimens together with statistical uncertainty (1c).
The activity concentration of '*’Cs ranged from 0.28 to 1.01 Bq kg™' with a mean of 0.46 Bq kg
(Campus 1) and from 0.17 to 0.95 Bq kg ' with a mean of 0.30 Bq kg ™' (Campus 2). The highest
mean activity concentrations of '*’Cs were measured in the soil samples from Campus 1. The altitude
between both campuses varies from several meters to several tens of meters.

Table 4-2: Comparison of activity concentrations (Bq/kg) of U-238, Th-232, Cs-137, and K-40 meas-
ured in the investigated soil samples with that of other countries

Activity concentration (Bq/kg)

Country U-238 Th-232 Cs-137 K-40 References
china ()::jg'h“ng T 402-442 (112)  32.6-88.1 (71.5) - 440-913(672) [159]
Botswana 6.1-97.4 (34.8)  7.4-110.0 (41.8) ; 33.5-1085.7 (432.7) [160]
Ghana (Ca};eat Acer 2.4-62.7 3.2-145.7 ; 91.1-1395.9 (161]
Ergek Le;l;e (Twke ¢ 6406 (189)  11.6-532 (27.2) 0.7-24.4 (10.6)  254.1-771.9 (524.0) (162]
India (Himwchal P 42.09-79.63 (57.  52.83-135.75 (82. ] 93.33-160.30 13 [163]
radesh) 34) 22) 575)
Lebanon 573 5-50 2-113 57-554 [164]
Syria 6-69 3-50 1-143 87-750 [165]
Italy (Southern) 5771 73-87 - 580-760 [166]
Jordan - - 8-573 - [11]
Namibia 4.5-48(31) 3-38(32) - 42-1100(480) [167]
Nigeria Delta 11-40 (18+3.4)  12-40 (22+4.4) ; 69-530 (210+£49) [168]
Campus 1 25.48+0.92* 36.22:0.52 3.39+0.33 176.9124.01
Campus 2 24.50+1.80% 65.73+0.65 3.02+1.00 215.91+4.45 This work

() = average value / * average value of the activity concentration of **Ra.

The observed activity concentrations of *°Ra, %*?Th, and *“’K in the present work were compared
with other published values obtained from the literature of radioactivity in soil by many authors as
displayed in Table 4-2. Table 4-2 compares the activity concentrations of ***U, %**Th, "*’Cs and *’K
measured in the investigated soil samples from the present study with the values measured in different
countries for the same material type. From the obtained data, the following remarks can be drawn: the
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average activity concentrations of investigated radionuclides, 28y, 22Th, and *“°K measured in the
study area are comparable with those reported by other studies. Activity concentrations ranged in the
similar interval as that of different countries in the world. The mean activity concentration of ***U
(***Ra by extension as they are parent and daughter radionuclides) and **K is lower than that of the
worldwide mean (population weighted). Usually, potassium is the major radionuclide present in
geological samples as soils, sediments, rocks, and sands. Even though its activity is lower than the
average worldwide value generally measured and reported by UNSCEAR, it is much larger than that
of radium and thorium. The average value of the activity concentration of »**Th activity is slightly
higher than that of the world mean as reported by UNSCEAR [1, 47] for regular area. Here the
comparison was not made with high natural background radioactive areas in the world as Ramsar
(Iran), Brazil, China, and India, as the studied area is an inhabitable area with high population density
and never been reported as high background area.

The observed average activity concentrations of >**U and “’K in both studied sites were relatively
lower than the values presented by other authors with the exception of the recorded values of ***Ra in
Nigeria Delta published by Agbalagba and Onoja which were relatively low [2, 101, 168, 169]. Simi-
lar observations were seen for **Th as recorded in the activity concentration in this work. It can be
seen that the median »**™ values reported in this research were slightly smaller than those reported in
China (Xiaz-hung region), Ghana (Greater Accra), and India [161][159, 161, 163, 170-172] and high-
er than the recorded and published average values in Namibia and Nigeria Delta [168, 169]. The pre-

sent comparison shows similarities with material (sands) from different countries.
4.2. Comparison between the two detectors
4.2.1. Activity concentration validation

Results from comparison of the two HPGe detectors used in this research are presented below.
It is clearly observed the importance of the selection of the equipment for y spectrometry measure-
ment or for any other metrology assessment. The energy gap of the radionuclides of interest must be
taken into account in such situation. Table 4-3 presents the uncertainties on activity concentration
measurement for both detectors. The standard deviation presented in this section indicated the extend
of deviation for the whole measurement when choosing an apparatus for experiment.

Since in statistics, the standard deviation is a measure that is used to quantify the amount of
variation or dispersion of a set of data values, it is important to highlight spectral analysis here. Great
information is characterized as spectral data in which interested peaks are well shaped, molded all
around, and have good "signal to noise." This is a key thought: simply having more data does not im-
prove the data quality, as the deviation accuracy could be larger as well. One measure of a spectrum's
quality is the detector system's minimum detectable activity (MDA) [131, 132]. The energy resolution,
background, and efficiency of the detector are related parameter to the MDA. It is important to set the
minimum detectable activity prior to the calculation of radiological parameter or activity calculation
as it provides trustworthy data that the accuracy depends on. The MDA relationship might be essen-
tially expressed as shown in the following equation:

MDA(E) —VR(E)N(E)

e(E)

4-1
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Table 4-3: Errors related to Specific activities (in %) of *°Ra, >**Th, and *’K and standard deviation in
soil samples from Campus 1 and 2 using both detectors. The uncertainty was given at the 95 % confi-
dence level

sample  Errra/Ara  Errra/Ara Ra-7600S Errm/Am  Errm/Am  Th-7600SL/  Errk/Ax  Errk/Ax K-7600SL/ B

Id (BEGe) (7600SL) L/BEGe (BEGe) (7600SL) BEGe (BEGe) (7600SL) EGe

UD1 2.85 18.67 6.56 2.35 3.14 1.33 9.89 3.74 0.38
UD2 2.90 16.48 5.68 2.34 2.98 1.28 20.67 3.59 0.17
UD3 3.09 16.85 5.45 2.38 3.28 1.38 5.22 3.49 0.67
UD4 3.03 19.23 6.35 2.40 2.95 1.23 8.89 3.60 0.41
UD5 3.05 17.69 5.80 2.38 3.20 1.35 7.47 3.83 0.51
UD6 2.98 20.44 6.85 241 3.49 1.45 14.16 3.70 0.26
UD7 3.02 17.22 5.69 2.37 3.45 1.46 591 342 0.58
UD8 3.05 19.18 6.28 241 3.53 1.46 7.32 3.44 0.47
UD9 2.89 14.54 5.03 2.40 3.56 1.48 18.26 4.05 0.22
UD10 2.93 12.20 4.17 2.29 2.95 1.29 18.80 7.53 0.40
UDI11 3.09 25.55 8.26 2.33 3.12 1.34 22.37 7.65 0.34
UD12 3.01 16.67 5.53 2.34 3.10 1.32 18.33 7.48 0.41
UD13 2.94 15.58 5.30 231 2.86 1.24 19.60 7.47 0.38
UD14 2.98 18.86 6.33 2.34 2.92 1.25 3.47 7.56 2.18
UD15 2.99 10.46 3.50 2.32 3.00 1.29 17.55 7.47 0.43
UD16 3.08 12.78 4.14 2.36 2.54 1.08 10.82 7.49 0.69
UD17 2.96 18.15 6.13 2.29 2.60 1.14 9.12 7.53 0.83
UD18 3.00 17.25 5.75 2.38 3.17 1.33 7.52 7.44 0.99
Min 2.85 10.46 3.50 2.29 2.54 1.08 3.47 342 0.17
Max 3.09 25.55 8.26 241 3.56 1.48 22.37 7.65 2.18
Average 2.99 17.10 5.71 2.36 3.10 1.32 12.52 5.58 0.57

The MDA changes with energy because energy changes the quantities it depends on. It separated
all the variables in the MDA that depend solely on the detector itself. The y-rays per decay, shield, and
count time, for example, affect the MDA, but will do so for all detectors in the same way. From the
previous equation, the followings are the description of different parameters used to describe the
MDA:

R(E): the energy resolution of the detector which is a function of the photon energy;
N(E): the background counts per keV, in unit of energy, as a function of the photon energy; and
€(E): the absolute efficiency of the detector. It depends on the y (photon) energy.

Using y-ray spectrometry, it is extremely strenuous task to select the correct detector for appro-
priate data assessment [173—175]. To reliably measure the y-rays emitted from environmental samples
(in this case water, air, rock, and soil), it is essential to attain as much far as possible, low uncertainties
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by obtaining suitable photon counts with acceptable statistic. As the relative counting uncertainty is
defined as reciprocal of the square root of the number of counts, it is important to have a large number
of counted photon in the detector geometry to lower down the uncertainty related to.

1
n

Despite the acceptable degree of relative uncertainty based on investigations, usually less than

where n= number of counts

3.2 percent of relative uncertainty is viewed as the minimum value to ensure the measurements ' un-
wavering quality. The number of photon counts depends on measurement condition, sample quantity,
sample geometry, and type of the detector. But as quality assurance of the laboratory is maintained,
the measurement time has less influence on the result compared to other parameters [101, 173, 176].

As can be seen in Table 4-3, the relative uncertainty of specific activities is given for both types
of detector used in the present project. For each detector, the ratio was computed for the two detectors
to compared both for the perspective of detector selection based on energy range. The results from the
table show a relatively larger error for the GC0818-7600SL for ***Ra and **Th. The ratio values
ranged from 3.50 to 8.26 with an average of 5.71 for *°Ra and from 1.08 to 1.48 with an average of
1.32 for *Th, respectively. These observations demonstrate the interest in using the BEGe for these
radioisotopes’ activity concentration measurement. For potassium activity ratio calculation, this pro-
portion is less than one for 17 samples (except for one sample, UD14), which shows that the use of
GCO0818-7600SL in high-energy measurement is more appropriate. As the y-ray emission of the K-40
radioisotope is at an energy range larger than 1.4 MeV, this conclusion is worthy.

Figure 4-1 presents a comparison of uncertainties for the two detector type and distinct radioiso-
topes. The fluctuation with BEGe-6530 is almost imperceptible to the measurement of the ***Ra and
#32Th activity concentration. But, because of the high y-ray emitted at ~1461 Kev for potassium, sta-
bility for GC0818-7600SL is noticed for K-40 than for BEGe. This stability is reflected rather the ex-
tent GC0818-7600 detector regarding the values of **K or other artificial high energy y-ray emitters.
For the first two curves, a very stable uncertainty is noted for BEGe detector’s result. The explanation
emerges again from high and low y-ray energies. This is expressed in Figure 4.2, in which both kinds
of detectors compare the standard deviation of radium equal activity Raeq. It is evident that the BEGe
is more appropriate for y-ray spectrometry to measure natural low-background radioactivity [101]. For
the blue curve representing the BEGe detector, the fluctuation is negligible for Ra-226 and for Th-232,
compared to K-40 for the same detector. The fluctuation for K-40 is marked by many disturbances as
it can be observed on the third part of the figure. Contrarily, the red curve shows irregular fluctuations
for Ra-226 and Th-232, but for the K-40, the fluctuation is one order less than that of the blue curve.
As the red curve characterizes the performances of the GC0818-7600SL detector, it is understandable
that it is fit for high energy y measurement as highlighted previously.
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Figure 4-1: Standard deviation between the two measurements using BEGe-6530 and GCO0818-
7600SL HPGe detectors: (a) deviation for ?*°Ra, (b) deviation for >**Th, and (c) deviation for *’K. The
blue curve is the characteristic of the BEGe while the red one is for the GC0818-7600SL detector.
Fluctuation represents the inability of a particular detector to perform accurate measurements at a giv-

en energy range.

Comparison between the two detectors
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The variation observed in both sites may result from the non-uniform distribution of the contents
of radiation activity present under the crust of the Earth. As the studied sites show variable activity
concentration for different radionuclides measured, it is important to recall that Igneous rocks are
generally considered to have higher radioactivity levels than sedimentary rocks. The areas under study
are part of the Littoral Region of Cameroon, observed to be the major sedimentary basin of Cameroon.
The region falls into Douala Basin and well known as Rio Dell Rio basin that covers the region from
the Gulf of Guinea to the coast of Brazil in South American continent. Because of the erosion and
weathering process in the investigated area, the geological formation has variations in sediments,
limestone, shale, and clay. From the recorded activities of 226Ra, 22Th, and *)K in the present study, it
can be noticed that the obtained average value of ***Th in both locations was observed to be compara-
bly higher than the value usually measured and compared to both of **Ra and “’K in almost all the
soil-sampling locations. This could be due to the high content of thorium present in sedimentary rocks
as the area under investigation is part of the sedimentary basin of Douala [101, 177].

4.2.2. Radium equivalent calculation Validation

Table 4-4 shows the radium equivalent activity values and uncertainty on different values. The
relative uncertainty ratio for both facilities calculated by the following equation can be seen in the last

column:
(E% st
eq
Tigooss = Err 4-3
BEGe ( ﬁe )BEGe
eq
The previous relation is simply an explanation of the comparison between both BEGe (6530 mod-

el) and GC0818-7600SL detector’s types. The average ratio, as expressed in the Table 4-4, ranged
from 2.49 to 4.54 with an average value of 3.36; which means that the measurements made with the

BEGe are generally more relevant and accurate. This variation is also seen in Figure 4-2: for 18 sam-
ples, uncertainties are higher for GC0818-7600SL, compare to BEGe 6530 model HPGe detector
[101]. Consequently, the comparison shows clearly that the BEGe detector should be used for low
background measurements.

In this case, the right detector is the detector that provides the most assessed information for the
best statistical measurement in the shortest possible measurement time. With simple detectors (as Nal
— Sodium lodine detector), most spectrometry problems can be addressed, but for more precise and
accurate measurements, improvements are needed. Exotic, intriguing, or excessively complicated de-
tector designs are not needed for simple y-ray spectrometry [103, 131, 132, 148, 178]. Most sophisti-
cate detector are usually needed in applications as safeguards verification by IAEA, and there is a
constant need to improve the quality of the detection.
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Table 4-4: Errors related to radium equivalent activity computed based on activity concentrations of
22Ra, #?Th, and *’K and standard deviation in soil samples from Campuses 1 and 2 using both detec-
tors. The last column shows the ratio between both detectors in the case of detector selection for
measurements based on y energy range. The uncertainty was given at the 95 % confidence level

Sample Req (Bq/kg) Err Req err/Req Treosctmsce
Id BEGe-6530  7600SL BEGe-6530  7600SL BEGe-6530 7600SL
UD-1 145.98 41.02 3.22 2.88 0.02 0.07 3.18
UD-2 154.12 49.31 3.74 3.31 0.02 0.07 2.77
UD-3 161.15 43.40 2.98 3.20 0.02 0.07 3.98
UD-4 145.18 42.00 3.20 3.37 0.02 0.08 3.63
UD-5 142.66 42.61 2.99 3.32 0.02 0.08 3.71
UD-6 147.59 44.49 3.55 3.50 0.02 0.08 3.27
UD-7 152.95 46.41 3.05 3.64 0.02 0.08 3.93
UD-8 131.91 41.87 2.75 3.10 0.02 0.07 3.56
UD-9 130.37 43.95 3.19 3.24 0.02 0.07 3.01
UD-10 139.92 66.99 3.32 4.73 0.02 0.07 2.98
UD-11 122.57 51.01 3.02 4.21 0.02 0.08 3.36
UD-12 127.25 59.12 3.07 4.59 0.02 0.08 3.21
UD-13 143.49 67.10 3.43 4.94 0.02 0.07 3.08
UD-14 176.50 58.69 3.04 4.59 0.02 0.08 4.54
UD-15 153.78 57.47 3.66 3.41 0.02 0.06 2.49
UD-16 150.17 62.07 3.43 4.02 0.02 0.06 2.84
UD-17 143.77 54.37 3.25 3.75 0.02 0.07 3.04
UD-18 138.01 55.96 2.90 4.55 0.02 0.08 3.87
Min 122.57 41.02 2.75 2.88 0.02 0.06 2.49
Max 176.50 67.10 3.74 4.94 0.02 0.08 4.54
Average  144.85 51.55 3.21 3.80 0.02 0.07 3.36
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Figure 4-2: Relative error related to the radium equivalent activity for measurements from both detec-
tors. As displayed, the BEGe detector result in blue chart, is three times smaller than that of the
GCO0818-7600SL in red chart.

B. Quarries in Douala and Surroundings
4.3. Activity concentration in the Extending Area

The investigated area was extended to the sand from different big quarries in the economic capital
of Cameroon and its surroundings. Measurements of the sand samples from the quarries were done
after the validation of the appropriate detector for measurement. All measurements were based on
HPGe detector specified previously (only GC0818-7600SL model). The assessment method was he
same as previously described in the chapter 3 of the present report. This section focuses on the presen-
tation and discussion of the obtained results only. The methodology, assumed to be presented already,
will not be discussed again. The specific activities of natural radionuclides in sand samples and the
calculated Radium equivalent activity (Racq) are presented in Table 4-5. The Outdoor absorbed y dose
rate (Dou), the Annual Effective Dose rate (AED), both internal (H;,) and external (Hex) hazard indices
together with a and y indexes are presented in Table 4-5. The results presented in this section were
published by Guembou et al. (2017) [2].

Table 4-5 lists the mean values of the activity concentrations of 226Ra, 2*’Th, and “’K for different
types of sand building materials collected in Douala Littoral region of Cameroon. As seen in Table 4-5,
the highest mean values of each investigated radionuclide, 226Ra, 22Th, and *°K were 146.68, 102.93,
and 927.82 Bq kg' in sand of Youpoue-Bamenda (YB_2), Village (VI _1), and Northern Akwa
(AN_0), respectively. All these values are at least two time higher than the UNSCEAR reported val-
ues. As seen in Table 4-5, the lowest mean values of “°K, *2Th, and ?*°Ra were 54.01, 7.96 and 11.79
in Bq kg™ for Youpoue (YO_2), Bonaberi-Bonamikano (BB_4), and Northern Akwa (AN_6) sands,
respectively. The mean values are lower than the corresponding worldwide average value of 400 Bq
kg for **K but higher than worldwide average values, which are 35.00 and 30.00 for *Ra and ***Th,
respectively [1, 153]. The variation of the activity concentration in the investigated sand sample is
quite large. This could be explained by the irregular repartition of radioisotopes in the Earth crust and
non-uniform distribution of their concentration depending on soils type, human activity, manmade and
natural processes as erosion and weathering.
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By comparing the current study's particular radionuclide activity with worldwide average values
(reported by UNSCEAR), ***Ra concentration was greater by a factor of 1.14 whereas ***Th activity
was discovered to be greater by a factor of 1.43, and **K activity concentration was smaller by a fac-
tor of 0.85. As the investigated sand samples are formed after weathering processes and erosion, it
was likely expected to found potassium concentration in higher proportion as it is easily transported
by water erosion. In addition, the precipitation in the investigated zone is very high annually. So, the
transportation of potassium used as fertilizer in cultivated soil in the region was expected, even
though the radioisotope K-40 is in small proportion in the potassium used in fertilizer.

As shown in Figure 4-3, Activity concentration levels are relatively consistent for northern Akwa,
Bois de Singe, Youpoue and Dibamba sand’s quarries. This uniformity is seen by a slight difference in
potassium activity between 698 and 938 Bq kg™ for Northern Akwa, 70 and 100 Bq kg™ for "Bois de
Singe," 54 and 93 Bq kg™ for "Youpoue", and 153 and 180 for Dibamba. The top level of specific ac-
tivities of *’K is observed in sand sample of Northern Akwa while the specific activities of **Th are
the lowest. The high-level activities concentration of **Ra and ***Th are observed in the sand from
“Bois de Singe”. As shown on the map, the variation of the activity concentration follows the closest
trend: For example, the sand samples from Youpoue and Youpoue Bamenda quarries were sampled
from the closest sampling sites. Their values are closely related in term of mean values and range of
fluctuation.

Figure 4-4 shows the frequency distribution of *’K, ***Ra, and ***Th activity concentrations in the
sand samples. These frequency distributions are closely related to how the radionuclides in the inves-
tigated samples are distributed. Large number of samples in a range show approximation on how the
fluctuation of radionuclides investigated are undergone. In addition, small trended value can show up
the alert on a site that needs additional detailed investigations. The range of 11-38 Bq kg and 54-228
Bq kg! measured for ?°Ra and *’K, cover a percentage of 67 % for **Ra and 54 % for “°K, respec-
tively. This explained how radium activity measured in the samples is packed and the investigated
area has similar geological characteristic. The activity concentrations of 2*Th measured in 38 % of
the total soil samples are between 27 and 45 Bq kg'. These frequencies indicate relatively periodic
and uniform radioactivity distribution for each sandpit of the quarry and mostly small range value (for
the fluctuation relevant to the activity deviation) [2].
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Table 4-5: Specific activities of *°Ra, »**Th, and *’K and the Radium equivalent activity (Raeq) of
sand samples from different quarries (Douala Littoral region of Cameroon and surroundings). Data of
sand samples from the seven big quarries studied.

Specific Activities (Bq.kg™)

Quarry’s name Sample Id Ra-226 Th232 K40 Raeq (Bq.kg?)
AN 1 37.70£1.28  40.58+2.57 726.23+32.36 151,64
AN 2 31.31£1.11  45.19+1.84 698.06+35.19 149,69
Northern Akwa AN 3 36.29+0.66  52.05£2.15 702.54+39.80 164,82
AN 4 38.37£2.55  41.89+0.15 706.43+30.82 152,66
AN 5 54.06£2.86  22.54+1.23 782.18+35.79 146,52
AN 6 11.79£1.00  69.11+£2.46 927.82+46.70 182,05
Dibamba DI 1 27.06+1.10  52.71+1.67 180.27+14.71 116,32
DI 2 20.74+0.32  10.25+0.20 153.50+13.79 47,21
. VI 1 33.51+1.20  102.93+2.39 168.73+15.12 193,69
Village VI 2 29.73£1.28  32.34+0.61 94.44+1.22 83,25
BB 1 57.77€1.72  95.20+2.33 285.84+22.48 215,92
Bonsberi Bonamikano BB 2 31.26£1.18  10.87+0.05 617.38+34.37 94,35
BB 3 17.64£1.06  30.49+1.13 523.30+17.93 101,53
BB 4 36.17£1.31  7.96+0.10 439.35+6.87 81,38
BS 1 47.50£1.45  51.96+1.52 79.26+0.49 127,91
Bois De-Singe BS 2 80.20+1.83  75.45%1.55 70.60£1.15 193,53
BS 3 47.23£1.49  58.82+1.44 100.62+1.54 139,09
BS 4 28.1240.82  34.55+1.12 97.33£1.24 85,03
YO 1 24.43+0.89  43.68+1.35 91.24+0.92 93,91
Youpoue YO 2 49.43+1.03  39.84+1.51 54.01+£0.16 110,56
YO 3 20.31+0.49  34.12+1.19 93.09+0.05 76,27
YB 1 35.69+1.58  39.29+0.95 81.33+£0.85 98,13
Youpoue-Bamenda YB 2 146.68+4.46 24.68+1.59 450.78+7.56 216,69
YB 3 19.24+1.11  21.22+1.52 78.58+0.46 55,63
Min 11.79+1.00  7.96+0.10 54.01+£0.16 47,21
Max 146.68+4.46  102.93+2.39 927.82+46.70 216,69
Average 40.09 43.24 341.79 128,24
Worldwide (UNSCEAR 2000)
Range 17.00-60.00  11.00-68.00 140.00-850.00 -
Average 35.00 30.00 400.00 370.0
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Figure 4-3: Mean values of specific activities of sand samples from seven big quarries investigated in
Douala Littoral Region as additional studied site. This site was added along the project and the ob-
tained data show non-uniform distribution of radionuclides in Earth crust.
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Figure 4-4: Frequency distribution of the specific activities of **Ra (a), **Th (b), and *K (c) in the
sand samples investigated in different quarries in Douala and surroundings.

4.4. Radium equivalent activity (Ra)

The calculated mean values of the Radium equivalent activities of all sand samples of building
materials are presented in the last column of Table 4-5. These calculated Ra.q values range from 47.21
(Dibamba 2) to 216.69 (Youpoue-Bamenda 2) with an average of 128.24, in the unit of Bq kg™'. The
highest mean value of Ra.q found in sand samples was 216.69 Bq kg ™', which is significantly lower
than the widely accepted upper limit of 370 Bq kg ' reported by UNSCEAR [48, 153, 179-181]. At
these levels no radiological hazards are recorded when using the material from investigated area as
building material. Also, no alarm should be addressed here as the level is insignificant to be the origin
of overexposure of the inhabitants of the buildings built using sand from the quarries. Figure 4-5
shows the mean values of the Radium equivalent activity in different sand samples.
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A comparison between the mean values of activities concentrations of 226Ra, 22Th, and *°K and
radium equivalent activity (Raeq) for sand from Douala Littoral Region and from other countries are
given in Table 4-6. The mean values of the natural radionuclide concentration in building materials
strongly differ from one country to another, depending on the sand and raw materials used for their
formation while Racq values are higher than the value of the corresponding material in different coun-
tries except the case of China, India, and Yemen. This table shows the result only for sand samples
investigation while Table 4-2 shows the same (comparison) data for soil samples investigated in dif-
ferent countries and the present project.
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Figure 4-5: Calculated mean values of Radium equivalent activity (Raeq) of sand from Douala Litto-

ral Region. The results are from the seven quarries investigated.

4.5.Radiological parameters and radiation hazard

4.5.1. Absorbed y dose rate (Dow) and annual effective dose rate (AED).

In the third column of Table 4-7, the mean value of the y dose rate in air for various samples of
sand building material is provided. The maximum y dose value from Table 4-7 was found to be
101.47 nGy h™'in Youpoue-Bamenda sand specimens (YB_2), whereas the minimum sand concentra-
tion value from Dibamba River (DI _2) was about 22.17 nGy h™'. Doyu's estimated mean value based on
equation shown in the previous chapter was 58.89 nGy h™' in the studied samples, which is lower than
the worldwide average value of 60 nGy h! reported by UNSCEAR and ICRP [1, 193, 194].

The mean value of the Annual Outdoor Effective Dose rate found in different sand samples is also
given in fourth column of Table 4-7. These values ranged from 27.19 for DI 2 to 124.45 for YB 2
expressed in uSv y~'. As it is expressed in microSv per year, it is easy to draw the conclusion of non-
high radioactive area. The estimated mean value of the annual effective dose rate of 72.22 uSv y ' is
lower than the allowance limit of 1.00 mSv/year. The mean value of AED estimated for all sand sam-
ples are below the external worldwide mean annual effective dose of 1mSv y"' published by UN-
SCEAR, 2000 [98, 153]. This value cannot be discussed in a strict way, but the fact is that no alarm

68



y SPECTROMETRY RESULT AND DISCUSSION Radiological parameters and radiation hazard

can be reported as the average value is lower than the minimum reported value of concern and each
sampling site’s value is also as low as the average worldwide value. The deviation is not as expended
as in other studies.

Table 4-6: Inter-comparison of specific activities and Racq from Douala Littoral Region sand samples
with other areas of the world. The comparison is defined for primordial radionuclides activity concen-
tration and the radium equivalent activity.

Activity concentration (Bq/k

Country sample 2) Raeq (Bq/kg) References
Ra-226 Th-232 K-40
Algeria 12 07 74 28 [144]
Australia 3.7 40 44.4 64.32 [129]
China 394 472 573 151.017 [2, 182]
Cuba 17 16 208 55.90 (2]
Egypt 9.2 3.3 473 17.5611 (2, 183]
Greece 18 17 367 70.6 [156]
Hong Kong 243 27.1 841 128 (2]
India 40 55 590 164.1 [184]
India 43.7 644 4558 170.8 [158]
India, Namakkal 227 2172 3528 59.68 [185]
Malaysia 60 13 750 136 [186]
Netherland 8.1 106 200 38.6 (2]
Pakistan 20 29 383 91 [187, 188]
Palestine 20.6 18.8 26.3 - [189]
USA 37 333 18.5 86 (2]
Xianyang, China 25.8 26.8 553.6 106.7 [190]
Yemen 2078  27.68 111836  164.5 [191, 192]
Douala-Cameroon 40.09 43.24 341.79 128.24 This work

Hazard indices

The Internal and External hazards indexes parameters were calculated to assess the level of risk to
which residents may be exposed and are detailed in Table 4-7. The recorded values of external and
internal indexes range from 0.13 to 0.59 with a mean value of 0.35 and from 0.18 to 0.98 with a mean
value of 0.0.45, respectively. In both cases, there is not value higher than the unity in individual site
sample value. The mean values of Hex and H;, are both below the recommended level of 1[1]. As a
result, the samples investigated in the present research project are not subject of specific radiological
concern in view of radiation protection based on the assessed data. Therefore, materials considered in
this study can be safely used in the construction of buildings. The radiological concern of residents of
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the building should not be directly related to the sand from the quarries investigated, but as there are
different building materials involved in the construction, the conclusions drawn from this study do not
imply other material. Only sand has been subjected to investigation as the conclusions are drawn only
on sand that contribute to 40 to 85 % volume concentration (71.3% on average) of the material in-
volved in the construction [2].

@ and y index

The computed values of the a and y indices (/, and Z,) are also given in Table 4-7. It can be ob-
served in Table 4-5 and Table 4-7 that the activity concentration values of *°Ra in all sand samples
are less than the recommended exemption level of 100 Bq kg and I,<1. As the a and y indexes are
related to radon exposure (internal exposure), important conclusions must be drawn from their as-
sessment. The recommendation that the value of a index should be less than unity is based on as-
sumption related to the fraction of time spent indoor. This fraction varies from one country to another
and from culture to culture, depending on the resident’s habits. As some inhabitants are forced to stay
indoor because of the winter climate, there are some other countries without such climate restriction.
Therefore, radon gas inhalation from the sand samples under investigation is not so large as to restrict
the use of these samples in construction activities [2]. Similar conclusions have been suggested by
different authors about building material in other countries [7, 195-197].

v index I, was estimated using equation shown in previous chapter. The I, in building materials varied
between 0.17 and 0.76 with an average of 0.46. All the values of I, are lower than the unity. Therefore,
radon inhalation under investigation is not so large as to restrict the use of these sand in construction.
The annual effective dose delivered by the investigated samples is smaller than the annual effective
dose constraint of 1 mSv y™'. The highest values of I, and , are 0.76 and 0.73, respectively. The ob-
tained mean values of 7, and /, in the present study are lower than the recommended values of 1 and
0.5, respectively (European Commission, 1999) excepted the mean value of /, in sand sample from
Youpoue-Bamenda (YB_2). Hence these building materials can be exempted from all the radiological
restriction and no concern was reported for detailed investigation [2].

The plotted diagram of investigated radionuclide is given in Erreur ! Source du renvoi introu-
vable. and Figure 4-6. The scale on different axis shows the weighed importance of different radionu-
clides (0 to 25 for Th-232, 0 to 40 for Ra-226, and 0 to 250 for K-40). The statistical representation of
activity concentrations and their frequency distributions are described in Figure 4-6, the radiation dose
and effective annual dose rate show useful distribution for data analysis. Although all the obtained
curves are non-totally symmetric, there are some Gaussian and Poisson corrected distribution. For
example, the potassium data shows a flat well-formed distribution close to Poisson distribution than to
the Gaussian distribution. As radionuclides are not uniformly distributed in the Earth crust, these re-
sults could be expected and show advanced understanding of the variability of radioisotope’s distribu-
tion in soils and sand samples under investigation.
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Table 4-7: Mean values of y Dose rate, Annual Effective Dose rate, and Hazard indexes for sand sam-
ples. External and internal indices, and a and vy indexes calculated are reported in the last columns of
the table. All the equations used for computation are presented in the previous chapter.

Quarry Sample Id Dout (nGy/h) ADE (uSv/y) Hex Hin Iy Lo
AN 1 72.21 88.56 0.41 0.51 0.57 0.19
AN 2 70.87 86.92 0.40 049 0.56 0.16
AN 3 77.50 95.05 0.45 0.54 0.62 0.18
Northern Akwa -
AN 4 72.48 88.89 0.41 0.52  0.57 0.19
AN 5 71.21 87.33 0.40 0.54 0.55 0.27
AN 6 85.88 105.32 0.49 0.52  0.69 0.06
. DI 1 51.86 63.60 0.31 0.39 041 0.14
Dibamba -
DI 2 22.17 27.19 0.13 0.18 0.17 0.10
. V11 84.69 103.86 0.52 0.61 0.68 0.17
Village -
VI 2 37.21 45.63 0.22 0.31 0.29 0.15
BB 1 96.11 117.87 0.58 0.74 0.76 0.29
. ) BB 2 46.76 57.34 0.25 0.34 0.36 0.16
Bonaberi-Bonamikano -
BB 3 48.39 59.34 0.27 0.32  0.39 0.09
BB 4 39.84 48.86 0.22 0.32  0.31 0.18
BS 1 56.63 69.46 0.35 047 044 0.24
. ) BS 2 85.57 104.94 0.52 0.74  0.67 0.40
Bois-De-Singe -
BS 3 61.54 75.48 0.38 0.50 0.49 0.24
BS 4 37.92 46.51 0.23 0.31 0.30 0.14
YO 1 41.47 50.86 0.25 0.32 033 0.12
Youpoue YO 2 49.15 60.28 0.30 043 0.38 0.25
YO 3 33.88 41.55 0.21 026 0.27 0.10
YB 1 43.61 53.48 0.27 0.36 0.34 0.18
Youpoue-Bamenda YB 2 101.47 124.45 0.59 098 0.76 0.73
YB 3 24.98 30.64 0.15 0.20 0.20 0.10
Min 22.17 27.19 0.13 0.18 0.17 0.06
Max 101.47 124.45 0.59 0.98 0.76 0.73
Average 58.89 72.22 0.35 0.45 0.46 0.20
Worldwide Range 18-93 - - - - -
[1, 153] Average 60.00 1 mSv.y! <1.00 <1.00 <1.00 <0.50
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Figure 4-6. Triple representative diagrams of radionucleides investigated in the samples from
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Figure 4-6: Activity concentrations of measured radionuclides and radiological parameters as pre-
sented in previous paragraphs. Statistical representation of obtained data after investigation, the x-axis
is in %.
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4.6. Conclusion

In this chapter, y-ray spectrometry was used to evaluate *Ra, #**Th, and ** K levels of activity
concentrations in soil samples from the University of Douala's two campuses and sand samples used
as building materials in Cameroon's (Douala) Littoral Region. The investigated sand samples were
originated from seven big sand quarries in the economic capital of Cameroon, Douala, and its sur-
roundings. Radiological parameters and radiation hazards as radium equivalent activity, absorbed 7y
dose rate in indoor air, and corresponding annual effective dose, external and internal hazard indices
were calculated to quantify the radiological hazard risk associated to the studied samples. It is im-
portant to highlight that the internal and external indices, as well as the @ and y indexes were evaluat-
ed for sand only. This is because the investigated sand is used as building material and the residents of
the building constructed are likely to be exposed to radon and its daughter products by inhalation.

For samples from the University of Douala, the level of concentration activity was very low as
well as that of the radium equivalent activity. In addition, this part of the study was completed by
comparing results from two different detectors in view to point-out recommendations on the use of
germanium detector for environmental monitoring. The broad energy germanium detector showed the
best stability and accuracy for assessing samples in view of measuring low energy y-rayray (**Ra
and #**Th). The BEGe detector was found appropriate for low background activity measurement and
for low energy y emitters while the detector GC0818-7600SL show stability in measuring high y —ray
emitter as **K. Comparison with values measured in different countries for the same type of sample
showed comparable results in the interval recommended by UNSCEAR [1, 13, 153].

In the present chapter, the measured activity concentrations of **Ra, ***Th, and *’ K were smaller
than the prevalent worldwide values associated with them, reported by international organization as
UNSCEAR, or ICRP. It is therefore found that the acquired radiological parameters are normal and
within the suggested boundaries. Consequently, in the construction of dwellings, the use of these
sands as building material is believed to be acceptable for tenants, in view of natural radiation expo-
sure. In addition, thousands of workers in various quarries of sand in the investigated area of Came-
roon’s Littoral are under global exposure limits. As they may spend their working time with the inves-
tigated sand and may dwell in buildings constructed using the same material. Even in that case, the
exposure level was found to be acceptable, within the UNSCEAR limits. The values of terrestrial ra-
dionuclides assessed can be used as a helpful database to create a radiation map of the region under
investigation and to monitor and quantify possible changes in ecological radioactivity owing to radia-
tion, contemporary, and other human behavior. Results achieved indicate that the annual dose in Dou-
ala received by the residents is below the acceptable limit of 1.0 mSv year '. Therefore, as building
material, most of the sand’s types studied and integrated in buildings appear secure and safe for build-
ing construction or to be on the beaches for those who are likely to spent time on it. The results of this
study will be helpful in assessing the radiation risks for human related to sand building material used
and in initiating a sand database along with a radiological map of the concerned region. The result
obtained did not show questionable sampling point that necessitates additional detailed investigations.
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CHAPTER 5. X-RAY FLUORESCENCE ANALYSIS

This chapter presents X-ray fluorescence methodology and result of analysis of the samples from
the campuses (campus 1 and 2) of the University of Douala as well as those from the extending area
of study in this thesis (seven biggest sand quarries of the Douala city and its surroundings). The inter-
est is shown on the presentation of the method based on both Energy and Wavelength Dispersive X-
Ray Fluorescence methods (EDXRF and WDXRF). The sample preparation is described and finally,
the obtained results and discussion follows. Samples used for X-ray characterization were the same as
for y —ray spectrometry.

5.1.Interest of XRF Analysis

X-Ray Fluorescence (XRF) Spectrometry, a technique used in several research areas (Physics,
Chemistry, Geology, Archeometry, Astrophysics, ...) nowadays, is a broadly used method for the en-
vironmental monitoring of land (geological) material, especially the presence of heavy metal and the
elemental characterization of samples [198-202]. It consisted of a differentiation of major elements
(element with concentration expressed in percentage) from the minor elements (with concentration
expressed in ppm) and to the trace elements (elements present in a sample in very small fraction com-
pared to major and minor elements). The analysis can be very simple, but due to the complexity and
large variety of minerals contained in a geological sample, different steps have to be handled delicate-
ly. Major elements for example in silicate rocks and sedimentary soils are usually determined by anal-
ysis on pellet and glass discs [199, 203].

Typical use of X-Ray Fluorescence spectrometry includes the analysis of petroleum oils and fuel,
plastic, rubber and textiles, pharmaceutical products, foodstuffs, cosmetics and body care products,
fertilizers, geological materials, mining feeds, slags and tails, cement, heat-resistant materials, glass,
ceramics, catalysts, wafers; the determination of coatings on paper, film, polyester; metals and alloys,
glass and plastic; forensics; multi-layer thin films on silicon wafers, photovoltaics and rotating storage
media as well as pollution monitoring of solid waste, effluent, cleaning fluids, pools and filters. In
addition, X-ray Transmission (XRT) gauges are employed to measure sulfur (S) in crude oil and ma-
rine bunker fuel. So, the fields of application of XRF analytical method are widely expended and all
related nuclear physics applications can employ XRF technique. WDXRF and EDXRF [218, 220,
221] spectrometers are the elemental analysis tool of choice, for many applications, in that they are
smaller, simple in design, and cost effective to operate than other technologies like induced coupled
plasma optical emission spectroscopy (ICP-OES) and atomic absorption (AA) or atomic fluorescence
(AF) spectroscopy. In addition, XRF method is not time consuming as y-ray spectrometry [217, 222].
The method has been used for decades and was proven to be useful for related applications and those
cited above.

Since the elemental composition and the natural radioisotope activity concentration in soil vary
from place to place and sometime in the same geological formation with the geomorphological and
the topographic components of the investigated site, sampling method for such analysis must be rep-
resentative. The representativeness of a sampling method usually allows the well assessment of an
area without necessary taking an infinite number of samples, difficult to assess, and without missing
important information from the investigated zone [213, 214]. It is then important for different research
brands to assess and create a radiological map as well as know the elemental composition of their en-
vironment in view of protection and prediction of the future. Specifically, sand stores are the afteref-
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fect of disintegration and weathering processes that have been involved in Littoral and coastal areas
for a while, of rocks from metamorphic and igneous type. The levels of natural radionuclides in an
area could be a subject of concern of international community due to harmful effects of the radiations.
The investigation of the radioactivity level in the area of investigation by analyzing sand samples al-
lowed the assessment of the radiological risk parameters due to the natural external y radiation expo-
sure for the sandblaster, masons, and residents of building and individuals who spend their holidays
on the beaches as well as workers of these quarries. In another hand, elemental characterization [215—
219] of an area can allow decision making process depending on the level of heavy elements concen-
tration found and would probably contribute to the understanding of the origin of geology and the im-
pact of weathering phenomenon in that studied area.

The principle of X-Ray Fluorescence spectrometry is described in the following figure (Figure
5-1) The emission of characteristic "secondary" (or fluorescent) X-rays from a material that has been
excited by being bombarded with high-energy X-rays is used to characterize the material under inves-
tigation. The interaction of the incident X-ray with the shell electron is the origin of the method as the
excited atom will undergo fluorescence to be stabilized in the fundamental state. This emission is
characteristic of the atoms present in the sample under investigation. From the energy spectra, it be-
comes easy to determine the elemental composition of the sample.

Principle of the X-Ray Fluorescence Spectroscopy (XRF)

X-ray fluorescence radiation

Primary X-radiation
or y-ray

Electron

Figure 5-1: Descriptive principle of X-ray Fluorescence spectrometry. The incident photon is either vy-
or X (in most cases)-ray in this case, even though it is not the only representative case found in Phys-
ics.

5.2. XRF Protocol and Experiment

In this regard, the calibration process is very important, but required and overview of a guessed
of the content of a sample subjected to investigation. The preparation of these disks and pellets chal-
lenged the particle size, mineralogical effects as well as matrix correction due to inter-element absorp-
tion and enhancement. Trace elements for heavy metal with an atomic number Z > 26 are preferably
analyzed on pressed pellets made from dry powder [204, 205]. As regard to the weakening of the
sample in the glass, glass discs are less sensitive for trace elements analysis [206-209] and research-
ers usually preferred one method to another depending on the purpose of the assessment. The substan-
tial number of reference tests now accessible [210-212] permits to investigate samples that are par-
ticularly well-suited and contain elements that are excited by X-ray and can emit lower energy radia-
tion to recover their stability. Some of these elements are well-suited for assessments that involved
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bulk chemical measurements of major elements and others for minor elements.

Major elemental characterization took place at the laboratory of Geology with WDXRF and mi-
nor elements at the laboratory of Physics (Nuclear Physics) and the method was based on EDXRF
technic. The same sample used for y spectrometry were used for X-Ray Fluorescence analysis base on
the same sampling method. So the description of sampling method and sample preparation is restrict-
ed here to the differences between y-and X-ray spectrometry. Only the sample preparation method
differs from y spectrometry to Energy Dispersive X-Ray Spectrometry (EDXRF) and Wavelength
Dispersive X-Ray Spectrometry (WDXRF) [209, 218, 220].

5.2.1. Sample preparation

The analysis conditions were described in research done by Duchene and Bologne [209]. Overlap
corrections were implemented to account for the overlap of TiKg on VK, Vkgon CrK,, and SrKg on
ZrK,, either by evaluating the contribution of the interfering component (Sr, Cr) or by selecting a suit-
able background (V), assuming the TiKg symmetric profile curve. On glass disks and pellets, both Ti
and Mn were evaluated to assess the calibration process. This allows, if needed, to operate the two
techniques separately. The content of magnetite pellets was used to correct matrix effects on V and Cr
without the need of measuring significant components on glass disks [223-225].

Major and minor analysis were performed on an ARL 9400XP equipped with an Rh anode, end
window X-ray tube. The ARL PERFORM’X spectrometer used for these tests was a 4200 W system.
This part of the project experiment was achieved using glass disc made in the laboratory of Geology.
For traces elements, the experimental setup used to perform measurement was a MOXTEK source
(MAGNOM model with Ag target, 50 kV and 5 W). The detector used was an AMPTEK SDD123
model. This part of study was performed directly on the surface of different pellets realized in our la-
boratory (the laboratory of Nuclear Physics).

i) Glass Discs’ preparation

Different samples in powder form were melt at high temperature (1000°C) during two hours in a
porcelain crucible (in a muffle furnace). The cooling down process in this step took place during
about six hours, as the sample stayed in the muffle furnace for 12 hours. Different quantities as pre-
sented in the following description were mixed together, melt at 1000°C (15 minutes) again and
cooled down quickly to make the melt sample a glass form [209, 226]. The main steps of the process
are described in the following figure (Figure 5-2).

The following mixture was used as the preparation protocol: 0.2 g (powder sample) + 4 g flux
(50% Lithium tetraborate & 50% Lithium metaborate) in Pt-5% Au alloy. Melting temperature
(1000°C) during (15 minutes), put into Pt mould (28 mm diameter x 02 mm thickness). Then, the
sample was labelled accordingly and stored properly, ready for acquisition during a several weeks
only, because of the count rate changing for iron as indicative of segregation of the sample [203, 209].
Glass disc were made only for major concentration determination based on WDXRF. The sample
preparation technics differ for major and trace element analysis. The preparation for major analysis
took place at the laboratory of geology where the analysis was based on wavelength dispersive X-
Rays (WDXRF). The software used for the data collection and analysis of major elements was the
package OXSAS v2.3.1 with the ARL PERFORM’X spectrometer [209].
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Figure 5-2: Glass disk preparation for major and minor elemental characterization of the investigated
samples. On the top left, the sensitive balance is presented, as it is used for quantity (mass) measure-
ment. It is followed by the porcelain crucible used to dry samples at melting temperature. Bottom left,
is presented different samples in a desiccator, used to desiccating samples prior to the second melting
process and quick cooling down for glass disk making. The last picture displays glass disks made in
our laboratory for WDXRF analysis.

ii) Pressed pellets

For EDXRF measurements, which is a non-destructive method at all (as the sample are not melt
down as for WDXREF), all the analysed samples and standards were pressed into pellets directly with-
out mixing (as 100% or approximately pure sample) as 20 mm-diameter pellets under 4.0 t cm? dur-
ing a period of five minutes. It is important before pressing the sample to form a pellet, to make sure
that the particle grain size is at least five time smaller than the beam diameter. In this regard, the sam-
ples were gridded into mesh less than 2.5 um. This particle size was set very small enough as the
beam line of the X-ray tube could overcome a size larger than it. Thin-walled aluminium cup was
used for the stability, mobility, and to facilitate the handling of the sample during acquisition [209,
227]. The cleaning system during preparation of samples is a very important and delicate step for
handling due to risk of contamination. During this step, different components were cleaned using 80%
ethanol prior to the preparation of another sample. An example of prepared sample as pressed pellets
is presented in the following figure where it can be seen the original sample for y-ray spectrometry in
a cylindrical container (polyester), the powder with a grain size smaller than the beam dimension and
the pellets prepared for EDXRF measurement.
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Figure 5-3: Pressed pellet preparation process for EDXRF measurement. All samples were labelled,
and the labelling process took place at each step of the preparation as well. The measurement (irradia-
tion) was performed on the sample side facing the ground without any labelling mark. Different colors
of the pressed pellet represent the color of the sample (sand present in chapter 4).

iii) Reference samples

Since every scientific measurement or experiment is covered with uncertainties, the validation
process is a reliable way to verify the accuracy of the measurement. It was then necessary the check
the accuracy of the obtained results using reference materials, prepared in advance by certified mate-
rial and with well-known concentration. These reference materials are a subject of a major concern in
practical analyses of Fe-Ti oxide minerals as the number of elements covering the scope of explored
substance for different elements present in samples is too large. In this sense, the number can be larger
than the expectation of the experimenter and some elements present in the samples may not be cov-
ered by the reference material. In this regard, many reference materials are used to cover as much as
possible a large number of important elements to be investigated in a sample. It is decisive to check
the accuracy and efficiency of the system when performing such an analysis to avoid deviation and
wrong data from wrong calibration. The list of the samples used for major determinations are present-
ed by Duchene, and for detailed procedure, the original reference could be consulted [209].

For trace analyses, references materials were provided by the National Institute of Standards and
Technology (NIST). A total of seven reference materials well prepared by NIST was used, including
DR-N, BE-N, MESS-3, SRM-610, PACS, UB-N, and MA-N [203, 228, 229]. These standard refer-
ence materials (SRMs) were produced and certified to facilitate the improvement of compound strate-
gies for analyzing trace elements. They were prepared in rod form and have been sliced into wafers.
These reference materials are conserve in powder form in the Laboratory of Nuclear Physics and are
pressed into pellet for specific experiment at the convenient time.
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In addition, a total number of four (04) reference samples were used for EDXRF calibration pro-
cedure as described in Table 5-1. These samples were certified reference material (CRM) and were
made and provided by the National Institute of Standards and Technology (NIST) [150, 218, 228]. It
included NIST - SRM-610, PACS -2, MESS-3, and BE-N. These standard reference materials (SRMs)
have been manufactured and licensed to promote the enhancement of compound approaches in geo-
logical samples to analyze elemental composition. They were made in rod shape and in our laboratory,
they were sliced into wafers. SRM-610 was used in a special way as it contains almost all the ele-
ments present in the samples. It is used to detect the presence of most of the existing elements in the
sample before refining its concentration with the other reference samples. The spectra of the reference
element used for system setup are presented in Figure 5-6.

Table 5-1: Certified reference materials used for the calibration of the instrumental setup (GeoReM
material. Additional details can be found on the web site: http://georem.mpch-

mainz.gwdg.de/sample_query.asp).

No Code Description

Trace element in glass disc samples: Used for instrument’s calibration and for
NIST-SRM the evaluation of the analytical techniques. Main reference material for trace
1 610 element characterization in inorganic matrices, its nominal glass composition

(SRMs 610 — SRMs 617) is: 72% (Si02), 12% (Ca0O), 14% (Na20), and 2%

(ALLO3). (www.ionflight.com)

Sediment, marine powder from the National Research Council of Canada
(NRCC), M12, Montreal Road, Ottawa, Ontario, K1A OR6, Canada "NRC-
CNRC, Marine sediment reference materials for trace metals and other constitu-
ents analysis as HISS-1, MESS-3, PACS-2" http://inms-ienm.nrc-
cnrc.gc.ca/en/calserv/crm_files_e/HISS-1 MESS-3 PACS 2 _certificate.pdf
[2004]; (http:/new.aslo.org )

2 PACS-2

3 MESS-3 Sediment, marine powder used for similar matrix composition analysis: NRCC

Basalt powder from “Centre de Recherches Pétrographiques et
Géochimiques”, CNRS, B.P. 20, Vandoeuvre-lés-Nancy Cedex 54501, France
(for more details, the website can be followed http://georem.mpch-

mainz.gwdg.de)

4 BE-N

iv) Matrix Corrections

Some dilution of the sample with the flux (lithium borate) was produced to achieve a homogene-
ous and translucent glass disk for glass disk manufacturing prior to the major and minor elements
measurement. Therefore, by implementing corrections, it is essential to consider the 1/20 percentage
of the sample mixed with this Li-borate. This method likewise crosses mineralogical effects and thus
allows the use of synthetic standard compounds such as Fe;O3 and TiO» to calibrate Fe and Ti. The
impacts of mass absorption with Compton scattered tube were taken into consideration for Nb, Zr, Ni,
and Zn analysis. The concentration of different components was evaluated using the OXSAS v2.3.1
software package, an accurate method for measuring 11 components using 15 certified materials to
determine the alignment line [198, 218, 230]. This measurement was based on wavelength dispersive
X-rays spectrometry (WDXRF). For the trace elements assessment, however, the software PyMCA
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version 5.1 was used and the analysis were based on the energy dispersive X-rays spectrometry
(EDXRF) technics [231]. Minor and trace elements, however, have been evaluated using the software
PyMCA version 5.1 [218, 220, 232, 233].

v) Validation of XRF results

Some norms have been evaluated and the values acquired have been found in agreement with the
reported values. As shown in Table 5-2, all standard deviation values between the reference and meas-
ured values were found within the limit described in the literature and are all below 6% in line with
the valid measure. The concentration of SiO,, ALOs;, K;O, TiO,, and Fe,O; were measured with
WDXRF equipment, while Na,O, MgO, CaO, MnO, and P,Os concentrations were determined with
both WDXRF and EDXRF equipment, in view of validating also both of them [218, 220]. Compara-
tive validation as in the case of y-ray spectrometry is not presented in the present report but is seen as
future prospect for detailed investigation about the XRF methodologies and detection systems.

Table 5-2: Confidence about the XRF reported values. Validation of the XRF measurements based on
comparison between reported value by the standard sample’s manufacturer and the data obtained in
our laboratory

Reference material Fe:03 TiO2 MgO MnO CaO ALOs;  SiO:2
SARM-59 South African  Reported value 50.3 48.8 0.56 1.05 0.05 0.61 0.75
Bureau of Standards, 1lme . "0 0 valie 498 491 054 087 005 059 0.73
nite (RBM)
ILM-6703: AG Der Dillin Reported value 58.51 28.74 247 0.2 0.99 34 5.67
f;é;‘;t;efévngll{e’ lmenite 1 ¢ work value  57.6  29.03 230 03 1.1 3.6 6.0
S-102: GBW 07221 Crude Reported value / 10.63  6.16 5.29 6.38 8,26 20.33
ore, Panzhihua Iron & St
eel research Institute, Chin This work value 0.02 11.0 5.99 5.72 5.99 8.8 21.0
a
BEN Reported value 1270 2.61 13.06 0.20 13.99  9.98 38.22
This work value 11.9 3.0 12.99  0.21 14.05 10.15 374
Average Repor’[ed value 30.38  22.70  5.56 1.69 5.35 5.56 16.24
This work value 29.83 23.03 5.46 1.78 5.30 5.79 16.28
Standard deviation (%) 1.80 1.49 1.93 5.34 1.03 4.00 0.25
ALOs Fe:0; K:O Na;O SiO: MgO CaO
SRM-610 Reported value 5.68 0.50 2.97 10.14  58.04 0.33 2.18
This work value 6.0 0.52 3.11 9.77 57.79  0.32 2.14
Standard deviation (%) 5,63 4,00 4,71 3,65 0,43 3,03 1,83

5.2.2. Equipment and principle

The EDXREF instrument used in this project is a strong tool that can be very efficient in validating
both the absence and the presence of certain components in soil samples. This commercial spectrome-
ter could be used to rapidly detect the existence in geological samples of elements such as Pb, Ni, As,
Cr, Cd, Cu, Zn, and Hg [234]. The mobile XRF spectrometer used during acquisition consists of a Rh
X-ray tube MOXTEK tool (Ag target, 50 kV, and 5 W). The resulting radiation (X-rays) is collimated
by a collimator made of Ta (Z = 73) bringing a beam of 5 mm diameter to the surface of the sample.
All the samples are placed at the same distance of 55 mm from the SSD detector outlet beam. The
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SSD (Super Silicon Drift) detector used for experiments is a 25 mm?* detection area with 500 pum
thickness and with 12.5 um "Be window. More details are provided in the technical user manual. The
energy resolution is about 2% of 140 eV at 5.9 keV. The angle between the incident and the emitted
beam is 90 © (with preferences of 45 © optimization between the incident collimated X-rays and the
ordinary surface of the sample) as shown in Figure 5-4. It demonstrates the arrangement of the actual
system during the sample acquisition.

The geometry arrangement is optimized in a way that the background noise due to Compton scat-
tering is reduced considerably. The sample position is selected to fall at the focal point of the two X-
ray beams: this position allows efficient irradiation and detection compared to other dispositions of
the geometry. Specification on the X-Ray generator indicates that it operated on 50 kV and 50 A with
an acquisition time of 900-seconds (this acquisition time is conservative as the data obtained are sta-
tistically acceptable). In the laboratory, only experimental set-up arrangements and measurement con-
ditions are set; the detector and software used were built by manufacturers and software builder [232,
235-237]. Measurements were taken under Air-Atmosphere as the sample-detector distance was set
shorter enough and there was no need to use inert gas as Helium to lower down the interaction be-
tween air particles and proton. In the present case, interaction between air particles and X-ray photons
was considered as negligible since the characteristic spectra of elements detected were corrected.

Measurements were performed at three different points of the sample surface and the considered
result was the average of the three values from each measurement point in the case very low deviation
was observed. When the measurement deviation for different points was high, additional irradiation
was done on the concerned sample and the average value was taken over six different points (some
points were removed). The experimental setup used to perform our experiment was proposed and well
described by Wenbin et al. [235, 236, 238] and is represented in Figure 5-4 and Figure 5-5. Once ac-
quired the XRF spectra, the PyYMCA software package was used for data analysis and treatment. The
output data choosing Excel format allows easy data interpretation and result display in tables.

pinhole
Detector :l __(diameter=d,)
—
Collimator

d,

AB<ll

Figure 5-4: Detection system used for EDXRF measurement (x-ray incident beam and the geometry).
The system is from the Silicon Drift Detector X-123SDD design: 6 varies in different measurement
but in our experiment, 0=45° [238].

To analyze the findings acquired, PyMCA (Python Multichannel Analyzer) was used as software.
It's an application that was built with C++ Qt programming toolkit, based on Python language. Here it
should be pointed out that Qt is a C++ toolkit for cross-platform development [232, 239-244, 244—

246]. Background measurement was subtracted from the experimental measurement of the sample
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before the fluorescence peaks were fitted and interpreted in the least squares. PyYMCA implements a
fitting mode in which the continuum is represented by an analytical function before different concen-
trations are determined [246, 247]. The PyMCA tool advantage is related to its ability to display the
result in either numbers (elemental concentration of samples under investigation) or displaying the
color charts.
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Figure 5-5: Schematic description of the complete X-Ray Spectrometer with Silicon Drift Detector X-
123 SDD

5.3. XRF-Results and Discussion: Elemental composition
5.3.1. Soil samples from the two campuses

The first part of this section is dedicated to the description of the results obtained from the study
of campuses 1 and 2 of the University of Douala — Cameroon. Major and trace compounds and ele-
ments investigated in the eighteen (18) soil samples are recorded in Table 5-3 and Table 5-4. The first
table shows the major elements’ concentrations measured in the investigated soil samples. The follow-
ings are some key points of the obtained results that are detailed in different tables (Table 5-3 and Ta-
ble 5-4).

- In Campus 1, the most abundant compound found in all investigated soil samples was SiO,
(with a mean value of 45.85 %), follows by the Fe,O; (with a mean value of 17.79 %). The
presence of TiO,, CaO, Al,Os3, K,O, and MnO (with mean concentration values of 10.10,
10.79, 5.11, 3.87, and 3.87 in term of percentage, respectively) is also relevant. Due to the en-
vironment of the detection threshold during experiments, minor (trace) components such as
Na,O and P,Os were not identified in the major and minor assessment. The elemental concen-
tration of campus samples taken individually are displayed in Table 5-3 and Table 5-4 and
they are summarized in Table 5-5, Table 5-6, and Table 5-7. But the combined results of both
campuses are also presented as color graphs also (see Figure 5-8).

- From campus 2, SiO, was the most abundant elements found in all investigated samples with
an average concentration value of 45.14 %, followed by Fe;Os3 (with a mean value of 18.47
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%). The highest concentration of Fe,O3; was 22.26 % found in sample UD9, in campus 2. It is
appealing to discuss the high concentration of the iron oxide measured in the investigated
sample. Concentrations of this range are rarely measured in soil samples, but this could be
justified by the historical background of the campuses of the university of Douala. The pres-
ence of other compounds of interest as TiO,, CaO, Al,O3, K»O, and MnO (with mean concen-
tration values of 11.68, 9.31, 5.71, 2.95, and 4.11%, respectively) was also relevant.

The high concentration of the Fe in the soil samples is something uncommon. The concentration
found in the majority of the investigated soil samples put into evidence that the analyzed sample can
be classified as Fe-soil or Fe-sand. This has been suggested after investigating the concentration of Fe
in different soil samples. This is due to the high concentration levels of Fe. It is not very surprising
that the concentration of Fe in samples is higher compared to what is found in the same analysis in
other countries. This can be explained by the historical background of the campus, which was the val-
ley of waste at the early foundation of the city of Douala. As industrial wastes contained metallic ob-
jects in the past before the recycling process was considered in waste management, the process has
been likely the main contributor to the high Fe concentration in the studied site. As the area falls into
the Douala Bassa area, generally known as the biggest industrial area in the country, human activity
may be involved in this high concentration. Many iron factories are under operation in the City.

Table 5-4 displays the elemental concentrations of trace elements found in soil samples. Elements
as S, Ca, Cr, Ni, Cu, Zn, Ga, As, Sr, Zr, Nb, and Ag were detected in the experiment performed in the
lab with mean concentration values of 240.0, 30.8, 5.3, 75.4, 23.6, 31.1, 2.4, 11.8, 3.1, 32.6, 2.0, and
21.7 ug/g for the samples from Campus 1 and 227.0, 26.6, 6.3, 76.0, 22.0, 26.2, 2.2, 11.6, 3.4, 29.9,
2.4, and 21.8 pg/g for the samples from Campus 2, respectively. As trace element, the value presented
in the Table 5-4 are in ppm unit. It is though the reason they are referred to as trace elements.

Table 5-3 and Table 5-4 outlined the similarities in the elemental content measured in the soil un-
der investigation and this information can be included in the Cameroon baseline information as well
as in the Central African sub-region database. The structure of the soil differs slightly from one sam-
ple point to another. These differences are observed in figures displaying the spectra of the investigat-
ed samples. For instance, in Figure 5-7-Figure 5-11 and in Table 5-3 and Table 5-4, the mean ele-
mental content of all the elements obtained in eighteen analyzed samples is presented and additional
display is given by color graph shown in Figure 5-8. Non-uniform distribution of soil characteristics
and geological and geochemical properties of the earth is likely to be the origin of large and small
concentration variation and content fluctuation. As already suggested in the previous chapter, the ele-
mental distribution of chemical element and radionuclide in the soil is subject to many phenomena.
Among those phenomena, the erosion and weathering processes are well known in the vicinity of the
area under investigation (Douala basin). Results present in the literature display similarity with the
obtained result for the majority of compounds or elements detected except the case of Fe, that the
concentration values were quite higher than that measured in similar samples [219, 219, 239-241, 243,
245, 248, 249]. Standard reference material curves used for calibration are shown in Figure 5-6.

Figure 5-7 presents EDXRF spectra of soil samples from Campus 1, and similar spectra from
Campus 2 were analyzed after acquisition simultaneously and presented in detail in the Figure 5-7,
Figure 5-9, Figure 5-10, and Figure 5-11. Only one spectrum was pick-labelled as all other spectra
have similar pick-annotation. The presented spectra were obtained with an equipment calibrated for
acquisition of energy gap ranged from 0.12 to 30.5 keV covering important energy ranges (including
a, 5, and v lines) [209, 250-252].
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Figure 5-6. EDXRF Spectra of the reference material used for calibration and result validation. Four
elements used in this process included NIST-SRM 610, PACS-2, MESS-3, and BE-N.
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Figure 5-7. Spectra of different samples (UD1 to UD7) from Campus 1. Labelled spectra for campus 1
investigation. This labelling and annotation is valid for spectra from both campuses as the elements
and compounds assessed are similar. Detailed views are presented in the following figures.

From the obtained result, it can also be observed that the calibration procedure was well per-
formed because the peaks of all elements are fixed at the same energy range (no translation of peaks
can be observed) but only a difference in the count rate, the pick surface, or in the concentration ex-
pressed here in term of counts integral. For instance, Fe concentrations were packed, for separate soil
samples, in the interval of 14.78 - 22.26 %. A slight variation can be noted (owing to the background
and difference discovered in various samples) and can be explained as earlier stated by the small sta-
tistical variation due to measuring time, equipment, and the historical background of the studied site.
The observed variations are likely to suggest that various concentration levels found in soil samples
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are related to their age (geological age of the formation), origin (geological components included in
their formation), and various previous human operations. This historical background as waste disposal
site also justified the higher level concentration of K,O in the studied site compared to other sites
around the world [219, 239-241, 241, 243, 243, 245, 248]. If the interest is about the peak determina-
tion and associated concentration values, it is essential to solve background changes or fluctuations.
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Table 5-3: Concentrations of major elements and their standard deviation (s) in terms of percentage (%) of all soil samples from the two campuses (07 samples
from Campus 1 and 11 from Campus 2).

Sample Point  SiO2 s ALOs s KO s Fex03 s  TiO2 s MgO s CaO s MnO s
UD-1 48.55 024 521 0.09 699 0.12 17.04  0.02 7.84 0.03 0.80 0.03 9.64 0.11 217 044
UD-2 48.76 0.11 7.26 0.11 3.51 0.10 21.08  0.02 12.56 0.04 0.98 0.03 1.82 0.08 2.07 0.60
UD-3 4453 009 483 0.08 4.99 0.11 15.87  0.01 8.35 0.03 0.74 0.02 1498 0.12 387 043
UD-4 5192 0.10 443 0.08 3.13 0.10 17.68  0.02 5.56 0.02 0.83 0.02 12.06 0.11 2.64 042
UD-5 45.66 0.09 4.68 0.08 252 0.09 17.00  0.02 10.84 0.03 0.79 0.02 11.03 0.10 561 041
UD-6 40.57 0.09 421 0.08 2.65 0.10 1825  0.02 13.21 0.03 0.85 0.02 12.09 0.11 6.54 045
UD-7 4093 0.09 5.14 0.09 3.28 0.11 17.64  0.02 12.34 0.03 0.82 0.03 1394 0.12 420 047

Min 40.57 0.09 421 0.08 252 0.09 15.87  0.01 5.56 0.02 0.74 0.02 1.82 0.08 2.07 041
Max 5192 024 726 011 6.99 0.12 21.08  0.02 13.21 0.04 0.98 0.03 1498 0.12 6.54 0.60
Average 4585 0.12 511 0.09 387 010 1779 0.02 1010 003 0.83 0.03 10.79 0.11 3.87 0.46
UD-8 39.11 0.08 453 0.07 241 0.10 14.78  0.02 6.78 0.02 0.69 0.02 25.16 0.13 5.09 0.34
UD-9 48.39 0.10 6.98 0.11 3.11 0.10 2226  0.02 11.57 0.03 1.04 0.03 271 0.08 215 045
UD-10 4538 0.09 556 0.09 275 0.09 18.07  0.02 15.81 0.04 0.84 0.03 741 0.10 245 047
UD-11 49.31 0.10 6.08 0.10 3.33 0.10 19.38  0.02 11.75 0.03 0.90 0.03 334 0.08 4.08 0.53

UD-12 4988 0.09 4.66 008 227 0.09 1556  0.01 6.23 0.02 0.73 0.02 1486 0.11 437 038
UD-13 45.03 0.10 6.59 0.10 340 0.10 2058 0.02  13.87  0.04 0.96 0.03 331 0.09 453 059
UD-14 4587 0.10 581 0.09 260 0.09 1978 0.02 1486 0.04 0.92 0.03 325 0.08 5.08 0.52
UD-15 5246 0.11 626 0.10 293  0.09 2031 0.02 10.00 0.03 0.95 0.03 190 0.08 334 0.52
UD-16 4030 0.09 594 0.10 3.19 0.11 17776~ 0.01  12.81 0.04 0.83 0.03 1336 0.13 391 0.63
UD-17 42.04 009 564 009 354 0.10 17770~ 0.01 1349  0.04 0.83 0.03 888 0.1 5.80 0.58
UD-18 38.82 0.08 471 0.08 295 0.10 17.03 001 11.28  0.03 0.79 0.02 18.18 0.13 445 047
Min 38.82 0.08 453 0.07 227 0.09 1478  0.01 6.23 0.02 0.69 0.02 190 0.08 215 034
Max 5246 0.11 698 0.11 354 0.11 2226  0.02 15.81 0.04 1.04 0.03 25.16 0.13 580 0.63
Average 4514 0.10 571 0.09 295 0.10 1847 0.02 11.68 0.03 0.86 0.03 931 010 411 0.50
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Table 5-4: Concentrations of minor and trace elements and their standard deviation (s) in term of ppm of all the investigated soil samples from the two cam-

puses. The concentrations are presented following by the standard deviation of the measurement (denoted “s”).

Sample Point S° s Ar s Ca s Cr s Ni s Cu s Zn s Ga s As s Sr s Zr s Nb s Ag s

UD-1 34 3 01 00 275 03 46 02 151 02 250 04 303 05 22 00 1.7 01 35 0.1 21.1 01 20 0.1 210 0.7
UD-2 49 3 01 00 52 02 74 02 175 02 279 05 231 05 24 01 17 01 33 01 383 0.1 27 0.1 227 0.6
UD-3 36 3 01 00 428 03 48 02 168 02 207 04 263 04 21 00 12 00 37 0.1 381 0.1 20 0.1 247 0.6
UD-4 48 3 01 00 345 03 49 02 144 02 210 04 268 04 15 00 12 00 28 0.1 381 01 1.6 0.1 210 0.6
UD-5 30 2 00 00 315 03 50 02 145 02 185 04 287 04 25 00 15 00 29 0.1 569 01 19 01 174 0.6
UD-6 54 3 00 00 346 03 49 02 142 02 278 04 538 05 20 00 27 00 24 0.1 145 0.1 1.8 0.1 255 07
UD-7 30 3 01 00 398 03 53 02 154 02 244 04 288 05 40 01 26 01 32 0.1 209 0.1 20 0.1 200 0.7
Min 30 2 00 00 52 02 46 02 142 02 185 04 231 04 15 00 12 00 24 0.1 145 0.1 1.6 0.1 174 0.6
Max 54 3 01 00 428 03 74 02 175 02 279 05 538 05 40 01 27 01 37 01 569 0.1 27 0.1 255 07
Average 40 3 01 00 308 03 53 02 154 0.2 236 04 311 05 24 0.0 1.8 00 31 0.1 326 0.1 2.0 0.1 21.7 0.6
UD-8 12 2 00 00 719 04 33 01 138 0.1 158 03 251 04 22 00 1.8 00 29 0.1 139 0.1 2.0 0.1 169 0.6
UD-9 42 3 01 00 77 02 52 02 17.1 02 325 05 220 05 23 01 16 0.1 31 01 299 0.1 31 01 299 0.7
UD-10 13 3 01 00 212 03 7.5 02 182 02 275 04 330 05 36 01 15 00 26 0.1 282 0.1 3.0 0.1 210 0.6
UD-11 33 3 01 00 95 02 7.1 02 178 02 265 05 274 05 22 01 1.6 01 35 0.1 357 0.1 23 0.1 222 0.6
UD-12 22 2 01 00 424 03 40 02 164 02 234 04 220 04 19 00 16 00 2.8 0.1 148 0.1 1.8 0.1 202 0.6
UD-13 37 3 01 00 95 02 76 02 125 02 212 05 151 05 1.7 01 1.5 01 35 0.1 197 0.1 24 0.1 244 07
UD-14 34 3 01 00 93 02 61 02 139 02 166 04 202 05 1.8 00 1.6 0.1 3.0 0.1 41.8 0.1 24 0.1 214 0.6
UD-15 41 3 01 00 54 02 7.1 02 179 02 254 05 190 05 23 01 13 01 33 01 423 0.1 22 0.1 214 06
UD-16 16 3 01 00 382 04 84 02 153 02 160 04 252 05 26 0.1 16 01 52 01 191 0.1 25 01 21.7 0.7
UD-17 22 3 01 00 254 03 64 02 175 02 206 05 441 05 20 00 17 01 3.6 01 515 01 25 0.1 21.1 0.7
UD-18 26 3 01 00 519 04 6.1 02 157 02 170 04 353 05 17 00 20 00 3.6 0.1 31.7 01 1.8 0.1 194 0.6
Min 12 2 00 00 54 02 33 01 125 01 158 03 151 04 17 00 13 00 26 0.1 139 0.1 1.8 0.1 169 0.6
Max 42 3 01 00 719 04 84 02 182 02 325 05 441 05 36 01 20 01 52 01 515 01 31 01 299 0.7
Average 27 3 01 00 266 03 63 02 16.0 0.2 220 04 262 05 22 00 1.6 01 34 0.1 299 0.1 24 0.1 21.8 0.6

* S denotes sulfur in this case.

Table 5-5: Summary of the elemental concentrations of major elements and their standard deviation (s) in term of percentage (%): Range and averaged con-

88



X-RAY FLUORESCENCE ANALYSIS

centration of samples from the two campuses.

XRF-Results and Discussion: Elemental composition

Sample Sites SiO2 s ALOs; s KO s Fe:03 s TiOz s MgO s CaO s MnO s
Min 40.57 0.09 421 0.08 2.52 0.09 1587 0.01 556 002 0.74 002 182 0.08 2.07 041
Campus | ax 5192 024 726 0.11 699 0.12 21.08 0.02 13.21 0.04 098 0.03 1498 0.12 6.54 0.60
Average 4585 0.12 511 0.09 3.87 0.0 17.79 0.02 10.10 0.03 0.83 0.03 10.79 0.11 3.87 0.46
Min 38.82 0.08 453 0.07 227 0.09 1478 0.01 6.23 002 0.69 002 190 0.08 215 034
Campus 2 ax 5246 0.11 698 0.11 354 0.11 2226 0.02 1581 0.04 1.04 0.03 2516 0.13 580 0.63
Average 45.14 0.10 5.71 0.09 295 0.10 1847 0.02 11.68 0.03 0.86 0.03 9.31 0.10 4.11 0.50

Table 5-6: Concentrations of minor and trace elements and their standard deviation (s)expressed in ppm: range and averaged concentration of samples from
the two campuses.

Site S s Ar s Ca s Cr s Ni s Cu s Zn s Ga s As s Sr s Zr s Nb s Ag s

Minl* 30 2 00 00 52 02 46 02 142 02 185 04 231 04 15 00 12 00 24 01 145 01 16 01 174 0.6
Max1 54 3 01 00 428 03 74 02 175 02 279 05 538 05 40 01 27 01 37 01 569 01 27 01 255 07
Average 40 3 01 0.0 308 03 53 02 154 02 236 04 311 05 24 00 18 00 31 01 326 01 2.0 01 217 0.6
Min2* 12 2 00 00 54 02 33 01 125 0.1 158 03 151 04 17 00 13 00 26 0.1 139 01 1.8 0.1 169 0.6
Max2 42 3 01 00 719 04 84 02 182 02 325 05 441 05 36 01 20 01 52 01 515 01 31 01 299 07
Average 27 3 01 00 26 03 63 02 160 02 220 04 262 05 22 00 16 01 34 01 299 01 24 01 218 0.6

* 1 and 2 referred to the campus 1 and campus 2, respectively.
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Elemental concentration of major compounds, minor, and trace elements were displayed in color
graphs to show clear evidence of the concentration from one sample to another or from point to point.
Color graphs presented below include the cases of SiO,, Fe;O;, TiO (both a and S K shells), CaO
(both a and S K shells), Al,O3, MgO, K>O (both a and 8 K shells), and MnO (both a and § K shells)
as major or minor compound. In addition, As, Ga, Sr, Zr, Zn, Ni, Cu, and Nb elemental concentrations
were plotted using color graphs. Color graph has the advantage to display the overall concentration
per site and to clearly highlight the area of high concentration.

Soil’s composition changes within the content of each element detected. These differences are ev-
idenced in Figure 5-7 to Figure 5-11 where the mean elemental content of all the elements obtained in
eighteen analyzed soil is presented. The values achieved are in line with the literature and have been
achieved using the PyMCA software package v. 5.1.1 [232] where fundamental parameters are still
used as a basis for quantitative analysis. Furthermore, it also requires to consider that norms and un-
knowns have a similar matrix structure (cellulose) and therefore, the absorption impacts in both sam-
pling sites (samples from both sites) should be comparable.

Figure 5-7 to Figure 5-11 present EDXREF spectra of soil samples from campus 1 (Figure 5-7 and
Figure 5-9), from campus 2 (Figure 5-10), and from both campuses (Figure 5-11). The presented spec-
tra were measured in an energy range from about 0.12 to 30.5 keV fluorescence lines (all the energy
lines are expressed in keV) [209]. Lead fluorescence lines are very well separated up to natural lead
level in the soil material which is closed to the detection level of the EDXRF technique. Figure 5-11
(a, b, c, d) depicted the well-measurement process. Slightly variation can be observed to the back-
ground when zooming on the spectra and it could be explained by the low statistical and time meas-
urement (05 to 15 minutes). It’s not necessary to fix these background fluctuations in the case that the
interest is about the pick determination and the related concentration values 95 to 100% related to the
peak than the background count.
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Figure 5-9: Spectra of different samples (UD-1 to UD-7) from campus 1. (a) All picks (related to ma-
jor compounds and trace and minor elements concentration) are presented in the same graph. (b)
Zoom of the Fe and another surrounding representative picks.
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Figure 5-10: Spectra of different samples (UD-8 to UD-18) from campus 2. (a) All picks (related to
major compounds and trace and minor elements concentration) are presented in the same graph. (b)
Zoom of the Fe and another surrounding representative picks.
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Figure 5-11: Spectra of all investigated samples (UD-1 to UD-18) from both campuses. Energy in deV
(2000 deV = 20 keV): (a) All picks (related to major compounds and trace and minor elements con-
centration) are presented in the same graph. (b) Zoom on the Ar, Ni, Sr, and Ag and other closed rep-
resentative picks (¢) Zoom of the As, Zr, Sr, Kr, Rb, and other surrounding representative picks. (d)
Zoom on the S, Ar, and Si k-lines.

5.3.2. Sand samples from Quarries

Table 5-7 reported the result of the X-ray Fluorescence analysis for both major and minor ele-
ments, measured from seven big quarries in the city of Douala and surroundings. SiO, was found to be
the most abundant elements found in all the investigated samples (with a mean concentration value of
95.51 %) follows with Al,O3 (mean value of 2.68 %). The presence of K element with mean concen-
tration value of 1.11 % for K,O compound was also reported as well as the Fe,Os that the mean con-
centrations follows the same trend as K>O with a mean value of 0.75 %. The TiO, was also observed
with an average concentration of 0.41%. With a mean value of 0.34, the average CaO concentration
ranged from 0 to 0.80 %. Similarly, MgO and Na,O concentration’s levels ranged from 0 to 0.07%
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and 0 to 0.5%, respectively. In "Youpoue Bamenda 2" the largest levels of MgO was measured, while
the largest levels of Na,O was found in "Northern Akwa 3" and "Bonaberi Bonamikano 4." Another
minor elements detected are MnO and P»Os (with mean concentration value of 0.02 % for both).

In Table 5-7, the SiO,, ALLOs, K»O, TiO, and Fe,O3 concentrations were displayed. They were
obtained using WDXRF analysis. This is due to the context that all the above elements are major and
need glass disk preparation prior to the measurement and were assessed in the department of Geology.
The last column of Table 5-7 shows the Loss-On-Ignition (LOI) during experimental measurement: it
shows an inverse relationship with percentage dry weight values (because the sample used in WDXRF
analysis were heated at 1000°C in a porcelain crucible). The LOI is a test used in inorganic analytical
chemistry and soil science, particularly in the analysis of minerals and the chemical makeup of soil
(sand). It refers to the mass loss of combustion residue whenever it is heated in an air or oxygen at-
mosphere at high temperature.

These results indicate that the elevated elemental concentration levels of Si and Al in the defini-
tion of subgroups can be extremely helpful and provide valuable insights into the crude products used
in the process of glass manufacturing in Cameroon as several glass manufacturing firms in Cameroon
(such as SOCAVER) use sand and rock with a very large Si composition (Figure 5-12). The advantage
resides in the ability to make easy glass disk from material with large Si mineral composition.
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Figure 5-12: Elemental composition of major and minor compounds from XRF-measurement of all
investigated sand samples: (a) Correspond to major compounds assessed measured (all compounds
have their maximum detected concentration higher than the unity) and (b) Correspond to minor com-
pound concentrations (all compounds have their maximum detected concentration less than the unity)
[209, 232].
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Table 5-7: Concentrations (in term of percentage %) of major and minor elements in sand samples from the seven investigated quarries. Result obtained using
WDXRF

Sampling Quarry Sample Id SiO, ALO3 K;O Fe;O; TiO; | NaO MgO CaO MnO P,0s LOI

AN-1 91.2+4.5 4.9+04 2.0+£0.1 09+0.1 0.1+0 | 0.4+0 0.04+0 0.3+0 0.01+0 0.01+0 0.7
AN-2 90.7£2.4 5.24+0.6 2.1£0.0 1.0+0.0 02+0 | 0.2+0 0.03+0 0.3+0 0.02+0 0.02+0 0.8
AN-3 914442 49+0.5 2.1+£0.1 1.0+0.1 02+0 | 0.5+0 ND 0.1+0 0.01+0 0.03+0 0.6
Northern Akwa
AN-4 90.0+£2.15 5.3+0.7 2.6+0.1 1.1£0.1 0.1+0 | 0.4+0 ND 0.3+0 0.05+0 0.02+0 0.7
AN-5 914439 4.8+0.6 2.0£0.1 09+0.1 0.1+0 | 0.3+0 ND 0.2+0 0.01+0 ND 0.7

AN-6 90.9+3.2 5.0+0.8 2.1+0.1 0.9+0.0 0.1£0 | 0.1+0 ND 04+0  0.02+0 0.02+0 0.9

D-1 97.65+£2.2 2.3+0.9 ND 0.3x0 0.2+0.1| ND ND ND ND ND 0.59
Dibamba
D-2 96.842.1 2.2+0.8 1.24+0.3 0.3+0.1 0.2+0 ND ND ND 0.1+0 ND 0.62
V-1 94.6+3.2 3.3+0.7 0.1+0 0.6£0 1.1+0.1| ND ND ND 0.01+0 ND 0.90
Village
V-2 95.2+3.3 3.2+0.7 0.1+40 0.7£0.1 1.4+0.2| ND ND ND 0.01+0 ND 0.71
BB-1 98.742.1 1.0+£0.1 0.24+0 0.5£0 0.3+0.0| ND ND ND ND ND 0.33

. . BB-2 91.0£3.6 4.6+0.8 2.0+0.2 1.4+0.3 0.240.0|0.4+0.0 0.04+0.0 0.4+0.1 0.01£0.0 0.02+0.0 0.63
Bonaberi-Bonami

kano BB-3 96.842.3 2.0£0.6  0.4+0 04+0 0.3£0.0| ND ND 0.1£0.0 ND 0.02+0.0  0.73
BB-4 933434 34409 19+0.1 1.2+0.2 0.3+0.0|0.5+0.0 0.02+0.0 0.3+0.0 ND 0.03+0.0  0.78

YO-1 99.9+4.2  0.6%0.1 ND 0.3+0.0 0.1£0.0| ND ND ND ND ND 0.89

Youpoue YO-2 98.144.2 1.6+0.3 0.3+0.0 0.9+0.1 0.6£0.0| ND ND ND 0.02+0.0 ND 0.70

YO-3 98.544.0 1.840.3 04+0.0 1.2+0.1 09+0.1| ND 0.04+0.0 ND  0.03+0.0 ND 0.91

Youpoue Bamend YB-1 98.3+2.6 0.7+0.1 0.1+0.0 0.4+0.0 0.3+0.0| ND ND ND  0.01+0.0 ND 0.6
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a YB-2 96.542.2 1.7+0.1 1.240.2 1.3+0.3 0.940.1| ND  0.07+0.0 ND  0.03+0.0 ND 0.74

YB-3 97.242.4 1.140.1 0.7+0.0 0.8+0.01 0.8+0.0 | 0.2+0.0 0.03£0.0 0.6+0.0 ND 0.04+0.0  0.81

BS-1 98.9£3.9 0.8+0.1 ND 0.2£0.0 0.1£0.0| ND ND ND ND ND 0.45

BS-2 99.144.1 0.9+0.1 ND 0.2+0.0 0.1+0.0| ND ND 0.1+0.0 ND ND 0.64

Bois-de-Singe

BS-3 97.843.1 1.7+0.2 0.4+0.03 0.9+0.1 0.740.0| ND ND 0.8+0.1 ND ND 0.83
BS-4 98.3+4.5 1.3#0.1 0.2+0.0 0.7£0.0 0.6+0.0| ND ND 0.5+0.0 ND ND 0.102

Min 90.0£2.15  0.6+0.1 ND 0.2+0.0 0.1£0 ND ND ND ND ND 0.59

Max 99.9+42  5.340.7 2.6£0.1 1.4+03 1.440.2 | 0.5£0.0 0.07£0.0 0.8+0.1  0.1+0  0.04+0.0 0.91

Average 95.51 2.68 1.11 0.75 0.41 0.33 0.04 0.34 0.02 0.02 0.73
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In this study, the XRF presets was done, and the observed results allowed the grouping of detect-
ed elements or compounds in the analyzed sand samples into major and minor categories. As the most
abundant elements found in all investigated sands are SiO, (with the mean value of ~96 %) and Al>O;
(with an average value of 2.4 %), it shows that the levels of Si and Al measured can be exceptionally
useful in subgroup definition and give valuable insights to the crude materials used for glassmaking in
Cameroon.

5.4.Sample Classification and geological provenance
5.4.1. Samples from Campuses of the University of Douala

A positive correlation of K,O and AlOs (Figure 5-13) infers that the concentrations of the K-
bearing minerals have a noteworthy impact on Al distribution and suggests that the relative abundance
of these components is basically controlled by the substance of mud minerals. Considering these pro-
portions, all analyzed soil samples can be classified chemically as Fe-soil. The discriminant functions
of Roser and Korsch [253-256] uses Al>O3, TiO», Fe2O3, MgO, CaO, NayO, and K»O elements as var-
iables, intended to discriminate between four sedimentary sources: Mafic-ocean island arc; Intermedi-
ate-mature island arc; Felsic-active continental margin; and Recycled-granite, gneissic, or sedimentary.
Using that discriminant function, the comparison confirmed that all the analyzed soil samples are
originated from Continental margin [256, 257].
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Figure 5-13: The positive correlation trend between K>O and AlOs for the 18 investigated samples
from the campuses of the University of Douala.

i) Soil Classification

As shown in Figure 5-13, the positive correlation between K>O and Al,O3; concentrations indi-
cates that the K-bearing minerals have a notable effect on the distributive presence of Al in the sam-
ples and highlights the relative abundance of these elements (compounds) in the fundamental control
set by the mud mineral substance. Considering the concentration of Fe in soil samples, it is found that
most of the samples analyzed can be chemically classified as Fe-soil [258-260]. The discriminant
functions of Roser and Korsch is simply used to display the classification of different types of investi-
gated soils [253]. The diagram used different variable oxide component concentrations as variables of
the discriminant function: Al,Os, TiO,, Fe,O3, MgO, CaO, Na,O, and K»O [231, 261]. The purpose of
using this feature was to show four distinct sediment provenances. The oceanic one so-called "Mafic-
ocean island arc," the solid mainland one so-called "Felsic-active continental margin," the middle of
the previous two highlighted called "Intermediate-mature island arc," and the last one, "Recycled—
Granitic, Gneissic." The comparison performed confirms that all the analyzed soil samples are origi-
nated from Continental margin [231, 253]. These findings are further backed by low Al,O3/SiO, ratios
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(as shown in Figure 5-14 and Figure 5-15) which permitted the classification of fewer samples as
Litharenite (only two specimens) and Fe-sand or Fe-soil owing to the greater Fe,O3 concentrations
found in the studied region (soil from other 16 sampling points) [254, 262, 263].

ii) Provenance

The previous discriminant function, the discriminant function of Roser and Korsch [253] use ma-
jor compounds detected as variables. Provenance discrimination diagrams built using the major ele-
ments measured in the samples are not the most reliable because of the change, alteration, and high
mobilization of the segment amid. Therefore, levels of trace components are very helpful and some
suitable ones are used for sediment provenance and tectonic evaluation, compared to major com-
pounds [258, 259, 261]. Their moderately low mobility in sedimentary procedures and their low resi-
dence time in seawater (elevated solubility and disintegration) are some factors that affect them. The
element Ti is very helpful for evaluating this sort of component for determining the geological prove-
nance of the samples studied.

Figure 5-15 reports the concentration ratio Al,03/SiO; as a function of Fe;O3 and MgO (%) for
the total eighteen analyzed samples from Douala and the so-called diagram for the tectonic discrimi-
nation, given in this section intends to discriminate the provenance of sediment where the investigated
samples are originated from [260, 264, 265]. Description shown in Figure 5-15 indicates that the
origin of the analyzed soil samples is likely to be the Passive Margin. Such results show that the alter-
ation or erosion process was not heavily engaged in the studied region over the previous centuries, but
in tectonic procedures and processes.

Different comparable studies conducted in other regions of the world have been examined in
view to determine the provenance of the geological samples studied in the current study, and judge
through comparison. It was noted from the outcomes that the Douala Basin samples were probably
derived from the dismantling, weathering, and transport of raw materials present in the "Gulf of Guin-
ea" [46, 266-268]. The erosion activities in the past could be counted as one of the effects of the geol-
ogy observed today in the investigated region as well as in many of the world's coastal regions and
large basins. On the remaining coastlines there are passive continental margins. Because there is no
collision or subduction, tectonic activity is negligible, and the weathering and erosion processes of the
earth are winning and are the effects that affect in a large extend the Douala Basin. Sand and rock
from the Gulf of Guinea (known also as the Rio Del Ray Basin) are acid intrusive igneous (such as
granites) and metamorphic rocks (such as gneiss, which contain about 20 percent of quartz). Therefore,
the obtained results illustrated the existence of SiO, in analyzed soil samples at elevated levels, and
justify the geological provenance deducted from the plotted diagrams [43, 268].
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Figure 5-14. Diagram of chemical classification of the investigated samples from Douala — Bassa area
based on binary diagrams; log (SiO»/Al,O3) as a function of log (Fe,O03/K>0) diagram of Herron.
Among the nine types displayed, the investigated samples are from two main types and the majority
from Fe-sand type.
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Figure 5-15. Al,O3/SiO; concentration ratio as a function of Fe,Os; and MgO concentration (%) for

investigated samples from Douala — Bassa area (the so-called discrimination diagram of tectonic for
the determination of sediment provenance).
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5.4.2. Extending area of investigation (sand’s quarries)
i) Sand Classification

K-feldspar and a few micas are attributed to the high ratio of K,O / Na,O to the generally regular
proximity of K-bearing minerals [231, 257, 262, 269]. Figure 5-16 demonstrates a positive gradient in
the correlation between K,O and Al>Os. This positive correlation between K,O and Al,O3 as shown in
Figure 5-16 suggests that the levels of K-bearing minerals have a notable effect on the distribution of
Al in the samples from the investigated region and therefore, the relative influx of these elements
(K»0 and Al>O3) is essentially regulated by the mud minerals substance [231]. Considering the Herron
diagram as shown in Figure 5-17 and Figure 5-18, 37.5% of the studied samples were chemically cat-
egorized as subarkose type (samples from Northern Akwa site and from Youpoue Bamenda YB2 and
YBA4...), 12.5 % were categorized as Fe-sand (sand from Village site, and Bonaberi Bonamikano BB3)
and 25 % were categorized as Subliarenite (sand from Bonaberi Bonamikano BB3). These findings
are further supported by low AlO3/SiO; ratios that made it easy to classify some other samples, the
remaining 25 % as quartz arenites (sand from Dibamba D2, Youpoue Bamenda YB2 and YB3, and
Bois de Singe BS3 and BS4...) [254, 262].

ii) Sand’s Provenance

Due to weathering, alteration processes, and modification of the mobilization of the discriminant
variables, the built provenance discrimination diagrams are not 100% reliable considering distinct
variables as their mobilization. Major components are topics of real interest in this regard as some
minor components in seawater have low mobility and low resistance and are then more reliable for
provenance diagram than the major compounds. TiOz, Fe,O3, MgO, and CaO are therefore the most
suitable chemical components used to determine geological provenance and the required tectonic set-
ting [258, 259, 261]. This argues and defends the weathering process ongoing in Douala and sur-
rounding areas, which are located in the coast of the Gulf of Guinea. As a coastal area in a basin, the
sedimentation process has been involved for years and the studied sand samples are products of this
geological processes.
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Figure 5-16: Positive correlation between K,O and Al,Os. The trend shows a regression line that im-
plies relevant correlation between concentrations of both compounds.

Figure 5-19 reports the concentration of TiO, (%) as a function of Fe>O3; + MgO concentrations
(%). These values were compared with the well-known diagram for the tectonic discrimination of
geological land or sediment provenance published by Bhatia [258, 260]. Comparison evidenced that
all investigated samples are illustrative dragged from the Passive margin, as previously highlighted.
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As shown on the figure, these data can be useful in developing models to understand the past weather-
ing activities and try to develop simulation for the prediction of the future. It is also additional value
for resource management as such data provides dedicated resource information. Figure 5-20 reports
the concentration ratio Al,O3/SiO, (%) as a function of Fe,O3; and MgO concentration (%) and a dia-
gram for the tectonic discrimination of sediment provenance which can be used to assess the origin of
the geology in view to understand some processes undergoing in the research zone [260, 265]. This
diagram demonstrates as a double-bling, that the investigated sands are residue from Passive margins.
No doubt, results confirmed by both diagrams are subject of interest for geologists and for the gov-
ernment as useful data.

The examination of a set of bibliography was feasible in light to determine the provenience (geo-
logical) of the investigated area. Based on the obtained data, it can be observed that the investigated
samples presumably emerge from the disassembly and movement of the material present in the “Gulf
of Guinea™ [46, 266-268, 270-272]. The remaining coastlines contain passive continental margins, as
the investigated zone fall into the Wouri basin, which is part of the Rio Del Rey basin extended from
the Cameroon coastline to the South America (Brazil) coastline. Since no collision or subduction oc-
curs, tectonic activity is negligible, and the weathering and erosion processes of the earth have been
increasing in the region under investigation. This results to a lot of low-relief (flat) ,soil developing
both shoreline bearings, long river systems (Wouri, Dibamba, Mungo, Doctor Anse River and Atlantic
Ocean), and the collection of thick piles of sedimentary trash on comparatively broad continental
shelves [46]. The sand and rocks of the “Gulf of Guinea” are acid intrusive igneous as granite rock
type and metamorphic as gneiss rock type that warrant elevated concentrations of SiO; and Al,Os,
while small concentrations of CaO, K,O, Na,O and MgO are noted because of their elevated solubili-
ty and low molecular strength in water as the annual precipitation level in the investigated region is
really high [268, 270].
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Figure 5-17: Chemical classification of analyzed geological samples from Douala and surrounding
areas based on binary diagrams; discrimination plot of log (SiO»/AlO3) as a function of log
(Fe203/K»0) diagram of Herron [271, 272]. Evidence of the 04 classifications of analyzed sand sam-
ples from a total of nine different types.
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Sample Classification and geological provenance

Quartz
arenites -

Sub-arkose -
37.5%

Fe-sand -

12.5%

Figure 5-18: Diagram of Heron for the classification of different sample (in term of frequency), based

on the only four types assessed in this project.
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Figure 5-19: TiO; (%) as a function of Fe,O3; and MgO (%) for all investigated samples: (a) Normal
scale for overall view; (b) high scale visualization with labelling display.
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concentration ratio as a function of Fe;O3; and MgO concentration (%) for all investigated samples
points: (a) Normal scale for overall view; (b) high scale visualization for labelling display.
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These results respond to our expectations as the Gulf of Guinea is part of the Atlantic Ocean's
passive margin, closes the Central African Equator. The Gulf of Guinea is defined by the existence in
Cameroon of a volcanic field forming the oceanic segment of the active Cameroon Volcanic Line
(CVL), a line extending over 1500 km from the Atlantic Ocean to the continent of Africa with its oce-
anic segment highlighted by the following volcanic islands: Bioko, Principe, Sao Tome, Annobon.
The CVL continental segment starts at Mt Cameroon (4100 m), which has been the primary active
volcano along the CVL since the 19th century with at least 17 eruptions. The geology of the Gulf of
Guinea is completed by sedimentary formations that are presently under exploitation (hydrocarbons
and oil exploration) [270-273]. Thomas Schluter explains the previous outcomes as follow: the oft-
shore basins of Douala and Rio-del-Rey are typical passive margin basins that started in the midst of
the Atlantic Ocean, boarding Cameroon mainland. They created a continuous sedimentary basin
stretching from cretaceous to Miocene times, expending from Nigeria to Southern Cameroon [273].

5.5. Conclusion

XRF analysis based on both WDXRF (Wavelength Dispersive X-Ray Fluorescence) and EDXRF
(standing for Energy Dispersive X-Ray Fluorescence) spectrometry methods were performed to char-
acterize different soil and sand samples from Douala-Bassa area covering the campuses of the Univer-
sity of Douala and quarries in the city and surroundings. The characterization consisted of elemental
composition investigation of different samples using both an ARL PERFORM’X spectrometer for
WDXRF measurements (that uses the package OXSAS v2.3.1 as analysis software) and an SDD spec-
trometry chain (Silicon Drift Detector, SDD123) for EDXRF assessment. The most important part of
the elemental investigation was carried out using the PyMCA software package, for the case of
EDXRF investigation. Both WDXRF and EDXRF elemental concentration of different elements and
compounds obtained in this study are useful to characterize the soil samples from the Douala — Came-
roon.

Spectra from the eighteen soil samples revealed that measurements were performed in an appro-
priate manner and the region of interest formed by picks in spectra facilitate the data assessment. The
plot of correlation between K>O and Al,Os shows a positive gradient between the two compound’s
concentrations. The obtained positive slope suggested a relative abundance of these components that
are basically adjusted by the substance of mud minerals. As the investigated area is part of the Doua-
la-Bassa area, an area in the Douala Basin, these data could be justified by the presence of sedimen-
tary basin. This fit the assumptions and expectation set three years ago when designing and adjusting
the research project. It also proved that analyzed samples have the same origin and provenance (ac-
cording to the obtained concentration values of Al,Os, TiO», Fe,O3, MgO, CaO, Na,O, and K,0). The
investigation intended to draw the discriminant functions of Roser and Korsch [253] allows the classi-
fication and the geological provenance of the analyzed soil samples and the following conclusion had
been drawn. The investigated site geology can be classified chemically as Fe-soil. All analyzed soils
are illustrative dregs from Continental margin as it was discussed previously.

In addition, the elemental characterization of samples from the extended study site (quarries in
the economic capital city of Cameroon and its surroundings) was performed through both EDXRF
and WDXREF. This was done in view to determine their elemental composition, and the concentration
of major and minor compounds as well as trace elements found were presented in tables (the obtained
results). Additional data were presented based on color graph plotting, which allow an easy visibility
of the packed concentration site by site in the investigated area, displayed on spectra. From the ob-
tained results (tables and different diagrams), it was observed that the investigated area’s geology is
formed by sediments from Passive margins and probably come from the degradation (or weathering)
of materials of the “Gulf of Guinea”, where the main characteristics of the rocks are acidic intrusive
igneous and metamorphic. Important notice is that the Gulf of Guinea (where the study area fit within)
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is defined by a diverse geological environment comprising volcanic islands presently under severe
subterranean operations (hydrocarbons exploration and well-logging) with sedimentary formation.
Even though these activities can affect the environment under investigation, it is important to relate
human activity to the undergoing natural processes only if the background studies were performed
prior human actions. In this regards the obtained data will likely be useful insights for future investi-
gation, not as a pure background, but as control data.

Their characterization as sediments from passive margin confirms the fact that the plate of the
Douala basin belongs to an active one because it was built by the sedimentation of an ancient rift de-
termined by a transitional lithosphere. The basin is thus considered as a transition between oceanic
and continental lithosphere. X-Rays Spectrometry results showed important value of different element
and compounds, both major and minor. This chapter leads to important knowledge for the elemental
characterization of samples. It also helps to clearly differentiate the application of X-ray, from atomic
origin to that of y-ray, from nuclear origin.

Future Investigation

As XRF was used for the characterization of the studied area, it is important to compare the
method to other similar procedures. The combined and simultaneous use of PIXE (Particle Induced X-
ray Emission) and PIGE (Particle Induced y-ray Emission) techniques for the analysis samples will be
implemented in the future. The primary goal will be the assessment whether both methods are time
and cost effective efficient for geological sample assessment and environmental monitoring. The effi-
ciency and accuracy of both methods will be compared to the XRF analytical procedure. Interest on
these nuclear technics has been shown with experiments performed on the samples from Douala. The
analysis and interpretation are one of the perspectives of this thesis.
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CHAPTER 6. MONTE CARLO METHOD AND GEANT4 TOOLKIT

6.1. Introduction

The Monte Carlo methods are known as statistical random numbers-based calculation, in a sim-
plest way. As numerical techniques, the Monte Carlo (MC) methods are statistical techniques of simu-
lation where statistical simulation represents any technique that uses random number sequences to
achieve the simulation [274-276]. The Monte Carlo simulation is now used in various fields of activi-
ty from the simulation of some complex physical events such as the transport of radiation in the earth-
ly atmosphere and the sub-nuclear processes that happen at high energy to the simulation of a video
game. The method is intended to solve problems that are deterministic in principle. They are the key
to solve some problem that are not solvable by other ways for providing an analytical reliable solution.
In addition, Monte Carlo methods are used in physics and mathematics to solve problems with a large
degree of freedom, model phenomena with significant uncertainties in inputs variables or parameter,
and to solve any problem that have probabilistic interpretation. This chapter will not discuss the Mon-
te Carlo method in general, as the method is applicable in various field, but that relates to the context
of this project, the transport of photon throughout a medium [22].

In the Monte Carlo calculation, quantities of interest for the application are computed through sta-
tistical sampling of interaction processes. A Monte Carlo algorithm implies that the physical system is
described by the function so-called “probability density function” which allows the generation of ran-
dom number for each step and multiple times, and the result is taken as an average of numbers which
were observed (the final result is the median of different results obtained from repetition of the pro-
cess). As some problem cannot be solved analytically, scientist in the previous century were interested
in solution behavior instead of looking at the deterministic solution itself. For this reason, for example,
radiation particles that are emitted spontaneously and follows the decay law cannot be counted or ana-
lytically estimated exactly for a given time. The statistical fluctuation needs real measurement instead
of prediction based on a simple equation of exponential decay. The observation highlighted some is-
sues that need to be approached, not analytically, but in a different way. It may be essential to move to
a Monte Carlo method to offset these problems (as it was done in the previous century). To achieve
numerical outcomes, computer algorithms based on this technique depend on repeated random sam-
pling. It enables a smooth definition of physical parameters for more precision in the final result dur-
ing particle transport. In addition, this technique is especially appropriate for multi-particle transport
issues and complex geometries involving multi-materials and different densities. In the following par-
agraphs, the technique applied to particle transport in Monte-Carlo is detailed in terms of application
in radiation protection codes and characteristics and dosimetric issues. Special details are given for y
spectrometry only (with y particle interaction with matter). It has become crucial to use computer
codes to predict the different radiometric and dosimetric amounts earlier identified and that are part of
this project. This works with numerical calculation techniques with approximations that influence the
true value of the required quantities under investigation.

A Monte Carlo computation therefore, involves running a large number of occasions of particles
until some worthy statistical uncertainty of the desired calculated quantity has been reached. I'-ray
spectrometry is a non-destructive method used in nuclear physics to analyze y-ray emitter radionu-
clide quantitatively and qualitatively and the MC methods in this chapter are combined with, to pro-
vide efficiency calibration method in the spectroscopic laboratory. This assessment is carried out by
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calibrating the detector, counting, and evaluating the individual photo-peak emitted from the sample
[2, 102]. Building a Monte Carlo application for radiation detection is not an easy task as there are
dozens of data and code portions to be involved. For example, for a single photon transport in a room,
there is a need to build the geometry both of the room and the y path if it has to penetrate the room
from somewhere else; describe the physical processes that depicts the behavior of the y in the room;
and the generation of the y at least. The physics includes more than the equations described in chapter
2 and 3 of this report, not simply written but transformed in a code. As a result, it is important to used
pre-built application to build our own Monte Carlo code for a particular simulation in radiation detec-
tion. GEANT4 toolkit-based simulation offers more data on the latest y-ray spectrometry technique.
As photons can interact with matter through the photoelectric effect, Compton scattering, pair produc-
tion, or Rayleigh scattering, and the likelihood of each type of interaction depends on energy, many
scientists set a path for the equations to be used: among them, there are Baro et al., Biggs and
Lighthill, Born, Butcher and Messel, Ford and Nelson, Gavrila, Grichine et al., Heitler, Hubbell et al.,
Kenneth, Messel and Crawford, Rossi, and Berger [36, 38, 85, 88, 91, 277-281, 59, 60, 67, 68, 79—
82].

The physical processes were directly simulated with one condition to define the system's behav-
ior: the system must be defined by the probability density function, which is the key point for the sim-
ulation using MC methods. The description of the probability density function is the sensitive part as
the result depends on. If the function is well-known, the Monte Carlo-based simulation can proceed to
generate random number from the probability density function. Monte Carlo simulation is regarded as
a new method for assessing environmental radioactivity in y-ray spectrometry [2, 23, 281]. Further-
more, when coupled y-ray spectrometry to the Monte Carlo simulation based on GEANT4 code, there
are many advantages that advance the science. This technique reduces the high price and risk associ-
ated to the use of radioactive sources to calibrate the detectors and is nowadays a significant assign-
ment that favors the creation of MC techniques. If successful, in the event of efficiency calibration of
HPGe, the geometry built by MC simulation can be very helpful as it is likely to be shape-adjusted to
fit the sample geometry for example. The validation of this technique has been proven by studies car-
ried out globally and worldwide [27, 33, 42, 110, 142, 173, 282-284]. Therefore, many labs found out
that the calculated values acquired with MC simulation differed considerably from the experimental
values and even vary from one laboratory to another. This interest is due to the problems experienced
during the detectors ' experimental calibration, as well as the statistical nature of the study.

6.2. State of the art

Different scientists and researcher all over the world had been using different codes as MCNP and
MCNPX to compute the detection efficiency of the y detector (high purity germanium detector and
scintillator, but the first one is the type used in the present project). The following description high-
lights some key progresses in the field, achieved by other studies.

- Akkurt study the sodium Iodine detector. He used MCNPX code in his simulation and the ob-
tained results for Nal(TIl) detector system were compared to result from experimental study
carried in parallel [23]. While comparing the simulation result of his work to experimental da-
ta, he found good agreement between MC calculation-based MCNPC code and experiment.

- Furthermore, detector performance as well as geometry based on GEANT4 code performed
by some researchers discovered this technique to be a very helpful option, which also offers
higher flexibility in detector response and measurement efficiency [26, 30, 42, 53, 110, 130,
141, 142, 173, 283, 285-297]. Valuable insights are in some case, the agreement between ex-
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perience and simulation, in others the risk reduction and the time saved for routine process
usually performed in the laboratory.

- Britton [286] developed from 2012 to 2015, during his PhD project, a full GEANT4 model
for the simulation of a broad-energy germanium detector. The project covers other detector’s
type and not only the efficiency was regarded as subject of concern to be improve, but also
Compton suppressed method. After performing Monte Carlo simulation for a particular detec-
tor, the obtained data were compared to the experimental ones. The results from the compari-
son highlighted 3 % accuracy within 95 % confidence level, for y-ray lines, covering the en-
ergies between 30.00 and 3,000.00 keV.

- Gang Li conducted an efficiency correction survey to determine the '*’Cs concentration in en-
vironmental soil samples using the comparative measurement method and GEANT4 simula-
tions [289]. The GEANTA4-based simulation he carried out was found to be in agreement with
experimental data and the GEANT4 code he built was validated.

- Hurtadoa used the GEANT4 toolkit to simulate Ge detectors response in low-level (low back-
ground or well-shield detectors) y spectrometry. Also, the comparison of the computed values
with the experimental data was done. It was discovered that both experimental data and result
of simulation were in agreement with the confidence limit of 10 % [291].

- Chagren used the CERN GEANT4 code to calculate the peak efficiency of y-ray spectrometry
in High Pure Germanium [287]. As a result, his calculation is a reference data-based research
for peak efficiency assessment in y-ray spectrometry.

- Jelena Nikolic performed Monte Carlo simulation for calibration of three different HPGe de-
tector types: The Closed coaxial - p type Canberra with Al entry window, the closed reversi-
ble coaxial - n type Canberra with Be entry window, and the Closed coaxial - p type Canberra
with Be entry window. As previous cited authors, he used the GEANT4 toolkit as base for his
application building while EFFTRAN software was used for efficiency transfer computation
[293].

- Saed Dababneh used GEANT4 to carry out crucial adjustments in close geometry for self-
absorption and real coincidence summing in environmental sample assessment based on y-ray
spectrometry measurement [141].

- To calibrate two HPGe detectors, Nikolic implemented GEANT4 simulation to evaluate lig-
uid and soil-like samples in barrel shaped geometry [295].

These researchers have demonstrated the precision and accuracy of the GEANT4 toolkit in the
calibration of y-ray spectrometry detectors as the overall comparison between simulation and experi-
ment was, for the most part, found to be less than 10% within 95 % confidence limit. The difference is
due in part to distinct detector parameters that differ from date to date and can be more optimized
from the simulation point of view than that of the experiment. Therefore, more attention needs to be
paid to simulating different detector models to enhance scientific cooperation between different
team’s work, sharing methods and code developments and improvements, and finally promote the
involvement of scientists from developing countries in conducting environmental radioactivity re-
search without any expense of purchasing multi-y radioactive calibration sources in developed coun-
tries. For examples, there are GEANT4 schools every year all over the world, but it has not been yet
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organized in sub-Sahara region, even though there is a real need in Cameroon as well as in the sub-
region (Central Africa). Interestingly, no or very little attention has been paid to simulating a wide
energy germanium detector, particularly the model BE6530 used for low background measurement.
Nevertheless, LabSOCS and ISOCS calibration software have been developed to facilitate calibration
based on Monte Carlo algorithms in view to facilitate the efficiency calibration procedure for charac-
terized detector. These MC calibration software have been using in the laboratory of spectrometry of
the NRPA in Cameroon for detector efficiency calibration purposes [14, 149, 298].

The present chapter aims to present developed Monte Carlo methods and principle related to y-ray
metrology. The theory of the GEANT4 toolkit is associated to the description of the Monte Carlo al-
gorithms used, but only the part related to y metrology is the subject of interest in this chapter. The
analytical development performed here are done with mindful intention to facilitate the efficiency cal-
ibration of the broad energy germanium detector type BEGe-6530 used in the laboratory were exper-
iments were carried on. As the calibration of BEGe was intended for environmental samples assess-
ment, the model was built for an axial detector. As the next chapter will present main result obtained
based on the development of this chapter, a full GEANT4 model of the broad-energy BEGe detector
will be presented with different views of the geometry construction and efficiency curves.

6.3. Monte Carlo Method

A Monte Carlo calculation comprises a run of an extensive number of particle occasions until
some worthy statistical uncertainty of the coveted computed amount has been reached. It is though a
demanding computational method as it requires large number of particles and complex probabilistic
equations used to describe the particle “motion” in the geometry defined. These individual events se-
quentially computed on a single CPU framework or keep running in parallel on a CPU cluster are
generally called particle histories. As a broad class of computational algorithms that rely on repeated
random sampling to obtain numerical results, Monte Carlo methods for real problems usually relies on
computers for calculation as it cannot be timely achieve by human hands.

n = 24000, =~ 3.1467
1.0 s e

10 n=3000, 7er 3}11»33 n = 10000, 7~ 3.1468

7 kT

0.8 1 0.8

06 AN ALY

0.41:, 04

027 Ffns 0.2

0.0 0.0
00 02 04 06 08 10 %0 02 04 06 08 10

0.0 0.2 0.4 0.6 0.8 1.0

Figure 6-1: Monte Carlo method applied to approximating the value of n (real value is given by & =
3.1415926535897932384626433832 with 28 decimal characters). As a statistical method, the accura-
cy of the result obtained depends on the number of particles generated and tracked.

A simple example of Monte Carlo application is given in the Figure 6-1, where the value of = is
computed using a quart of a circle. While throwing arrows on the square surrounding the % circle, it is
possible to estimate the value of @ by counting the number falling on into the circular part of the ge-
ometry and the total falling into the overall geometry (here, the square). The physical processes are
directly simulated with one condition to define the system's behavior: the system must be defined by
the probability density function as mentioned previously. The Monte Carlo simulation can be pro-
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ceeded, if this function is known, by generating random numbers from the probability density func-
tion. The outcome is an average of different figures observed as outputs of the simulation. It is a very
important task to limit the high cost and risk associated to the use of radioactive sources while cali-
brating detectors [276, 281, 299]. Many studies performed nowadays as those described in the section
entitled “State of the art”, were done to facilitate radiation detection measurement. Prior to the gov-
erning equations description, it is crucial to describe the concept of MC applied to radiation transport.

6.3.1. Principle Monte Carlo Methods Applied to the Radiation Transport

Figure 6-2 presents the flow chart of the calculation process of the Monte Carlo method used for
the transport of particles (as electrons, proton, neutron, heavy charged particles in some cases, and
photon, the case adapted to this project). The general concept is explained as a large number of parti-
cles are produced by a random source and their trajectory and "history" will be probabilistically de-
termined. There are different steps involved, but the description will be given on those contributing
mainly to y interaction processes with the detector material.

- First, a random selection routine code assigns a set of initial parameters to each particle de-
rived from the source (spatial coordinates X, y, z; release direction u, v, w; energy E; time t if
the calculation includes time dependence or the four temporal-space coordinates described by
Einstein in the relativity concept [X, y, z, ct] where c is the light speed in the vacuum). These
parameters’ values are “selected” from the spatial probability distributions, direction, energy,
time, and momentum.

- The source is therefore defined by a sampling of computer-generated random number distri-
butions [276, 278, 282, 295, 300]. Such a random selection method to characterize the physi-
cal intrinsic parameters in the particle transport is indeed the foundation of the Monte Carlo
method.

- The next stage consists of selecting the particle transport length to be achieved before the par-
ticle interaction with the medium. This length is described as the "mean free path" and is ex-
pressed in distance units. It varies from one particle type to another and is energy-dependent
parameter.

An input file (or so-called built code) defines the source geometry, materialized areas, detectors,
and system boundaries. All these variables are defined to reflect the real geometry in the laboratory
where experiments are carried on. For various nuclear materials and interactions that can be found in
the scene, cross-sections and physical models are introduced and are essential part of the simulation as
each transported particle has its own probabilistic behavior throughout the medium. A path calculation
algorithm uses the mean free path of the particle acquired from interaction cross-sections in the medi-
um to determine the spatial coordinates of the collision point. For example, when a photon of a partic-
ular energy interacts with a medium, the interaction probability of a particular process is energy de-
pendent: A single photon born from the decay of U-238 (with average energy ~ 186 keV) will never
achieve pair-production process. When the interface between two media is crossed, at the crossing
stage, the coordinates are calculated to follow the particle’s path. If the system's outer boundary exists,
the particle disappears and that's the end of its history: in the GEANT4 or MC language, it is usually
said “one stops tracking the particle”. Then a new source of particles is attracted and monitored again
until his death. The process is repeated many times (millions of times, billions of times or more for
accurate result with less uncertainties). The calculation ends when the tracking of all the particles pro-
duced from sources and secondary particles is achieved [53, 104, 301].

The particle may be engaged in one or more collisions during transportation, as it is usually the
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case for photon transport in all medium except for the ideal vacuum. An algorithm for collision
chooses whether the particle is scattered or absorbed. This selection process is one of the most im-
portant steps in the metrology of y-ray interaction, for the full absorption of the photon will contribute
to the characteristic spectra of a radionuclide. The scattering nucleus and reaction type (elastic or ine-
lastic response) are sampled in turn, following the previous step. If the distribution is selected, the
scattering angle is selected by a collision routine using a random number to calculate the scattered
energy and the direction of the fixed laboratory coordinate system is transformed. The code returns to
the calculation algorithm at the path length step. And the particle's history continues throughout the
system till the particle is killed or escapes the system. Quantities of interest are calculated then based
on the outcome of the simulation: it could be the number of particles that undergo a specific type of
interaction, the energy, or a correlation between both. The outcome is achieved by averaging the scor-
ing on all the source-drawn particles generated in the system. The result cannot be 100 % accurate and
must be accompanied by statistical uncertainty as it is in the experimental measurements due to sever-
al parameters [53, 76].
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Figure 6-2: Monte Carlo based algorithm for particle tracking in a system to be assessed. The particle
track starts at particle generation or emission to its death (total absorption) or escape from the system
[103, 302-304]

6.3.2. Random Number Generator

The cornerstone of the Monte Carlo method is the random number selection principle. To perform
the sampling on the different probability densities of the different physical parameters of the transport
characteristics of a particle in the material, it is necessary to generate sequences of random numbers.
A random number generator function was defined for this purpose in the previous century [305]. A
well-known and worldwide-used technique is based on the linear congruence approach [95, 103, 274,
302-305] is generally used to generate these random numbers. Many other methods are available, but
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the concept is not deviating that much. In the strategy referred to previously, the concept is to produce
a series of random X, integer so that the following inequality can be observed and always be verified:

0<X, <m with me¥N 6-1

Random numbers with values range from 0 to 1, are then defined by the following equation and
inequality (6.2):

E=20 0<é <1 6-2

The random sequence of integers is obtained through the recurrence relation (6.3). It is also
known as the congruence modulo relation, as defined in arithmetical mathematical relations.

X,=(aX,,+b) modm n>0 6-3

This relation can be rewritten as the following equation:

X,=aX, +b-mk, 6-4
where k, is the largest positive integer {M} ;
m

m is the upper module O;
a, the multiplier is a number defined between 0 and m, and

b the increment, also defined between 0 and m. The first value of the sequence X called “random
seed” is set as an integer value between 0 and m and is regularly used in MC method. The relations
described in this section are known as the basis of the Monte Carlo methods principle or random
number generator, the number that defines the method being used.

The previous equations could be easily understood by an explicit demonstration. For example, let
us characterize the module 5 sequence with multiplier, increment and seed set at 3 and the random
numbers associated [95, 305]. The following relations then describe all the meaning and associated
comprehension behind the congruence modulo relation or the random number generator. These rela-
tions are summarized and the full description can be found in the literature [82, 86, 103, 305].

X,=3 :>§0:§:O.6
X1=(3x3)+3—5[w}=2 :§1=§=0.4
X2:(3x2)+3—5_%_=4 :,551:%:0.8 6-5
X0:(3><4)+3—5:(3X4%::0 :glzgzo.o
X0=(3x0)+3—5:%:=3 :s.»;:%:%

A sequence in MC methods usually includes m-/ random numbers; it requires the biggest module
to get the greatest possible frequency. Typically, the maximum size of a "word" can be reached in a
computer numerical sense, as the computer uses bites for information processing: for a 32-bit machine,
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the module would be m = 2*? or a sequence of 2*’-/= 4.3 x 10° random numbers. It relates more spe-
cifically to pseudo-random numbers as they are produced by recurring analytical expression. But as
new advanced computer systems are developed, this number became insignificant. Clusters are usual-
ly appropriate for intense Monte Carlo calculation, for the generation of billions particles that can be
tracked for a month depending on cut-off set [95, 305].

6.3.3. Monte Carlo Methods context

Monte Carlo techniques are computational calculations in view of random sampling to get rea-
sonable statistical results that are closest to the real solution. The method was initially developed and
presented for Nuclear Weapons program known as the Manhattan project, in 1940s. Nowadays, Monte
Carlo algorithms are broadly utilized as a part of tools appropriate in many fields, for example chem-
istry, atomic, material and nuclear science, dosimetry, economics, telecommunications, and PC
games... etc. With the creation of computer methods, Monte Carlo (MC) techniques have been in-
creasingly used in many fields to identify or solve problems that cannot be really understood with
classical analytical techniques or that analytical resolutions are beyond man hand used. It is important
to consult the publications of Butcher and Messel, Messel and Crawford, or Ford and Nelson for a full
record of the MC methods [36, 38, 61, 87]. In the case that we wish to sample x in the interval [x;, x2/
from the appropriation f(x), the normalized probability density function can be expressed as:

)= YN £ (9,3 6-6

where N;> 0;
fi (x) are normalized density functions with the variable x defined in the interval /x;, x2/; and
0< 8i (x) <lI.

Most numerical sets with the ability to include the generation of random numbers can also pro-
duce random numbers with other distributions of probability such as Poisson or Gaussian distributions.
The advantage of such distributions is that the coveted probability distribution conveyance is given by
the bundle, that execution should be utilized, in light of the fact that it is probably going to be much
more productive than a self-coded calculation [35]. Also, the use of predefined, tested, and validated
probability density functions allows the achievement of a short-term project (05 years for example).
As indicated by this strategy, x can be tested using MC method based on the following algorithm (for
example, if we want to evaluate the value of n):

i.  Select an arbitrary number x; in the intervalle 0 and /. This random number denote a point on
the x pivot.
ii.  Evaluate the related y coordinate y;, which lies on a hover with x; as the x coordinate

Y =y1-x; 6-7

Pick a random number, 7;, in the interval /0, /]. Check whether this number is less than or equal to
yi. On the off chance that 7; <y;then the point (x; ;) exists within the circle: this event is known as a
hit. Otherwise, it is considered as fail event [95, 305-307].

iii.  The repetition of this sequence many times unmistakably ‘paints’ or ‘tests’ the area with ran-
dom points, and clearly for a large number of events the quotient of the region under the cir-
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cle and the aggregate range measures up to the quantity of hits partitioned by the aggregate
number of events.

— NHits 6-8
N

Events

ACircle

Y|

Total

Since the area of the quarter circle is /4 and the total is 1 in this case, it can be estimated that
the number = is
NHits

T=4—" 6-9
N

Events
The evaluation of the value of  can be explain in the following table (Table 6-1) [22].

Table 6-1: Evaluation of the value of mand the precision and accuracy of MC methods used for its
evaluation

N b4

10 3.20

100 3.08

1,000 3.2040

10,000 3.1356

100,000 3.1406
1,000,000 3.141221
1,000,000,000 3.14159218

b 3.14159265359

Inversion Monte Carlo method

In this situation, the probability distribution function p(x) is considered, with the aim of produc-
ing random numbers after this distribution function. The function is the monitor or the law that the
method is built on. This is the MC technique used for simulating the passage of particles through mat-
ter in nuclear physics. As a functional case, estimation of the connection purpose of a photon along a
path will now be considered. The probability that a photon is not interacting is [95, 305]:

p(x) = p.e™ 6-10
x = coordinate along the path;
u = interaction coefficient.

The total distribution function has been figured utilizing the reversal MC method [35], and the
outcome is the integral of p(x) as described in the following equation.

P(x)= j p(xdx'=1-e " 6-11
0

r=P(x)=1-e* 6-12

This condition can be rearranged logically as follow:
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e =1-r
—x =In(1-7) 6-13
X = —lln(l—r)

y7i

If r is a random number in the interval /0, ] then I- r is likewise a random number in the same
interval. Thus, we can rewrite x as:

x=—Lingr) 6-14
u

The Monte Carlo method used the mathematical development of cross-section when related to the
radiation interaction with matter. This is in accordance with different sampling functions used in
simulation [22, 35, 89, 305]. The main descriptive equations are those presented in the section “I'-ray
interaction with matter”, in the Chapter 2.

6.3.4. Sampling a Discrete Distribution, Application to Choose the Type of Collision

How the random number between 0 and 1 is used to select one of the discrete events of the distri-
bution of probability is explained in the following description: the case of a photon that can interact
with matter through photoelectric effect, Compton scattering, or pair production is regarded as an in-
stance and is the whole appealing interest. The probability that a specific mode will interact is defined
in the following equations [95, 305]:

o, 6-15

Sp, =1 6-16
i=1

In this case, n = 3 as referred to the three-interaction process described for y photon.

Let us consider arbitrarily a case where p1= 0.2, p» = 0.5, p; = 0.3. The discrete probability dis-
tribution of a particular effect can be represented as shown in Figure 6-3. This representation reflected
the previous equation as the y-ray interaction is described in term of probability. It will also define the
cumulative probability as (6.5), which could be translated as the probability of getting a value i <.
The equation is simply written as following:

j
Pli<j) =2 p 6-17
i=1

According to the photon interaction type, Figure 6-3b provides a schematic representation of the
cumulative probability distribution [95, 305]. Both figures (a) and (b) are for the same purpose and
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describe the same content in different manners. Now, if a random number ¢ is generated such as 0 < ¢
<1 and is assigned to the result of the cumulative probability distribution, the following relation is
verified if the k™ interaction is selected:

P(k-1)< & < P(K) 6-18

For example, for the problem we highlighted in the previous paragraph, if the random number
sampled leads to ¢ = 0.35, the corresponding interaction is the Compton effect, as shown in Figure
6-3b. And if the random number sampled is & = 0.1, the corresponding interaction is photoelectric ef-
fect. It is then reasonable to generalize the system selection filter by the following three simple rela-
tions.

- 0<¢E<02 — Photoelectric interaction;
- 0.2<¢<07 — Compton scattering process is involved;
- 0.7<éx1 — Pair production is the process.

In fact, as ¢ is uniformly distributed on the unit interval, each type of interaction is sampled with
probabilities p1 = 0.2, p» = 0.5 and p3= 0.3. [95, 305]. The process is represented in the following fig-
ure (Figure 6-3).

(a) 0.6 T T (b) 1.0
Pair
08} 1
04 |
06 E
a L
Q. Compton
0.2 1 o4r ]
r
Photoelectric Compton Pair 02
+ Photoelectric
0.0
0 1 2 3 0.0
A

Figure 6-3: (a) Representation of probability of interaction for the photoelectric effect, Compton scat-
tering, and pair production described previously (b) Representation of the cumulative probability dis-
tribution for the same case as in (a) [95, 305].

When assessing samples using the previous probability density function, the following interac-
tion occurrences should be observed: 50% Compton scattering, 20% photoelectric effect, and 30%
pair creation. Statistical fluctuations can be important for a small number of samples and Compton
scattering can be chosen above or below 50%. Statistical sampling therefore needs a large number of
particles to be sampled in order to correctly estimate the value or obtain results with low and accepta-
ble standard deviations. For radionuclide sampling, a line spectrum with N energy rays E,, is emitted
with I'y percentages [95, 305].

The essential components of the Monte Carlo algorithm are the following:

- the probability density function;

- the generator of aleatory numbers;
- the sampling rules;

- the recording of results into a table;
- the errors estimation;
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- the reduction methods of the variable parameters;
- the parallel or vectorial calculations.

6.3.5. Concept of Statistical Weight, Analog and Implicit Tracking

Monte Carlo calculation's stochastic nature includes the following specificity: each particle is
correlated with a W (weight) statistical weight. A default weight of 1 or unity (the maximum value
that the weight can have) is allocated to each particle emitted by the source. The particle can be
tracked by two approaches, that are considered as either analog or implicit methods. A direct simula-
tion is performed in the analog approach, in which the "real" physics is used for particle monitoring.
This monitoring mode does not result in modifications in the particle's statistical weight. In addition,
with this strategy, each particle produced in a collision interaction is monitored with the same weight
as the particle that gave birth to it, the primary particle. For illustration, let consider a flux of neutrons
interacting with a hydrogen target. Based on the incident neutron inputs (energy, angle...) and conser-
vation laws (time, mass...), energy and angle of the recoil proton and scattered neutron are sampled in
the analog strategy. Thus, by following this example, during an elastic scattering, if the incident neu-
tron has an original energy of 5 MeV and the scattered neutron carries 4 MeV, the recoil proton pro-
duced will necessarily have an energy significantly equivalent to 1 MeV through the conservation of
kinetic energy, according to the classical mechanic or classical physics. The weight of the recoiling
nucleus and the dispersed neutron is the same as the original neutron as the sum of four and one is
equivalent to five, the initial neutron’s energy [35, 95, 305].

Both energy and angular deflection of the neutron and the recoil nucleus are determined random-
ly in the implicit approach but based on the input information of the incident neutron (if talking about
the previous example in the implicit approach): for instance, the interacting 5 MeV neutron can give
birth to both 3 MeV proton and 4 MeV scattered neutron, which is not compatible with energy con-
servation (classical view). The statistical weight of secondary released particles is fixed and adjusted
to overcome the faults of the conservation laws [35, 95, 305]. This concept requires relativity of quan-
tum mechanics approach as well as more computational resource compared to the analog approach
described previously. As the result accuracy differ slowly, both methods can be used in MC simulation.

6.3.6. Application of Monte Carlo Codes for Semi-Conductor Detectors

As previously demonstrated, Monte Carlo codes enable the modeling of various HPGe detectors.
Efficiency simulation and optimization of different detector parameters have been carried out by
Monte Carlo related codes. By means of pulse-dose estimator, the pulses scored in the sensitive detec-
tor volume can be evaluated. For instance, this characteristic is compatible with a popular radiation
measurement implementation that consists of determining a transfer function and quantities such as
counts per second, considered in radioactive decay as Becquerel of source or contaminant, for a par-
ticular geometry and given radionuclides. The detector's self-noise and the transfer function deter-
mines the minimum detectable activity (MDA) [53, 104] [35, 95, 305]. The method is applied to
computed y photon behavior when it enters a medium. The energy distribution of the pulses scored in
the cell modeling of the sensitive volume of the detector can also be determined. The detector’s re-
sponse or simulation output is typically comparable to the spectrometer operating mode result. A
Gaussian expansion of the absorption peaks can be obtained in order to take into consideration the
energy resolution depending on the physico-chemical structure of the scintillator. Conventionally, by
the FWHM = 2.35 ¢ relationship, the enlargement parameter ¢ determines the full width at half max-
imum peak (FWHM).
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6.4. Geant4 Toolkit overview

Geant4 [32, 33, 306, 308] is a publicly available Monte-Carlo toolkit developed at CERN, which
enables the user to create accurate simulations of particle propagation through and interaction with
matter. Originally it was used to model particle and nuclear physics experiments, however Geant4 is
now used in a wide range of fields including nuclear medicine and radiation protection. As the cost of
computing facilities decreases (the main limitation for computer-based modelling), Monte Carlo simu-
lations have become essential when developing new equipment, providing substantial cost savings on
prototyping and design work. Such simulations also provide a method to improve understanding of
existing processes, and critical discussion points on an experimental setup. Alternatives to GEANT4
were considered, including MCNP6 [282] and FLUKA [290], however none of these code is as versa-
tile setup as GEANT4. This is due to the unique ability to modify both the code base of the GEANT4
toolkit and of the simulations themselves, something that is not possible with the other two Monte
Carlo packages. GEANT4’s flexibility, large user-base, and comprehensive physics models ultimately
make it ideal for the analysis of existing systems, and the development of a new, Compton Suppressed
Low Energy y spectrometer [22].

Unlike the other Monte Carlo codes as EGS, MCNP, MCNPX, FLUKA, GATE, PENELOPE,
SRIM ...etc, Geant4 is not an executable program but rather a set of C++ class libraries which con-
tains predefined C++ classes. For this reason, the researcher should build his own code or application
from the beginning or modify appropriate built code. The first option is the best while the scientist is a
good C++ informatician programmer. In GEANT4 simulation, there are many quantities of interest,
that should be assessed. Information about each particle can be obtained at both the pre-step and post-
step points, including the energy deposited per step or the energy the particle still has at any point, the
type of particle, the number of secondary particles as well, their position and trajectory etc. By com-
bining the information across all different steps, information for each event can be obtained, and
therefore used to create useful outputs, such as energy spectra [34, 290]. An event is one of the im-
portant data outputs as one uses GEANT4 toolkit for metrology of radiation.
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Figure 6-4: Geant4 class categories (Geant4 Collaboration 2017). GEANT4 classes overall function-
ing diagram for radiation simulation.

Global

To create a simulation, the user must define a world, and populate this with materials and geome-
tries. The material filling the geometry is the real material in the physical laboratory geometry. For
example, the ambient air in the laboratory room should be set according to the room temperature and
the air density can easily be adjusted. As the ideal vacuum does not exist, the vacuum can be defined
in a simulation, but it is important to consider it as air at appropriate atom density (<10 time the am-
bient air). Primary particles (e.g., y —rays from a radioactive source, proton beam, electron beam, etc.)
must then be defined, and the physics processes required for the simulation added. Geant4 will then
simulate the passage of the primary particles through the world, transporting each particle via a series
of steps. For each step through the simulated geometry, GEANT4 calculates the mean free paths for
any competing physics processes, and ‘chooses’ a process based upon the relative strengths of each
interaction channel and a random number generator. This determines the step length and the physics
process to be simulated. Step lengths can also be defined by the user and will be limited if the step
encounters a physical boundary. Each primary particle is known as an event, and Geant4 stops track-
ing it when the particles kinetic energy reaches a cut—off threshold, or it exits the world volume. A
user-defined number of events are run, creating the Monte Carlo simulation, and generating data to
explore [22]. Usually, the world volume is defined larger if one wants to track the photon for long dis-
tance, but it is always simulation type-dependent. The world volume dimension for cosmic ray simu-
lation is far larger than that of the HPGe for y spectrometry assessment.

Information on each particle can be acquired at both pre- and post-step levels, including deposit-
ed energy per step of the simulation, particle type, number of secondary particles as previously men-
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tioned, but each step’s information should be collected individually and summed-up to form the event
information. As different other Monte Carlo codes (Particle and Heavy lon Transport code System -
PHITS), GEANT4 recent versions provide an operator interface. The Geant4 visualization system,
which is based on graphics libraries, such as OpenGL and Qt is one of the improvements that allows
the end users to check their simulation and to see the beauty of the physics, especially that of the in-
teraction of radiation with matter. The system can help the users to visualize geometries, particles tra-
jectories, and volume overlapping errors in 2D or 3D views. The transformation used for geometry
rotation is additional parameter that the user can use to check the complex geometry as that of a y-ray
spectrometer. Derived classes can be implemented in the main function to make the visualization us-
ing OpenGL or Qt as well as additional plotting applications available, such as HepRApp or DAWN
[27, 33, 279]. The user could decide to install a complete GEANT4 on a virtual machine, that includes
all basic packages for a complete simulation. It is also possible to install GEANT4 as personal appli-
cation by deciding which component to add to our system when we want to use them. The first way is
less complex and reduce errors for new users but requires additional disk space on the hard drive
compared to the second option.

For appropriate simulation with Geant4, a user needs in addition to background knowledge in
physics, but also basic knowledge of C++ programming and especially in oriented object. Physics
processes should be added manually though Geant4 based on C++ programming for advanced users,
but the beginners could possibly use and existing library or combination of libraries for their own
simulation. Therefore, the user should be fully aware of which processes should be included for a se-
lected interaction process (corresponding processes for y photon from decay origin, for electron, for
proton, ...). A Geant4 application, which is implemented with mandatory classes, does not give stand-
ard information produced in a simulation as other codes. For example, in PHITS code, the user can
choose to have only one input file and could also decide the format of the output file that contains the
information needed at the end of the simulation. In GEANT4, all information of interest should be
extracted manually, or a fraction of code should be dedicated for such purpose. Fortunately, volumes
can be set sensitive if the detector class is assigned in Geant4 and this easier the crucial information
extraction. User defined detector or built-in detector can be applied. If a user defined detector is used,
the information or simulation result needs to be extracted manually [309].

In GEANT4 toolkit machine, predefined detector classes can be used to provide or assess stand-
ard information. There are hundreds of predefined classes in GEANT4 toolkit and still, a large num-
ber is under construction by the CERN collaboration as well as research institutes or independent re-
searchers all over the world. To get more information or retrieve data in different ways, following
classes and functions can be employed:

G4UserRunAction;
G4UserEventAction;
G4UserStackingAction;
G4UserTrackingAction;
G4UserSteppingAction.

The following is a brief summary of the role of each class category in Geant4 [81, 88, 283]. For
detailed description of the classes used in GEANT4 simulation, the user manual should be consulted
[33]. The following classes are those used in our simulation and implemented mainly.
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- The Global category covers the system of units, constants, and numeric and random number
handling. It is important for normalizing quantities during a simulation using Monte Carlo
methods based on GEANT4.

- The two categories’ materials and particles are mainly used to describe the physical proper-
ties of particles and materials for the simulation of particle-matter interactions.

- Run and Event are categories related to the generation of events, interfaces to event genera-
tors, and any secondary particles produced. Their roles are principally to provide particles to
be tracked to the Tracking Management. As particles move before they are tracked, a Run
usually defines the dynamic or movement of the particle prior the interaction. The event is the
assessment of the particle from its generation to its death (killed or escalation from the geom-

etry)

- Tracking and Track: The important aspect of the model is that a simplified method of
GEANT4 physical processes (or interaction) can execute actions, whether placed in space or
in time, and in combination of both space and time (and all possible combinations that could
be built from these cases). These are classes relevant to the particle propagation by evaluating
the variables that restrict the step (in a particle life or existence in the system) and implement-
ing the relevant physics.

- Processes: Track class includes courses for tracks and steps, used by the processes category,
which includes applications of physical interaction designs: lepton electromagnetic interaction,
photons, hadrons and ions, and hadronic interactions. Processes are subject of importance as
each physical process in the computation uses it.

- Geometry and Magnetic Field: These categories manage the geometrical definition of a de-
tector (solid modeling) and the computation of distances to solids (also in a magnetic field).
The geometry is an important part of the system definition as it usually varies from one simu-
lation to another. Even though the same equipment is used for the same experiment in differ-
ent laboratories with different arrangement, it is important to adjust the geometry. For this
reason, each simulation is in time and space unique. A key feature of the GEANT4 geometry
is that the volume definitions could be independent of the solid representation. The treatment
of the propagation in the presence of fields has been provided within specified accuracy and
one can only call models that have been developed and validated for the same purpose.

- Particle Definition and Matter: As the radiation with matter interaction is a probabilistic
phenomenon depending on the particle type, the particle of interest should be defined for a
particular simulation and the geometry composition should be set. These two categories man-
age the definition of materials and particles.

- Physies: This class handles all physical processes involved in particle interactions in the sys-
tem. Models can be chosen based on the energy range, particle type, material defining the
medium, etc. Data encapsulation and polymorphism enable transparent access to cross-
sections (regardless if one chooses to read from an asci type file, interpolate from a tabulated
array, or analytically compute from an equation). In such a model, electromagnetic and had-
ronic mechanics have been treated uniformly, closing up the physics to the users.

- Hits and Digitization: These two categories manage the creation of hits and their use for the
digitization phase. The basic design and implementation of the Hits and Digit had been real-
ized, and also several prototypes, test cases and scenarios had been developed and are ready
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to use. A user could decide to adjust these classes or to use the default one already built in
GEANT4 toolkit.

- Visualization: This category manages the visualization of solid geometry, trajectories, and
hits. It allows interaction with underlying graphical libraries (the Visualization class category)
to provide beautiful 2D or 3D graphs. The OO design of the visualization component allowed
Geant4 community to develop several drivers independently, such as for OpenGL, Qt and
Openlnventor (for X11 and Windows), DAWN, Postscript (via DAWN) and VRML. One can
choose the most appropriate visualization component for his application depending on the
computer system and available computer resources.

- Interfaces: This category handles the production of the graphical user interface (GUI) and the
interactions with external software (OODBMS, reconstruction etc). It is possible to adjust the
displayed interface by adding or removing some shortcut in the menu bar or clipboard.

- Readout: Even though this class category is not commontly used, it allows the handling of
pile-up during a simulation project [34].

6.5. GEANT4 for y-ray spectrometry
6.5.1. Physics Lists

Low energy electromagnetic physics models (physics models dealing with energy range valid
from 250 eV - 100 GeV) are used to model photon interactions with materials throughout all the simu-
lations. This is implemented via a modular physics list, which uses the built-in GEANT4 particle def-
initions. This includes common bosons, leptons, mesons, baryons, and an ion constructor. Modular
physics lists are useful because they allow the user to turn on / off certain processes, and even select
different sub-lists to be included (such as Livermore, EGS model, or Penelope based lists, which may
use different models for photoelectric absorption, Compton scattering, etc.) [34]. The option to turn on
/ off a physics process in a model is a practical suggestion from the developers, as we don’t need to
track a particle type in all existing process that it may undergo (including those with branching ratio
lower than one thousandth, or one millionth, or one billionth...). Within the physics list, all available
electromagnetic processes are defined, as well as transportation through the geometry, radioactive de-
cay, and an explicit stepping process. Fluorescence photons, Auger emission, and Photon Induced X-
ray Emission (PIXE) are all enabled by default, while the minimum energy for the electromagnetic
physics tables is reduced to 10 eV (from 100 eV in the case of y radiation from nuclear origin). But X-
ray model are projected for future investigations as only y-ray detection was modeled in the present
study. The stepping process allows the user to modify the length of the step for each particle type
(which can result an increasing / decreasing of the ‘resolution’ of the simulation). The cuts used
(which defines the cut-off threshold for each process), are also defined here by the user for particular
simulation by using the default set by developers [34, 68, 83, 310].

6.5.2. Particle Generation

Primary particles are those that are defined within the primary generator and are then propagated
throughout simulated geometry. To define a particle, the type is specified (y, neutron, etc.), and given
a position and initial momentum/ direction. To generate radioactive decays, ions are created using Z,
A, and excitation values, and placed with no initial momentum. These are then disintegrated using two
methods. The first uses the radioactive decay module built into GEANT4, which (if the optional radi-
oactive decay library is installed) disintegrates each primary event probabilistically to reproduce the
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decay behavior happening in the physical laboratory [34]. Although this method is the default one set,
if well selected and implemented, the simulation result should be accurate at an acceptable extend.

The second method uses a framework developed for the input of decay particles. In this mode,
the user can specify his own set of decay libraries, which reside in the same folder as that project.
Multiple nuclides can be specified in a macro file (with the appropriate weightings) and the particle
generator will search the user defined library for each isotope. If no corresponding library file is found,
the simulation will use the GEANT4 decay libraries as default setting (allows to reduce bugs in the
code development), however if it is available then the particle generator will generate the specified
particles individually by firing them isotopically. This second method is appropriate for those with
advance knowledge in GEANT4 and C++ programming, but for the beginners, the first method is eas-
ier to implement event though there might be some discrepancies that need to be adjusted.

6.5.3. Source Reproduction

The source matrix is reproduced by defining the source size, position, and material (or mixture of
materials), and then creating the object within the simulated geometry. The geometry information for
the source is currently supplied by an external library file, which allows access to this information for
particle generation. A decay can therefore be generated at a random coordinate within the source ge-
ometry, which can also be supported by casings / source holders as necessary. The source geometry is
one of the most important parameters to be considered while defining the source. The effect of a 1 Ci
point source is completely different from that of 1 Ci disk source (that is distributed in a disk form and
the effect of the geometry source as self-attenuation is non-negligible), and that of a spherical or cy-
lindrical source. In addition, the encapsulated source versus an open-source accountancy should be
considered as the source enclosure play an attenuation effect if the source activity is not measure at
the surface of the enclosure. Summing effects due to the source activity are simulated by calculating
the probability of a detector seeing from 1-20 events within the detectors characteristic decay time,
and using this probability to generate extra decays in a corresponding number of events [34, 280, 305].
The characteristic decay time in this part is one of the important parameters as it defines the accuracy
and the capacity of the detector to count a certain number of particles in a time interval. For example,
if the decay time is 10 second, and the decay source emits 10'° particles per second in the direction
of the detector, all cannot be detected: only a maximum of 10° could be which is less than one tenth of
the real situation.

6.5.4. Experimental Geometry

The geometry of the simulation is recreated as fully and accurately as possible by the user (or his
team), as he only knows the real experimental condition to be reproduced in the simulation. Complex
shapes are created using boolean combinations, and all major collections of components are imple-
mented as assembly volumes. This allows the user to create all the individual parts of a detector, as-
semble them in their correct positions, and then position the entire assembly as one object. The bene-
fits of this are two-fold, firstly the source code is much easier to manage, and secondly, the user can
place as many copies of the detector in the simulation as needed (especially useful when modelling
large arrays, for example) [34, 280, 305]. Recent developments in GEANT4 code have extended the
number of simple Boolean operation combination for simple geometry creation as can be seen in Fig-
ure 6-5 [33, 311]. As results, some complex geometries built using GEANT4 will be presented in the
next chapter as for the detector (BEGe 6530 model) simulation [22].
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c D E

Figure 6-5: Recent geometrical primitives added in Geant4 by Alison et al. [33, 311]: generic trape-
zoid (A,B), extruded solid (C), parabolic solid (D), and cut tube (E), for the end-users simulation pur-
poses.

6.5.5. Simulation

The GEANT4 simulation starts with a loop starting with the production of a y-beam photon from
the origin (the source can be the standard source given by IAEA or generated from our laboratory
work) and then monitoring photons in various geometry areas. A single photon's monitoring is ceased
when it reaches the outer volumes, escapes from the controlled volume or the active volume, has less
energy than the cuts set (or when the photon's energy moves toward becoming lower than the speci-
fied maximum esteem cut-off energy). This method, also known as sampling, is repeated as many
times as possible, taking into account the end goal of reducing the measurable fluctuation of different
parameters of interest below the prescribed limits [22]. For good statistical analyses, running on more
than 10° photons was performed for each information point in our simulation. Source biasing tech-
nique was used to increase the efficiency reproduction. Template geometry was designed taking into
account the Canberra's actual parameters in the Broad Energy Germanium (BEGe 6530 model) detec-
tor's technical manual.

As there is a new version every year, or at least an updated version, the version 10.2 of the
GEANT4 (Geometry and Tracking fourth generation) Monte Carlo code, released in December 2015
was used for the simulations built in this work [32, 306]. Even though the version used has been up-
dated, the result presented in this project are data obtained by the version 10.2 of GEANTA4. All types
of relevant interactions of photons and electrons/positrons with matter were considered during the
simulation, using low-energy data packages available in GEANT4 database as G4AEMLOW6 model,
model G4EmLivermorePhysics model. The G4EmLivermorePhysics model includes two optional
physics sub-packages, the “Livermore” model and the “Penelope” model. The Penelope model was
not developed by GEANT4 collaboration directly, but for the Penelope code and could be imported
into GEANT4 or other MC calculation code. The goal was to adapt the code to our laboratory's envi-
ronment and to benefit from network research that is already achieved. By specifying a 1D histogram
for the deposited energy per event for the sensitive detector response, G4AnalysisManager was used
to build and fill histogram (the related spectrum). The histogram plotting was activated using Ul
commands available in GEANT4 guide and the obtained result could be discussed and compared to
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other research works or experimental data [309]. Configuration with the Root browser (or Root as
additional package) was used to generated spectra plots and root files. The spectra collected were then
compared with the experimental one to evaluate how the code could be improved.

The energy deposition in the detector’s sensitive volume was histogrammed and extended to copy
the behavior of the signal processing electronics with an energy-dependent peak form feature. The
spectrum was eventually stored in a file that was previously defined as an ASCII file type. In all simu-
lations, a 64-bit Linux (Scientific Linux) computer was used, 10° initial photons were generated in 4
cases that currently took around 2-6 hours on an Intel i5 personal computer. With clusters, this calcu-
lation time could be reduced by a factor of 10 or 100, or even more. As the previous number of parti-
cles is generated, it produces around 5000 to 40000 particles tracked in the sense of counts. With this
number of particles, the statistical precisions are generally similar to the experimental one and data
comparison could be meaningful. The background of each single primary particle during the simula-
tion involves its emission by the source, its move into the system and interaction with the detector
sensitive volume or surrounding materials, the creation and propagation of secondary particles, their
monitoring until the photon escapes and undergoes a photoelectric reaction in the crystal, depositing
all its energy. The cut-off energy of the simulation was set below 0.5 keV [301]. Each particle with
energy below 0.5 keV was no longer tracked in the geometry and was killed.

As the detector under investigation in the present project is the BEGe, the broad energy germani-
um detector’ active volume size and the dead layer thickness are key parameters for obtaining accu-
rate simulation results. Therefore, it is important to take this parameter into account when planning
and designing detection systems for y spectrometry assessment base on semiconductor technology. A
point-like source of **' Am was used to evaluate the thicknesses of the front and side dead layers, but
the simulation was conducted periodically and each time the thickness value of the corresponding
dead layer in the detector system was modified and the dependence of the detection efficiency on the
thickness of the dead layer was interpolating along with the correlation found. As the descriptive func-
tion of the process is found at the latest stage of this measurement, the dead layer thickness of the de-
tector is considered as defined parameter [282]. The detector's effective volume was checked with a
collimated point-like '**Ba source. The detector's dimensions were the basic factors that contributed to
the simulation as a larger detector has large sensitive volume, if well designed: the diameter and
length of the crystal, the width and length of the crystal cavity, the top and side dead layer dimensions,
the size of the shield, the end cap dimension, the window thickness, and the window to crystal dis-
tance. In the experiment, buletization, dead layer, and window to crystal distance are used as variables
to minimize the difference and fluctuation between simulated and experimental data [22].

In spite of directional bias, the implementation of a basic variance reduction system boosts simu-
lation. The purpose of this method is to measure only primary photons released from a sample in the
direction of the detector (the sensitive volume of the detector). Implementing an algorithm described
in detail by Hurtado et al. using GEANT4 code simplified the simulation [282]. Sample measure-
ments were also carefully measured, and sample volumes were built appropriately in the simulation
code as the geometry built by the code and the real one should have similarity in an acceptable rate
(volume calculation with less than 1 % standard deviation). Primary photons were created in the sam-
ple volumes with uniformly random positions and momentum directions in full space (4m) as de-
scribed in GEANT4 user’s manual [301]. But since the detector’s solid angle for the detection purpose
is a small fraction of 4m, the use of transforms in the simulation could be difficult tasks. For this rea-
son, only a few numbers of generated particles from the source reached the detector sensitive volume
and are counted statistically. The calculation time is then extended in the case we want to improve the
simulation statistic, but it could be improved by using parallel computation. The parallel computing
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mode in GEANT4 is known as multithreaded GEANT [33].
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Figure 6-6: Simplified diagram representing the multithreaded Geant4 application: the master thread
plans simulation setups for geometry and physics, and the worker threads complete events to be simu-
lated; otherwise they are separate [33].

The development’s aim of multithreaded Geant4, when a system with n cores is used, is to substi-
tute n separated instances of a Geant4 loop with a single, identical process utilizing multi-core ma-
chine threads in a memory-efficient, scalable manner. For example, when a 7-core computer is being
used in parallel computer mode, a maximum of 7 processes could be run simultaneously and the result
are combined at the end of the simulation. The simulation ran seven times maximum faster than the
case without multithreaded GEANT4 computation. A simplify version of the diagram used for multi-
threading, described by Alison et al. is shown in Figure 6-6 [33, 311].

By defining main interfaces of certain groups, user-defined code can be implemented and applied
for specific applications. The threading model is specifically defined by the
G4UserWorkerInitialization class, which defines threads’ configuration in term of descriptive proce-
dures. The key classes of Geant4 applicable to a multithreaded application are shown in Figure 6-7.
Both interfaces are also usable in sequential mode so that the user code can be executed in multi-
threaded or sequential Geant4 mode with minimal changes for a simulated code [33, 311].
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Figure 6-7: Main user interfaces’ class diagram used in GEANT4 computer code. User initializations,
including geometry and physics list, are distributed between threads and allocated to
G4AMTRunManager's single instance, while user actions are generated for each thread through
G4VUserActionlnitialization class, and assigned to G4WorkerRunManager's private thread [33].

6.5.6. Extracting Information

There are two main methods for extracting information from a simulation. The first can be con-
trolled via a macro file and allows the user to create a scoring mesh. This places a grid of a defined
size, position, and resolution over the geometry, and accumulates the required quantities over the sim-
ulation (such as energy deposited, the dose deposited, the number of steps recorded, surface flux, etc.).
These values can then be written into a file for later processing (usually txt, ASCII, or Excel files are
easy to store, access, and process). The second method involves setting sensitive regions in the geom-
etry and implementing code to read out the energy deposited within these sensitive regions every step
/ event as required. For most of the simulations in this thesis, the second method was used, with the
detector crystals set as sensitive volumes. The energy deposited at each step by an impinging particle
is recorded, and these steps are then summed up to calculate the total energy deposited per event
(which is equivalent to the energy deposited in a detector within the laboratory). GEANT4 simula-
tions, however, record the energy exactly, giving the simulated detector a perfect resolution, which
slightly differ from the reality [301].

6.5.7. Simulating Coincidence Systems

In the laboratory, coincidence detectors (y-y systems, Compton suppression systems, etc.) are
controlled using complex electronics with highly accurate timing systems. These systems synchronize
the two processes, allowing a gate to be set (in either hardware or software) that records coincident
events (depending on the system). The timing of this gate is dependent on the electronics of each sys-
tem, and the charge-collection time of the detector, but in each case the charge collection time should
be small enough to overcome the signal stagnant problem. Scintillation detectors are generally much
faster than semi-conductor based systems, however charge-collection in either type of crystal is far
slower (typically by up to 10° times) than radiation transport within the system. Monte Carlo models
can therefore replicate coincidences by recording when energy is deposited in multiple detectors with-
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in the same event, as the meshing of the detector in small detector volume is easily simulated. This
would be equivalent to a perfect system, as there will be no losses due to electronics that would be
seen in the laboratory. For a well set up system, however, these losses are minimal [95, 301, 305].

6.6. Experimental Setup for GEANT4

The detector under investigation is a commercial p-type BEGe detector (BE6530 Model), a
product manufactured by Canberra. Major descriptions and specifications of the detector used for
Monte Carlo simulation and include in the GEANT4 code are presented in Table 6-2. As the code re-
quired additional information that are not provided in the user manual of the detector, important col-
laboration and communication were needed between researchers and the Canberra manufacturer firm.
Figure 6-8 shows a schematic design view of the detector configuration used in the present project.
The data acquisition systems in this work involve a charge-sensitive pre-amplifier, an integrated digi-
tal signal analyzer and detailed part presented in the chapter 3 and the Genie-2000 software versus 3.2.
coupled to LaBSOCS mathematical calibration software.

Table 6-2: Specifications of the BEGe detector used in the laboratory for experimental study
(BE6530) and used for MC based GEANT4 toolkit simulation. Some parameters as voltage related
ones are for experimental understanding.

Descriptions Detector
Detector type (Canberra) BE6530
Detector geometry Plan
Detector active area-facing window (mm?) 6500
Active diameter (mm) 91.5
Thickness (mm) 31.5
Distance from window (outside) (mm) 5.0
Window thickness (mm) 0.6
Aluminum endcap distance from window (mm) 8.0
Window material Carbon epoxy
Relative efficiency at 1332.5 of “°Co (%) 60

Full Width Half Maximum (FWHM) Resolution (keV) at 5.9KeV 0.478
Full Width Half Maximum (FWHM) Resolution (keV) at 122KeV 0.695
Full Width Half Maximum (FWHM) Resolution (keV) at 1332.5KeV  1.785

Depletion voltage (+)4000
Recommended bias voltage Vdc (+)4500

Time constant (us) 4

Cryostat description Vertical dipstick
Peak shape (FWTM/FWHM) for “’Co 1.88

Cooling system Electric
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Figure 6-8: Schematic view of the BEGe detector (BE6530) with real dimension needed for
GEANT4 simulations. Precise dimensions and geometry shapes are needed for accurate simulation
and meaningful comparison of computer data with experimental ones.

The detector uses a carbon epoxy window to shield the detector's crystal and reduce low-energy
photon attenuation and background radiation from the laboratory environment and from the earth and
cosmos (cosmic radiation). It reduces photon response below 10 keV as compared with an Aluminum
window (which reduces photon response up to below 30 keV) or a Beryllium window (which can al-
low energy photons under 2 keV only), which is substantially more stable. Certain detector safety
composers include aluminum endcap, lithium dead layer, lead shielding, boron sheet, and copper used
in this case to minimize the impact of X-rays produced by the lead shielding device as explained in
chapter 2 and 3. The interaction of y-ray with the lead (from shielding material) produce secondary
generated particles and X-ray are produced in a large number. For this reason, copper is used to cover
the lead shield interior as different other low background material. These components are taking into
account in the simulation and a slightly difference could be observed from the obtained result.

In subsequent calculations, the knowledge of detection geometry is important [274, 279]. There-
fore, any data was only accessible to the Canberra on a special request if it affects the outcome of the
simulation. For example, the actual dimension and structure of the germanium crystal can be obtained
by cooperation with Canberra, which gives more specific details, or through a scanner's picture of the
detector. Experimentally, the efficiency € for a given photon energy is assessed throughout the follow-
ing formula:

N n
&= < C 6-19
A t f;/ H i

i=1
where N. is the total number of counts in the peak,
t is the detection time,
A is the nuclide activity, and
P, is the photon emission.

C; contains correction factors due to dead-time, radionuclide decay, self-absorption, and co-
incidence summing corrections.

As the calibration of the equipment was done for both energy and efficiency, it is important to hi
ghlight that energy calibration is a basic simple task that is easily achieved. But the efficiency calibrati
on is the most difficult exercise and only efficiency simulation is considered and discussed in the follo
wing chapter of this project. The uncertainty on the efficiency calculation (Ag) was calculated us
ing the following equation:
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o R RC R

Where AN is the count rate uncertainty,

AP, is the emission probability uncertainty found in the nuclear data tables as provided by different
national laboratories,

AA the relative uncertainty of the activity concentration of the radioactive source provided by the
manufacturer and AM, the mass uncertainty.

Point sources of **'Am, “Eu (for energy calibration), B37Cs, 19Cd, %Y, %Zn, “Co, *’Co, and
*Mn were used for the GEANT4 simulation process. To record at least the highest counts for each
full-energy peak and minimize the statistical counting error, the counting time of y point sources was
adjusted accordingly [22, 128]. Data from each sample or radionuclide investigated are presented in
the following chapter.

6.7. Conclusions

Monte Carlo methods applied to the radiation detection technology have been discussed in this
chapter. From the physical point of view, Monte Carlo simulation provides valuable insights to solve
problems that are almost impossible to be solved analytically. As different MC codes have been de-
veloped all over the word in different application fields, there are many applied in Nuclear physics as
well. But the GEANT4 toolkit was used in the present study as it is an open source and free library
application for tracking the interaction of particles through matter. The description of GEANT4 was
presented and important relations applicable to y spectrometry measurements. Different MC equations
used for the simulation and important classes for GEANT4 application development were described.
As MC methods are based on random numbers, a random number generator function used by physi-
cists and in the Nuclear field was presented.

The validation process of the experimental efficiency calibration was done accordingly based on
the techniques presented in this chapter. The valuable results obtained from this validation process are
presented and discussed in the following chapter. The influence of the decay scheme of nuclides, the
sample geometry and composition, the detector features on the activity concentration of radionuclides
in the sample, and the cascade summing effect were automatically corrected using the peak to total
(P/T) curve as usually done for real experiment [140]. The code developed during this project is an
outstanding achievement as the results presented in the following chapter will demonstrate. For this
achievement, it is important for future investigation to compare the result obtained using different nu-
clear libraries and to develop a similar GEANT4 code for X-ray interaction in the case of XRF detec-
tion system. Improvement could also be implemented in view to share achievements and to test the
code in real measurement situation in the laboratory.

The present chapter detailed the MC methods and the GEANT4 toolkit used for the validation of
efficiency calibration of y spectrometer. The description of the following steps was covered in the
chapter:

- The MC algorithms, its principles and applications to the radiation transport and interaction;

- Random number generation in MC calculations, the context and use of inversion Monte Carlo
methods;

- The sampling of a discrete distribution and application to select the collision type;
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- The concept of statistical weight and analogue (implicit tracking used in GEANT4);
- The GEANT4 overview and related MC equations, including important classes; and
- The GEANT4 implementation for y-ray spectrometry.

The following chapter will discuss the obtained results and the validation of the simulation model
built in this thesis.
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CHAPTER 7. GEANT4 VALIDATION STUDIES

The present chapter is deserved to the simulation of a broad energy germanium detector and its
response. As described in the previous chapter, the Monte Carlo methods implemented in GEANT4
code are used to reproduce the detector efficiency. The GEANTA4 toolkit had been used to give atten-
tion to the geometry and the BE6530's efficiency response reproduction. To maximize efficiency, this
sort of detector has a short or thin and planar shape that reduce the recombination effect inside the
sensitive volume prior to the electron acceleration. The sample’s geometry, shape, and matrix were
similar at this stage, so as the measurement throughout the sample and the reference sample determine
the effectiveness of the system: the only difference is directly related to the efficiency calibration. In
y-ray spectrometry, this is a requirement for environmental assessment where no information from the
sample activity could be guessed before the performance of the measurement: the calibration source
and the sample space occupation must be of the same structure and similar matrix (regarding the type,
composition, and density). Regarding the problem of coincidence summing, no corrections are needed
if a natural sample is measured in a similar configuration with respect to a norm of the same radionu-
clide. While the same geometry, same sample matrix, and same radionuclides in both reference mate-
rial and sample to be assessed is assumed, the efficiency is already corrected for such issue (coinci-
dence summing). For this reason, the geometry design has been subjected to study in this research
using GEANT4. In the present work, the configuration of the BEGe detector (model BE6530) was
designed firstly and then, utilizing various radionuclides at different energy rates to simulate their ef-
ficiency response.

The efficiency obtained with GEANT4 was compared to experimental results. Comparison be-
tween experimental and simulated values demonstrated good agreement and proved the code to be
well built. The objective was to see whether the results obtained in the present study falls in agree-
ment with our expectation, this comparison will be presented in detailed. The demonstration of the
capability and robustness of a GEANT4 model on predicting detection efficiencies for the broad-
energy germanium spectrometer (BEGe 6530) used in our laboratory was completely performed, even
though some improvements are still under investigation [22].

7.1. Geometry and material definitions

A detector geometry in GEANT4 is made of several different volumes. These volumes are considered
sensitive as the particle can be tracked in. The largest volume is known as the World volume and it
must include all other volumes in the structure of the detector, with some margin. Usually, particles
outside the World volume are no longer considered in the geometry and are consequently forgiven.
Other quantities, including in the different smaller volumes, were produced, and included within the
previous volume. A box is the easiest (and most effective) way to represent the World volume (“uni-
verse”). Each volume is created by describing its form and dimension, its physical characteristics, and
then placing it inside a container, known as mother and usually referred to as physical volume [34].
The previous volumes are known as daughter volumes when they are put within another volume and
the latter volume is referred to as the mother volume. The reference coordinate used to determine
where the daughter volume is located, is the mother volume coordinate system. The solid definition is
usually used to explain the shape and form of an object or a volume in GEANT4. A solid is a mathe-
matical description of a shape or a surface / volume that has a structure and unique values occupying
the space. Examples of solids are a 10 cm radius sphere or a circle with 30 cm diameter or a 10 cm
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side cube [34, 309]. Volumes are usually simple to define, but attention should be paid to avoid their
overlapping and geometry errors.

We use logical volume to describe the volume’s complete properties and characteristics. This re-
quires the solid's descriptive features, including physical properties: the density material; whether it
has any sensitive detector elements; the magnetic field; etc. We still must explain how the volume
should be placed, how the particles are moving inside volumes, the crossing surfaces as particles are
likely to travel regardless a specific volume. They could propagate through different volumes. To
achieve this task, we create a physical volume, which places a copy of the logical volume inside a
larger volume. The placement of the physical volume in the geometry is correlated to that of the world
volume and logical volume. These three volumes are essential to build a GEANT4 application for the
simulation of y-ray interaction with matter. In general, material in the code is defined as Chemical
compounds, Mixtures, or elements (including isotopes). These three descriptions are the base of mate-
rial definition in GEANTA4. In addition, GEANT4 provides an updated table of major elements that
can be used an allows the developers to create their own material with the desired characteristics
(density, chemical composition, energy, dynamics,...) [22, 309]. Our application used the combination
of G4Element and G4Material de describe material composition in the geometry class and its imple-
mentation.

The G4Element class describes the properties of the atoms and provides the following infor-
mation for the user application:

- Atomic number (Z),

- Number of nucleons (A),

- Atomic mass,

- Shell energy,

- Aswell as quantities such as cross sections per atom, etc.

The G4Material class describes the macroscopic properties of matter and provides the following
information for the user application:

- Density,

- State,

- Temperature,

- Pressure,

- As well as macroscopic quantities like radiation length, mean free path, dE/dx, etc.

The G4Material class is visible to other part of the code and information related to this class is
always accessed by the code while computing other quantities of interest as the radiation dose, the
dose rate, or the effective dose, the y flux, and the kerma. It is used by the tracking, the geometry, and
the physics and defined by the use in the case, and if not, there are always default value set by the
GEANT4 developers (in the case the user is modifying a precompiled application in GEANT4 ma-
chine) [309].

i. Particle Definition

G4VUserPhysicsList is one of the mandatory user base classes described and used in GEANT4
simulation. Within this class all particles and physics processes to be used in our simulation were de-
fined. To access the detailed information used in our simulation, the class G4V UserPhysicsList should
be consulted as additional file to the present report. The code could be shared on reliable demand for
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beginners or advance user of GEANT4 as well as by the developers. The range cut-off parameter
should also be defined in this class [309]. GEANT4 provides various types of particles for different
use in simulations and the following were defined by default in our simulation:

- Ordinary particles, such as electrons, protons, y-rays, X-rays, Geantino (particle defined
only in GEANT4 simulation for only propagation without interaction), positron, and
neutron (important notice is that y- and X-rays are all considered as photons);

- Resonant particles with very short lifetimes, such as vector mesons and delta baryons
(these particles are highly explored in the field of high energy physics);

- Nuclei, such as deuteron, a, and heavy ions or heavy charged particles (including hyper-
nuclei, carbon ion, lithium ion, ...);

- Quarks, di-quarks, and gluons (explored in particle Physics as well as for the standard
model explanation — quantum electrodynamic)

Each particle is represented by its own class, which is derived from G4ParticleDefinition. This
class describes only characteristics of single elementary particles known up to date. Exception is for
the heavy nuclei and heavy charged particles that are defined using G4/ons class. Particles are orga-
nized into six major categories that are listed below (they are classes of particles as defined in high
energy physics or particle physics) [306, 309]:

- Lepton,

- Meson,

- Baryon,

- Boson,

- Short-lived and
- Ion,

Each of these classes of particle is defined in a corresponding sub-directory under
geantd/source/particles and can be accessed for detailed information or understanding of the code.
There is also a corresponding additional library for each particle category as each particles category
includes different type of particles with their own physical processes of interaction. For example,
among the fermions, there are electrons (e; v.), muons (u, v.), and tau (z; v;) with different masses,
and other characteristics.

ii. Physics Processes

Physics processes are used in GEANT4 to describe how particles interact with different materials.
GEANT4 provides seven major categories of processes as listed below [309]:

* Electromagnetic (as the measured class for the y-ray interaction processes as well as ion, parti-
cles, and nuclei interactions),

* Hadronic (related to hadron interaction as used in high energy physics),

* Transportation (Geantino particle is usually the best example to be propagated through this pro-
cess and particle in an ideal vacuum),

* Decay (very important for radioactive decay used in this project and for radiation detection and
measurement based on y-ray spectrometry technique),

* Optical (important for example for the transport of optical photon),

131



GEANT4 VALIDATION STUDIES Geometry built in this thesis

* Photo-lepton-hadron, and
* Parameterization.

All physics processes are derived from the G4VProcess base class. Different classes of im-
portance in this case are presented in the following table (Table 7-1) along with their corresponding
method implemented in GEANT4 simulation. These classes describe the behavior of a physics pro-
cess when they are implemented in a derived class. The details of these methods are described in
Physics Processes [309]. For extended detail about the Physics Processes class, the GEANT4 user
manual should be consulted as well [31, 34].

Table 7-1: G4VProcess classes and methods implemented and used in the GEANT4 simulation

Class name Implemented method name

AtRestDolt AtRestGetPhysicallnteractionLength

AlongStepDolt AlongStepGetPhysicallnteractionLength

PostStepDolt PostStepGetPhysicallnteractionLength
iii. Generating Primary Events

One of the mandatory classes available to generate our own concrete class in the GEANT4 envi-
ronment is G4VuserPrimaryGeneratorAction. It is important to specify how primary events or primary
particles are generated throughout the system. Concrete classes of G4VPrimaryGenerator should be
defined for specific generation of primary particles, as discussed in the following steps. The user
should configure the specific category of the G4VUserPrimaryGeneratorAction without confusion.
GEANT4 provides three G4VPrimaryGenerator essential classes for primary particle generation or
production. These three classes are G4ParticleGun, G4GeneralParticleSource and G4HEPEvtInterface.
Only the G4GeneralParticleSource (GPS) will be discussed here, in the following paragraph.
G4HEPEvtInterface class is not discussed here as it is a sub class of the Event Generator Interface as
well and is not a measured class for the detector efficiency simulation [309].

iv. GEANT4 General Particle Source

The G4GeneralParticleSource (GPS) is part of the high-energy Monte Carlo particle transport
used in GEANT4 computation. In general, this class is purposed to make measurements of the prima-
ry source particles ' source, using spatial and angular distribution. Here is a description of the GPS
class used in our simulation. The configuration’s system covers the GPS application for a user appli-
cation, and Macro Commands describes the macro command interface. Macro command for interface
display allows particle visualization to check whether the source definition and particle from the
source are well done. G4GeneralParticleSource is used the same way as G4ParticleGun in a GEANT4
application. In existing applications one can simply change your PrimaryGeneratorAction by globally
replacing G4ParticleGun with G4GeneralParticleSource. In addition, the GEANT4 user interface al-
lows the compilation of the code by adjusting some classes directly in the terminal instead of generat-
ing a separated class. GPS may be configured via command line or macro based input, in this regard
and many non-programmer users may feel comfortable and save time for coding [309].

7.2. Geometry built in this thesis

Preliminary simulation started with the geometry construction of the detector to be simulated. As
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the detector type is Germanium semiconductor based detector (BEGe), the geometry took into ac-
count the detector crystal and the lead shielding cask with other components. The lead shielding was
primarily defined as World volume and other part of the detector were built successively one after an-
other to reflect the real geometry displayed in the laboratory. The physical volume, the mother volume,
and sensitive volume were implemented in the word volume accordingly using GEANT4 routines as
describe in GEANT4 user manual [309]. After several code compilations with the world volume as
the entire room where the spectrometer is located, as the lead shielding system, and as the box in
which the detector is located, the choice has been made on lead shielding system only. This part is that
to be presented in this section. The sample was easily simulated as a real sample with point like
source and approximately 120 cm® cylindrical volume sample (5 cm diameter and 7.6¢c m height).
These dimensions were measured on a real cylindrical container used for experimental measurement
using the same detector.

As presented in Figure 7-1, Figure 7-2, and Figure 7-3, the geometry construction code was de-
veloped and the output result for geometry drawn are presented. Real dimension of the geometry usu-
ally necessitates more resource for first-time construction and compilation. It is worthy as all other
code execution sequences will access the built geometry briefly while running. And the geometry plot
is not required at each execution as it is computer resource demanding. Instead, after the validation of
the geometry, the large number of particles could be run in an input file without visualization, for the
visualization process allows time consumption [2, 22, 101, 102, 309].

It was illustrated in three dimensions with ground coloration to improve representation while con-
sidering the sample to be simulated in the geometry. When drawing the different part of the detector
geometries, the Qt and Open OGL visualizations were used. These additional packages have just the
role of making difference in the geometry and check whether it was correctly defined. And for the
purpose of presentation, the geometry drawn allows well description and understanding of the simu-
lated components of the geometry. In this way, the geometry presented in the following paragraphs
and figures was set with the following rules: The Germanium detector crystal is shown in the purple
color. The sample cylinder is displayed with green color. This makes geometry drawing easier and
easier to change and adjust. It also reduces the risk of confusion in the geometry’s partition ad over-
lapping [22, 33, 306]. The detector is defined in the center of the geometry. The surrounding lead
shield and liners are also simulated, with yellow and white corresponding to lead and copper sur-
rounding the internal surface of the lead shielding system. As the X-rays photon contribution from the
lead should be reduce as much as possible, the lead shield internal enclosure surfaces are covered by
copper.

Some details are missing and are not visible, from the electrodes and other background protection
in this representation. As aluminum protection, or carbon steel used for enclosure as well as the thin
paint used on the outer surface of the detector. Different parts of the simulated equipment and sample
were presented in Table 7-2. Data presented in this table are major parts that have to be defined for
our simulation. All these materials were used in our application and the result presented later in this
chapter are influenced by such givens.
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Table 7-2: Simulated elements (material that the geometry was built with) in the geometry of the de-
tection system. Mat. Name stands for material name; NComp for number of chemical components in
the defined material. Some are predefined in the GEANT4 data base while other (the sample simulat-
ed) were created in this project and include in our GEANT4 application.

Simple material (Elements that are generally found in GEANT4 data base)

Mat. Name Element NComp  Density (g.cm™) I(eV) Geant4 command name
Beryllium Be (Z=4) 1 1.848 63.7 S:)—Be (Input window materi-
4 Al (Alumi for th
Support Al (Z=13) 1 2.699 166~ O4Al(Aluminum used for the
detector protection)
Germanium crys- G4 Ge (sensitive volume of
7=32 1 5.32 50 -
tal (>99.9%) Ge ( ) 3 3 the detector)
Coppf.:r (Shielding Cu (Z=29) 1 2.960 129 G4 Cu (copper shield materi-
material) al)
Tin Sn (Z=50) 1 7.31 488 G4 Sn (tin shield material)
Tungsten W (Z=74) 1 19.3 727 G4_W (tungsten shield)
L.ead (Shield mate- Pb (2=82) | 1135 223 G4 Pb (.lead shlelld: 'Fhe prima-
rial) ry material for shielding)

Compounds (Predefined in GEANT4 data base or could be easily defined from other data base as NIST)

HO),C®, , s / New G4Material (Molecule

Carbon Epoxy 0 (8), Cl1(17) definition: C21HasClOs)

Base Mat: G4 AIR
Word Volume (de-

Air 4 0.00120479 85.7 Mass fraction: C (0.000124), N
fault) (0.755268), O (0.231781), Ar
(0.012827)
Mass fraction (%) : C(0.08),
. stainless steel Mn(2.0), P(0.45), S(0.3),
| .85 /
Cooling way + LN 78 Si(0.75), Cr(18), Ni(8), N(10),
Fe(71) + Liquid Nitrogen
Polyethylene ter- Sample con- 3 138 / New G4Material [Molecule
ephthalate (PET) tainer ' definition: (C10HsO4)s]

Sample SS1 elemental composition in % (New G4Material: Compound). The elemental composition of a
sample could necessitate the use of X-ray fluorescence spectroscopy described in chapter 5 of this project.

SiO2 ALO3 K0 Fe203 Na:O TiO: CaO MgO MnO P20s

91.0 4.9 2.0 0.9 0.4 0.2 0.3 0.01 0.01 0.01

As shown in Figure 7-2, the preliminary simulation of the detector geometry consists of only the
Germanium detector crystal and the lead shielding instruments. Different colors are used according to
background color, to differentiate parts of the system for easy correction in case of geometry errors, or

information / signal treatment in it. The first graph in Figure 7-1, with black background, presents the
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simple geometry as follow: the lead shielding is set using yellow color and the detector (germanium
crystal of the spectrometer) using white color. On the second graph in the same figure, the yellow
component from the first graph changes to blue component and white to green with white background.
A transformation (double rotation in Xy plan and xz plan) was applied to allow three dimensions’ view
in the third case, the third graph. All these Figure 7-2 (a - ¢) are just for preliminary visualization. For
important geometry construction are to be presented later in this section. The following figure is then
considered as a simple representation and starting point for the geometry construction

Figure 7-1: A simulated cross-section of the experimental setup used in real experiment (cross-section
of germanium crystal and lead shield compartment). The detector is defined in the center (green color
on the last graph). The surrounding lead shield contours are described with yellow (in the left graph)
and blue (in the two others). Some details are missing from the electrodes and other background pro-
tection in this representation, and the dead layers in the Germanium crystal detector are not shown.

When considering the sample in the geometry, it was plotted in three dimension and surface col-
oration to optimize visualization. The Qt and Open OGL visualizations are used when drawing differ-
ent parts of the detector geometry. The crystal of Germanium detector is not visible in the first capture,
Figure 7-2 (a), but is shown in the center with purple color, in Figure 7-2 (b - f). In this representation,
additional part of the geometry is provided by adding the sample shape, which is a cylinder shown
with white color. Figure 7-2 (a to f) are the same representation when applying transformation and hav-
ing the half view of the system. The view section could be misleading if it is not well selected and if
there are overlapping sections in the geometry. Drawing geometry in this way is more comfortable
and beautiful, as the user have the possibility to verify what has been built.
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- D>

(f)
Figure 7-2: A 3D view of the simulated geometry cross-section of the experimental setup. The crystal
of Germanium detector is not visible in the first picture (a) but is shown in the center (purple color on

the (b to f) graphs). The surrounding lead shield and liners are also simulated in this case and shoewn
in yellow color corresponding to lead. Some details are missing from the electrodes and other back-
ground protection in this representation, and the dead layers in the Germanium crystal detector are not
shown. An example of source or sample to be assessed is presented on the top of the detector (the
white cylinder). The distance between detector and sample varies depending on experimenter and ex-
perimental design.

In the following design, which is almost the complete geometry of our detection system, there is
no visible lead with or without a closed door. The internal dimensions are roughly 28 cm in diameter
and 41 cm wide, filled with the air in the condition present in the physical laboratory. The end-cap
carbon epoxy has been used and is shown by blue color in the geometry. It is only possible to use car-
bon epoxy and beryllium, not both materials as the window entrance of the detector should be an easy
passage for incident particle. The sample is the green component and the germanium detector’s crystal
is the purple part of the geometry built and presented in the following figure (Figure 7-3). Geometry
provided by Canberra at left (data from detector user manual [108]) and simulated in the present work
at the right.

The geometry developed in this section for the simulation purposes and shown in the following
figure includes the following components:

- The lead shielding enclosure;
- The copper for lead enclosure protection (X-ray emission from the lead);
- The sample to be assessed for validation purpose;

- The germanium crystal of the detection system (including all major components related,
vacuum, collection system);

- The carbon epoxy (or beryllium when the carbon epoxy is not used);

- The support (made of aluminum or other usable material that has less influence on vy ra-
diation measurements);

- The cooling system.
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The complete geometry is presented in Figure 7-4 using different transformations as well, for
appropriate view. Similar complex geometries were developed by Britton in his thesis and published
in different international journals [27, 42, 313, 53, 110, 142, 173, 173, 283, 286, 312]. Complex ge-
ometries and simulation are perspectives under construction and will be continuously built for the sci-
ence better life. The top views and side views presented in Figure 7-4 allows different visualization
angles and better understanding of the geometry of our system. As y spectrometry is not as complex as
a nuclear reactor, the detailed code built in this project for simulation can be requested by collabora-
tors for comparative studies. As the complete code including different classes implemented and devel-
oped in this research are thousands of lines of C++ code, it is not recommendable to annex it to the
present document.
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Figure 7-3: Geometry design of the detector for BEGe detector (model BE6530). The system's design has a lead shielding enclosure with 10 cm thickness
(presented here in white color) and is jacketed by an external metal cask of 9.5 mm thickness. The graded lining is made up of a Tin (Sn) 1 mm thick surface

and a 1.5 mm thick copper sheet (the part represented in yellow color).



Figure 7-4: Specific geometric layout of the simulated system in 2D and 3D views: (a) two-
dimensional top view of the planar representation. (b) Bottom view-three-dimensional representation
resulting from (a) with small angle transformation. (c) 3D 45 ° inclined perspective geometry view
using rotational transformation. The bulk of the lead shielding cask is open. (d) The lead cask cover is
on the top of the detector in position ready for an acquisition. (c and d) 3D views without and with the
cover on the top of the detector (lead shield capsule), respectively.

As shown in the above figures, simulating the geometry with rings for the best view of various
components is more accurate and details transparent view for internal components without necessary
perform a cut set or cross-sectional view. A commonly neglected important part in the high purity
germanium detector’s simulation is the structure of the sample in the detection system. For a given
sample dimension, the sample should be properly disposed in the system to limit the sample sensitive
detector volume distance. When this process is well set in practice contaminations are avoided in the
laboratory environment, especially for the detector itself. For high sensitivity and large collection of
photons from the decay process undergoing in the sample, the sample size should be as large as possi-
ble. But attention should be paid on the correction factors as self-attenuation, detection angle (which



GEANT4 VALIDATION STUDIES Efficiency Simulation

defined the relative and geometrical efficiency of the detector). A perspective to consider for further
understanding is the absorption of y-rays within the sample under investigation itself which can be
achieved by measurement and rarely by GEANT4 simulation (but parallel codes and software have
been developed for this purpose) [22]. GEANT4 enables the creation of complex geometry.

Broad Energy Germanium detector has a low-form cylindrical shape that is of large detection ar-
ea, entrance window being made of composite carbon epoxy. This design is an advantage for the sys-
tem as the geometry allow one of the highest detection efficiencies among the semiconductor detector.
Geometry and efficiency calibrations are expensive in term of time, technology, and cost. Therefore, it
is possible to use Monte Carlo Simulation based on Geant4 toolkit to optimize the work consisting of
using different source for efficiency calibration in the laboratory. The simulation of different sample’s
geometries and importation of the simulated calibration files in Gamma vision or Genie 2000 will
probably reduce difficulties encountered during calibration process [2, 149]. In addition, it is possible
to construct the real dimension of our sample geometry if known and built a personal MCA applica-
tion for GEANT4 implementation with the physical system (as long-term perspectives).

Detectors might be obviously characterized by restrictive programming or language influence in
various circumstances, be that as it may, Monte-Carlo simulation is a useful, valuable, inexpensive or
cheap option that additionally provides more noteworthy adaptability, greater flexibility and gained
time while determining the detector response and efficiency during an environmental measurement [2,
14, 101, 102]. But as many researchers in applied nuclear physics do not have computer programming
advance knowledge, collaboration between different scientists and laboratory is a useful tool for the
rapid progress of developed methods. As the detection geometry is completed, the efficiency simula-
tion can be implemented.

7.3. Efficiency Simulation

Well-known activity sources have been used as unidentified samples to determine which method
produces better or acceptable results. This comparative study was based on examination of acquired
spectra and the measurement of radionuclide’s concentrations. The estimate was based on two steps:
first step consists of quantifying operation (activity calculation) using the experimental efficiency
curve by applying self-absorption and true coincidence summing correction using Genie 2000 cascade
summing correction [21, 22, 175, 314]. The second step consists of activity computation using the
simulated efficiency’s values from GEANT4 Monte Carlo code. Simulated values of the efficiency
obtained from GEANT4 were compared to experimental value prior to their substitution if activity
calculation procedures. The efficiency simulation required the optimization of the GEANT4 code
used as the simulated BEGe detector covers a large range of energy from 3 keV to 3 MeV (including
low range energy). As the efficiency is the most important parameter for quantitative measurement as
the energy calibration is for qualitative characterization, agreement between simulated and experi-
mental data should be proved less than 10 % at least at 95 % confidence level. If the uncertainties are
less than 5 %, the obtained results can be confidently used for activity calculation. At this step, it is
important to remember different parameters that account for the efficiency calculated in this project.

The geometrical efficiency expresses the ratio of the number of photons emitted towards the de-
tector by the number of photons emitted by the source. This equation shows the only source-detector
geometry of the geometrical efficiency. The geometrical efficiency of the detector is defined as follow,
where Q = solid angle between source and detector for a point source.
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7.3.1.  Full-Energy Peak Efficiency (FEPE): & (E)
¢,(E) depends on the geometrical conditions and on the energy by the following equation:
e,(E)=¢¢,(E) 7-1

where ¢, is the Geometrical efficiency determined by the measurement conditions while
&,(E) is the intrinsic efficiency of the detector.
- Geometrical efficiency
Q = solid angle between source and detector (sr) for a point source

For a point source:

Q= 272'(1 - Lj 7-2

Nd? +r?

and the Geometrical efficiency expresses the ratio of the number of photons emitted towards the
detector by the number of photons emitted by the source.

Q

= 7-3
4

&g

This equation shows the only source-detector geometry of the geometrical efficiency.

- Optimization of the geometrical efficiency

For a point source:

d (d +e)
Q =271-—— | and Q =27|1—-—0—2 7-4
1 ( \/d2+r2J ’ [ w/(ar+e)2+r2}

For very thin layer detector, e<<d => the ratio —- =1 and for very thick detector, the ratio is
2
less than the unity.

- Intrinsic efficiency

&,(E) describes the ratio of the number of counts in full-energy peak by the number of imping-

ing photons. It depends on the incident photon energy (transmission [material composition, detector
geometry arrangement], absorption [the medium where the photon travel before it is detected], and
full-energy deposition). It is quite difficult to evaluate the exact value of intrinsic efficiency which
change with time because of the complexity of exact material composition.

7.3.2. Calculation of the detector FEP efficiency

Transmission probability through material I with thickness x; follows the Beer-Lambert law:

PT (E, x[.) = e,#’ (E).x; 7_5
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Thus, the interaction probability in the same material is:
P(E,x)=1-P.(E,x,) 7-6

To be count into the interaction spectrum, we assumed that the photon must be emitted in the Q
solid angle, cross the screens (air, window, dead layer, ...) without being absorbed, and be totally ab-
sorbed in the detector active volume (not passing through). In that case, the calculation of the detector
efficiency is given by the following formula, including transmission term through screens, interaction
in the detector volume term, and the probability of total absorption in the detector.

R"(E)=] []le* @ )1 o |p,(E)d0 77
_ 1(E) ]
5= 1y (E) 7

where P,(E) is for low energy. It is a very complex multiple scattering dependent for high ener-

gies.

These equations describe the method used to assess the efficiency, the absolute efficiency of the
detector, the geometrical efficiency, and the relative one. As the simulated source is isotropic one, the
geometrical efficiency was taken into account in the simulation. According to the detector geometry
and dimensions, the source-detector distance, and the source geometry and dimensions, the geomet-
rical efficiency is variable. High geometrical efficiency allows high total efficiency and high-count
rate, and consequently, the acquisition time for experimental spectra or the simulation time could be
reduced considerably.

Approximately 7200 to 21600 second’s data were obtained, and multi-source experiments were
conducted to verify the model. Throughout the simulation process, the distance between the carbon
epoxy window and the crystal was adjusted down to 4.7 mm, and the dead layers remained unchanged
from the requirements of the detector supplier (the Canberra firm). As dead layer assessment is im-
portant for the detector lifetime and measurements’ correction, it is necessary to use its actual value in
the computation. The optimized parameters of the physical detector were important inputs for parallel
simulation of the detector, especially the detector’s response. As shown in Figure 7-5, correlations of
the obtained spectrum with Genie 2000 and simulated data using GEANT4 code were made. As the
measurement of an unknown sample is possible experimentally, it is not “possible” from the GEANT4
point of view as the decay data Library used for a sample should be known first. The easier simulation
case is for single radionuclides in a point source, and especially in a cylindrical source bearing the
sample geometry. After that, the simulated sample can include multi-y source as contain and finally, a
well-known source of calibration can be used. The spectra from *’Cs, '**Eu, and *’Co point sources
placed in the reference geometry are presented in the following figures. The agreement of the spectral
shapes was astounding for the whole energy range and insignificant changes could be observed in the
after-major peak area. This accounts for the data library used as well as the uncertainties of the simu-
lation: the difficulty to reproduce a perfect geometry of both source and detector that reflects the phys-
ical actual system in the laboratory. In addition, the simulated sample used for experiment is not as
pure as the simulated one, as it is under its environmental influence or degradation. The obtained re-
sults profiles demonstrates the GEANT4 capacities for reproducing y-ray spectrometers through MC
simulation [22].
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Figure 7-5 displays Broad Energy Germanium spectra modeled using the GEANT4 Monte Carlo
toolkit for single and complex sources, with improved geometry parameters. Both experimental and
simulated data are presented on a graph for comparison and GEANT4 code validation. There are not
significant differences between the modeled and the experimental spectra as can be seen in the figures
(related to the four samples simulated). A sand NORM sample named SS1 was also assessed using
GEANT4 code and its displayed spectra with the experimental one show agreements for both spectra
(overlapping for the corresponding energy range). This results enables wealth tests for a variety of
radionuclides found in the analyzed sample to be calculated and proves the GEANT4 code built to be
effective in reproducing the experimental protocol from computer machine-base [22].
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Figure 7-5: Energy spectra from experimental measurements and from the simulation using the full
GEANT4 decay library. Both spectra of the following radionuclides are displayed: "*’Cs, '**Eu and
>’Co source in both the convenient real and simulated geometry. The events were generated at a ran-
domized coordinate within the source geometry, uniformly throughout the total source geometry, and
sum peaks where photons (y) were recorded could be clearly seen on the plotted spectra. Accordance
is observed in the peak areas compared to the background area where the GEANT4 background is
lower than experimental data. The last graph is for a reference sample named SS1.

The simulated performance dependent on GEANT4 toolkit using MC approach has been given
and is in good agreement with our expectations. As shown in Figure 7-6, there is concordance at low
energies and minor differences at high energies in the correlation between simulated and experimental
efficiency as demonstrated by different curves. Using the following fitting function, simulated and
experimental values were fitted [22, 315]:

Ing=Y" a.(nkE,) 7-9
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where ¢ is efficiency to be evaluated, E, is energy given in keV, and a; are fitting coefficients.

It was found that the best calibration measurement bend is obtained by using i = 6 for the detec-
tor used. The fitting approximated relation is used as part of any practical calculation to produce a
reference curve that would be used. Figure 7-6 demonstrates modification bends for both experi-
mental and modeled (simulated) geometry efficiency included in this chapter. The findings, simulated
efficiency curves, can be interpreted as been in relatively good agreement with experimental values
obtained directly from the experimental measurement. The improvements can be rendered taking into
account the detector structure and the samples' chemical composition, density, and weight. These pa-
rameters are important in y-ray spectrometry assessment as their change alter the result of a measure-
ment. Recreated outcomes must reach legitimate confidence by fluctuating the above parameters [22].

This result shows the capabilities of the GEANT4 code built to simulate the response of y-ray
spectrometer. Comparison between the experimental and simulated calibration curves shows evidence
and significance of the MC approach in applied nuclear physics, particularly in y-ray spectrometry
(this could be extended to other applications with the relation of random number or probabilistic char-
acter). The comparison shows good agreement between experimental and simulated results except for
the multi-y source with a high energy spectrum (at high energy range). Nonetheless, it was found that
the reported discrepancies were likely due to “’Co and *Y true coincidence summing. Such anomaly
was likely due to the actual summing of uncertainty induced by the sample emission of “’Co and **Y
energy lines or y-rays with energy close to that of the reference ray-lines ('*’Cs, '?Eu, *’Co, “Co, and
*Y). With respect to the estimation of environmental radioactivity, high energy spectrum value is lim-
ited: the primordial radionuclides released low y-rays’ energy and the “’K is known to be the one with
high y energy emission at around 1460 keV. For this reason, the agreement between experimental and
simulated data was found to be a good outcome for Broad Energy Germanium detectors (especially
BEGe6530) made for environmental purposes. The data presented in this section of the project could
be improved as the code is ameliorated. Results obtained using the GEANT4 toolkit were helpful and
allowed us to calibrate the BEGe detector with considerable reduction of the radioactive source num-
ber [22].

The highest performance was shown by the modeling setup using 120 ml sample in cylindrical
geometry, as shown in Figure 7-6 d and Figure 7-6 e. It is important to note that the 120 ml cylindrical
geometry is set in our laboratory as a simple and prescribed geometry for more than 90 % environ-
mental y spectrometry monitoring. The parameter of the solid angle may help as its value is high, and
the geometrical efficiency presented few paragraphs, before depends on its value. But at low energy
rate, a small split between experimental and simulated graphs is observed in Figure 7-6 (d and e).
Since the detector configuration designed with GEANT4 was not as full as the experimental detector,
observed differences can be presumed to be predicted as stated by Park et al.: the secondary photon
emitted after first interaction in the detection system [32, 33, 316]. Furthermore, the sample's self-
absorption determines the result at low energy, and the self-attenuation should be taken into account
by applying appropriate corrections. Since the dead layer thickness exceptionally influences the tests
outcomes and may change significantly from its value defined by the manufacturer, it was important
to re-evaluate its value in the case of the detector studied in the present research. Best results have to
be obtained after the corrected value of the dead layer is applied. The application of the real value,
different from the manufacturer’s value, lead to the optimized efficiency result, but still some correc-
tion should be made to improve the obtained data (including geometry construction) [141, 295, 296].
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Figure 7-6: Simulated and experimental efficiency calibration curves for BEGe detector (BE6530
model). Red curve represents results obtained by GEANT4 and black represent experimental results
in all presented graphs. (a) '*Eu as single source. No comparison for single source for the efficiency
purposes; (b and c) are results from 2" sample of multi-y source containing the following radionu-
clides: 2*'Am, *?Eu, *’Cs, 'Cd, and *>'Co; (d and e) data from 120 ml cylindrical container of PET
containing 320 Bq of soil sample (with the following chemical composition of material in percentage:
Si0,=91£5; AL,03=4.9+0.4; K,0=2.0£0.1; Fe203=0.9+0.1; Ti0,=0.2+0; Na,0=0.4+0; MgO= 0.01+0;
Ca0=0.3+0; MnO=0.01+0; P>0s=0.01+0). (C19HsO4)n is the chemical formula of PET used with n =5
in GEANT4 code. This sample code was described in Table 7-2

As previously mentioned, the estimated efficiency relied on the geometry and dimensions of the
sample, density, and the distance from the detector. Efficiency changes completely as a result of these
parameters for the detectors used as part of the y spectrometry study. In this case, each counting ge-
ometry needs an efficiency match, using in the same geometry, a well-known standard source that in-
cludes multiple y-ray energies: the '**Eu reference can only be used for energy calibration. The calcu-
lation of the counting efficiency was guided by factors such as:

- The attenuation of photons within the sensor due to absorption in the sample content;

- The attenuation of photons in the canning material above the detector's entrance face;
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- The fraction of photons emitted by the source that reaches the detector's sensitive vol-
ume; and

- The fraction of the photons hitting the detector that adds their contribution to the full-
energy peak [32, 296, 317]. Because not all the photon that reach the detector and have
an interaction could be count in the peak contribution. There is a recombination process
and some scatterings that do not count for full peak absorption...

For all the mathematical plans that were used as part of the laboratory work, it is not experimen-
tally straightforward to determine the efficiency esteems at different energy values. It is standard prac-
tice along these lines to get prepared calibration samples for analysis and to empirically access the
detector's efficiency. Similarity must be preserved in all aspects between the reference samples and
the field samples reserved for measurement. This contains the following characteristics: matrix com-
position, physical form, and dimensions. The arrangement of field sample in the same position with
respect to the detector used for the efficiency assessment must be conceivable in the process. Calibra-
tion samples subjected to investigation should also contain different nuclides to protect the energy
range of interest in the study. Therefore, operations of their measurement must be correctly under-
stood and traceable. They must be mechanically solid (to avoid detector contamination) and chemical-
ly safe (to insure that the active elements are isolated from the matrix) [22].

As highlighted in the previous paragraph, it is really challenging to manufacture calibration
source for efficiency purposes, considering all different geometries that could be used for a measure-
ment in the laboratory. Also, buying calibration standard sources that satisfy each of these require-
ments is generally impracticable, and the researcher is constrained to set this up in the laboratory envi-
ronment. It requires a lot of improvement, in terms of fair concerns, and the laboratory inspector (for
quality control and quality assurance purposes) should periodically discuss the matter. The problem
can be simplified to some degree if a fixed number of geometric configurations for sample preparation
is defined with the goal of decreasing the number of efficiency calibration samples. The previous plan
should be applied to improve the detector geometry's significance and to perform another practical
calculation using more appropriate reference materials and associated geometries [294, 296, 318, 319].
Improvements can be rendered considering the detector structure and the sample's chemical composi-
tion and thickness. Through the modification of these parameters in the program or algorithm used in
the GEANT4 code, simulated results obtained must approximate the real value with sophisticated
sample geometry and specific detector dimensions and shape.

7.3.3. Result validation

The observed mean discrepancy was found to be less than £2% between the simulated and exper-
imental efficiency as can be seen in Figure 7-7. The discrepancies could likely be the effect of the in-
adequate knowledge of the real detector shape and dimension, and incomplete detector crystal charge-
collection of the signal selection used in our simulation. Figure 7-6 shows that both experimental and
simulate output values are too closed and that the simulation findings can be used properly for our
detector calibration. It is usually too difficult to obtain less than 2 % confidence in both experimental
and simulated results. As 2 % is smaller than 5 % acceptable value, the result obtain in the present
thesis is an outstanding achievement. In the case of environmental radioactivity monitoring, the Mon-
te Carlo simulation functionality based on the Geant4 toolkit would be more suitable as demonstrated
from the previous result. In particular, the simulations will help to determine the Broad Energy Ger-
manium detector's optimal operating mode for a specific energy range [22].
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Figure 7-7: Ratio of the simulated and experimental efficiencies depending on y energy. The average
fluctuation ration between both experimental and simulated values is less than 2 %.

Table 7-3 includes the correlation of simulated and experimental values obtained in this analysis.
By comparing experimental or simulated values with reference values, all investigated radionuclides
showed good agreement. Therefore, it can be concluded that the GEANT4 model developed in this
thesis can be used for the detector efficiency simulation (the code will be adapted for y spectrometry
measurements). In terms of variance reduction between experiment and computation, the '**Eu dis-
plays the largest value, but the proportion of standard deviation at 95 % confidence level highlighted a
strong agreement.

Table 7-3: Simulated and experimental values of the activity concentration obtained with the mix vy
standard source SS1. Simulated activity concentration values are obtained with efficiency curve from
GEANT4 simulation presented in Figure 7-6.

Nuclide Energy Emission Activity concentration (Bq/kg) Sim/Exp
(keV) probability  Experimental %Unc  Simulated %Unc Target values ratio
Am-241 59.54 0.36 418.20 2.60 398.00 223 420 0.95
Cd-109 88.03 0.04 1510.80 6.20 1495.68 6.21 1550 0.99
Co-57 122.06 0.86 43.30 1.50 44.78 1.53 45 1.03
Cs-137 661.66 0.85 370.10 1.90 367.37 1.62 380 0.99
Mn-54 834.84 1.00 190.30 1.40 193.28 1.29 200 1.02
898.04 0.94 139.80 1.90 143.83 1.58 140 1.01
Y88 1836.20 0.99 139.80 1.90 143.83 1.58 150 1.01
Zn-65 1115.55 0.51 329.90 1.90 329.06 1.80 335 1.00
1173.24 1.00 398.20 1.50 410.32 1.77 400 1.03
Co60 1332.50 1.00 398.20 1.50 410.32 1.77 420 1.03
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7.4. Conclusions

The present study used GEANT4 based MC simulation to model the HPGe detector (BE6530
model) geometry and efficiency response. The addition of a simple variance reduction scheme to rep-
resent only the primary photon, released in the direction to the effective area of the detector, simpli-
fied the analysis and enabled the time consumption reduction for calibration procedures. Simulation
and importation of different sample geometries from the GEANT4 to the Genie 2000 software used
for y spectrometry assessment is then the closure task for this achievement. It reduces the difficulties
encountered during efficiency calibration of the detector in the laboratory. Therefore, when estab-
lished, the actual dimension and shape of our sample geometry can be created from GEANT4 code
and the simulated result used for activity calculation. BE6530 detector's actual geometry was designed,
and its efficiency response was performed. Using Qt and OGL visualizations, 2D and 3D geometries
were created for geometry views and display. Because of the best views it offers, rings have been used
for geometry design in the displayed geometry results.

For experimental measurements, the multi-y reference samples used in our laboratory were used.
Comparison of experimental and simulated calibration curves shows good match for low y energies
and a slight difference for large y range energies. Discrepancies are likely due to a real “’Co coinci-
dence summing effect as it emits two different y-ray lines. It was found that the y spectrometry ap-
proach can be used with MC methods based on GEANT4 developments. The obtained results were
found to be more accurate and precise compared to experimental values. Consequently, this approach
was found to be a reliable, affordable, reliable, and time-gaining alternative which additionally offers
more prominent adaptability when deciding the response and efficiency of the detector during an envi-
ronmental monitoring assessment.

As new capabilities are being established to tackle the high-energy research concerns, particular-
ly nuclear physics and y-ray spectroscopy, the increasing use of GEANTA4 in other fields will also lead
to new developments in the toolkit. It is expected to model and provide more accurate geometry re-
sponse to y spectrometry studies in the near future, with all components varying from protection
(shielding enclosure) to electronics and their contribution to the low background y-ray measurements.
Monte Carlo methods in light with random sampling are widely used as a part of various fields for the
ability of tracking issues with an expensive number of coupled degrees of freedom. Simulating the
geometries of different samples and then, exporting computed measurement files in Gamma vision
software or in Genie 2000 can lower and reduce the difficulties encountered during the process of ef-
ficiency calibration.
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CHAPTER 8. CONCLUSIONS AND OUTLOOK

8.1. General conclusions

The detection of y photons is a technique in progressive development and with an increasing
range of applications, including the environmental radioactivity assessment. In this thesis we used 7y
spectrometry technique to assess radioactivity level in samples from both campuses (campus 1 and 2)
of the University of Douala and the seven biggest sand quarries in Douala city and surroundings. In
parallel, X-ray fluorescence (XRF) spectrometry using Energy Dispersive XRF (EDXRF) and Wave-
length Dispersive XRF (WEXRF) were used for elemental characterization of the same samples. To
improve the efficiency of the germanium detector used as well as calibration methods, Monte Carlo
simulations based on GEANT4 Toolkit were introduced with the objective of the validation of the
study and the improvement of scientific used of simulation for efficiency calibration of germanium
semiconductor based detectors.

The study used the combination between y spectrometry-ray, development of related Monte Car-
lo (stochastic simulation that represents any method which utilizes the sequences of random numbers
to realize the simulation) method, and the GEANT4 toolkit for y-ray spectrometry simulation (simula-
tion of the interaction of photon through matter) validation. The simulation was focused on Broad En-
ergy Germanium detector used in our laboratory (the model BEGe 6530). The chapter 2 of this thesis
reported detailed information about the y-ray interaction with matter. The photon (y) interaction pro-
cesses were discussed with their interaction cross-section. As the y-ray interaction is defined in term
of probabilistic events, reference data were provided for clarification. It was very important to illus-
trate such interaction of radiation with matter before introducing the experimental method used during
this thesis: the y spectrometry method. Chapter 03 presented the methodology of y-ray spectrometry
and metrology of y-ray. The description of the sampling method, sample preparation, and the selected
sites for sampling was done and presented accordingly. The detection system details were described
with different major parts of the BEGe necessary to understand the detection procedure. This part de-
scribed formula used to assess activity concentration as well as radiation hazards and radiological pa-
rameters as radium equivalent activity in geological samples, Outdoor absorbed y dose rate, Outdoor
Annual effective dose (AED), External and internal Hazards indexes, and a and y indexes (I, I ).

Chapter 4 discussed the y-ray spectrometry results obtained for both studied sites (two campuses
and extending area of research). The parameters presented in the above paragraphs were assessed. The
chapter presented the activity concentrations of ***Ra, 2**Th, and *’K found in samples from the two
campuses of the university of Douala and sand samples used as building materials from the Douala
Littoral Region of Cameroon (from the seven investigated quarries). Radiological parameters and ra-
diation hazards as radium equivalent activity, absorbed y dose rate in indoor air and corresponding
annual effective dose, external and internal hazard indices were calculated to qualify and quantify the
radiological hazard associated to the studied zones. Chapter 5 presented X-ray fluorescence method-
ology and result of analysis of the samples from the campuses of the University of Douala as well as
those from the extending area of study in this thesis. All details from experimental protocol to the ob-
tained results were presented in this part. Elemental characterization of samples was performed
through XRF analyses (based on both EDXRF and WDXRF) in view to determine their elemental
composition. The obtained data were used for the assessment of geological provenience and origin of
the study area.
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Chapter 06 and chapter 07 presented the Monte Carlo methods and GEANT4 toolkit used for
simulation as well as the result of validation. The description of the principle of the method was de-
tailed in the first chapter. The contain of Chapter 6 also included the detailed description of the use of
random number in MC simulation. Principal classes used in GEANT4 for an appropriate simulation of
the detector efficiency were described. The second part focused on the obtained results in term of Ge-
ometry of the detection, Efficiency calibration of the Broad Energy Germanium detector based on
GEANT4, and the validation of the code built in this thesis. The attention had been given on the re-
production of the geometry by the GEANT4 code and the simulation of the efficiency response of the
BE6530. Sophisticated geometries built were presented in graphs obtained with 3D and 2D visualiza-
tions. Efficiency curves were plotted and compared with the experimental values. Good agreements
between experimental and simulated efficiency were highlighted by the correlation between both val-
ues. The methods used in this thesis were found to be very prominent and we can deduct the specific
conclusions from the obtained results presented here.

8.2. Specific Conclusions
8.2.1. 7y Spectrometry measurements and results.
i) Methodology

The measurement of radioactive material or the determination of exposure due to natural radio-
nuclide in environmental samples is a process that aims to reliably and efficiently identify any iso-
topes present within the source matrix, and accurately quantify these to allow interpretation of a varie-
ty of factors. These factors may include safety concerns, doses that exposure may incur, and the origin
of the isotopes that are present. For non-destructive testing, y-ray spectroscopy provides the most ef-
fective measurement technique, as y-ray emissions may be the only detectable radioactivity to escape
the source matrix (as y range is high compared to that of a or f§ particles). Typically, larger and more
efficient detectors are employed to collect more radiation, and therefore enhance sensitivity of the sys-
tem. The most used in the recent decades are semi-conductor detectors since the semi-conductor tech-
nology has been developed and improved worldwide (from cellphone, computer, and TV to spaceship
object).

Two HPGe detectors were used in this research, one in Cameroon: a Broad Energy Germanium
detector (BEGE-6530 model) and a second one at the Laboratory of Nuclear Physics of the University
of Liege in Belgium: a HPGe (GC0818-7600SL model) [2, 101]. It is important to highlight that there
were many HPGe detectors in Nuclear Physics lab in Belgium, but only one was used for our envi-
ronmental assessment-based y-ray spectrometry. The fields of the experiment were well-known re-
gions that covered the two campuses of the University of Douala — Cameroon, a site located within
the basin of Douala, named “Douala — Bassa” zone (04° 03°14.8" - 04° 03°29.7" N and 09° 44°00.1" -
09° 44°45.2" W). For the second part of the experimentation, the fields of experiment were carried out
in seven quarries in the vicinity of Douala and its surroundings, namely “Bonaberi Bonamikano,
Northern Akwa, Bois-de-Singe, Youpoue, Youpoue-Bamenda, Dibamba, and Village”. The experi-
mental process performed in view to obtain valuable result at the end follows the following steps:

Step 1: Sampling and sample preparation

During sampling processes, details about site location, sample point number, geographical coor-
dinates, and sample type were recorded. Samples were packed-in and properly sealed into polyester
bags in order to avoid cross-contamination during shipment and transportation with other samples.
Each bag or container was correctly set. Throughout sampling process, drying, and grinding, all the
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required precautions were taken in the use of equipment to prevent cross contamination of samples.
Cleaning system for both in-situ sampling and in-lab preparation was a major component of the pro-
cedure. To reach Secular Equilibrium, samples were sealed and stored for at least one-month prior the
sample acquisition and analysis. Samples were weighted and the data recorded for Genie 2000 input
during the activity concentration calculation step.

Step 2: Detector calibration procedure: energy and efficiency calibration

Both energy and efficiency calibrations are required for qualitative and quantitative assessment
of environmental samples, respectively. During determination of intensity of the natural radionuclides
a careful selection of region of interest (ROI) on the spectrum and with consistent window for all
samples was ensured. The standard reference materials provided by IAEA used for calibration (usual-
ly the energy calibration step) of the y-ray detector and calculation of activity of the samples provided
a standard procedure for the analytical technique of measurements. For efficiency calibration, Monte
Carlo methods base on GEANT4, LaBSOCS, or other software are developed. In our laboratory, Lab-
SOCS was provided by Canberra and this project developed a GEANT4 setup for detector calibration.

Step 3: Measurements of the activity concentration

This part took into account the background and subtracted it from the spectra to be analyzed be-
fore any calculation. Some quantities as mass of the sample and date of the acquisition are necessary
as inputs as the decay scheme of the series could be involved. The computed process is based on the
equations presented in the Chapter 3 and the results are displayed with uncertainties in the unit of Bq /
kg.

Step 4: Assessment of radiation hazard and radiological parameters

This step is based on the evaluation and interpretation of different quantities as Radiation hazard,
Outdoor absorbed y dose rate, Outdoor Annual effective dose (AED), External and internal Hazards
indexes in the investigated soil and sand samples. These parameters were evaluated using equations
described in Chapter 3.

ii)Results

Concerning soil samples from the University of Douala, the level of activity concentration was
very low as well as that of the radium equivalent activity. In addition, this part of study was completed
by comparing results from two different detectors in view of pointing-out recommendations on the
use of germanium detector for environmental monitoring. The broad energy germanium detector
showed the best stability for assessing samples in view of measuring low energy y-ray (**Ra
and ***Th) emitters, while the GC0818-7600SL-model detector showed stability in measuring high y-
ray emitter (*’K). Comparison with values measured in different countries for the same type of sample
showed comparable results in the interval recommended by UNSCEAR [1, 2, 49, 101]. From the safe-
ty point, the investigated area was not found to be a high background radiation area, and there is not
evident risk related to radiation exposure to be highlighted here.

For sand samples from the quarries in Douala and surroundings, the measured specific activities
of **Ra, #*?Th, and *’K in this thesis were lower than the related common worldwide values except
that of the Thorium. The average investigated value of Radium equivalent activity (Racg) in the stud-
ied samples range from 47 to 216 Bq kg'!, which are underneath the worldwide value of 370 Bq kg™
recorded by UNSCEAR. The a and y index values were found to be smaller than both the internation-
ally accepted 0.5 and 1 values, respectively. The values of the internal and external risk indexes (Hix
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and He,) correlated with the use of the analyzed samples were found under the reference value of unity.
The absorbed dose rate level varied from 22.17 to 101.47 nGy.h™' with a mean value of 58.9, similar
to the recommended worldwide value of 60 nGy.h™'. The outdoor annual effective dose rate in air
ranged from 27.19 to 124.45 uSv.y ', was recorded below the 1 mSv.y™' internationally accepted val-
ue. It is therefore assumed that the radiological parameters collected in the present study are ordinary
and within the prescribed limits. Consequently, in the design of buildings, the use of the investigated
sands as building material is considered to be radiologically safe for occupants, based on the assessed
parameter. In addition, thousands of workers in various sand quarries in the Littoral region of Came-
roon are below international exposure limits for the public [2, 101].

The values of terrestrial radionuclides detected can be used as a valuable inventory from a practi-
cal viewpoint to produce a radiation map of the area at stake and to track and measure possible chang-
es to environmental radioactivity due to natural radioactivity and human actions. The obtained results
indicated that the average dose rate received by the residents is less than 1.0 mSv year ™', attributable
to sand building use in Douala [1, 2, 98, 101]. The outputs from this research will be useful to assess
the radiation hazards of sand building material in humans and to initiate a sand database together with
a radiological map of the area at stake.

8.2.2. X-Ray Fluorescence Analysis

For X-Ray Spectrometry analysis, sampling process was the same as in y-ray spectrometry (same
samples analyzed), and sample preparation was based on the following steps:

- Grinding and Sievert sample to a gain size lower than 100 pm;
- Glass Discs’ preparation and Pressed pellets;

- Utilization of reference samples for the equipment setting;

- Matrix Corrections; and

- Validation of XRF results

Equipment description was detailed to understand the experimental protocol and the used of ref-
erence materials and PyMCA software for data analysis.

XRF-based EDXRF processing was conducted to chemically classify numerous soil samples
from the Douala-Bassa region covering the University of Douala campuses (I and II) and sand sam-
ples from seven large quarries in and around Douala. The same sample used for y spectrometry were
used for X-Ray Fluorescence analysis base on the same sampling method. Only the sample prepara-
tion method differs from y-ray spectrometry to Energy Dispersive X-Ray Spectrometry (EDXRF) and
Wavelength Dispersive X-Ray Spectrometry (WDXRF) [218, 220].

For samples from the two campuses of the university of Douala, the characterization consisted of
elemental composition investigation of different samples using an SDD spectrometry chain (Silicon
Drift Detector). The most important part of the elemental analysis after spectra acquisition was carried
out using the PyMCA software package. EDXRF values obtained in this study are useful to character-
ize the soil samples from the Douala region of Cameroon as Fe-soil. All spectra from the eighteen soil
samples revealed that measurements were well performed. Correlation graphs were plotted in view to
determined geological characterization of the investigated area. Correlation Graphs showed a positive
gradient between the variation of K,O and Al>O;. The positive slope suggested a relative abundance
of these components that are basically adjusted by the substance of mud minerals. This fit our findings
and proved that analyzed samples in this study have the same origin and provenience (according to
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the obtained concentration values of Al,Os, TiO», Fe,O3, MgO, CaO, Na,O, and K,0). The investiga-
tion about discriminant functions of Roser and Korsch [253, 258-260] allows us to classify the geo-
logical provenience of analyzed soil samples. It can be observed that soil samples can be classified
chemically as Fe-soil. All analyzed soils were found to be illustrative dregs from Continental margin.

For the analyzed sand samples, Elemental characterization was performed through both EDXRF
and WDXRF analyses in view to determine their elemental composition. The after-analysis data were
used for the assessment of geological provenience and origin of the study area. From the obtained re-
sults (tables and different diagrams), it was observed that the investigated area’s geology is formed by
sediments from Passive margins and probably come from the degradation (or weathering as the effect
of this process in the region is noticeable) of materials of the “Gulf of Guinea”, where the main char-
acteristics of the rocks are acidic intrusive igneous and metamorphic [320]. The Gulf of Guinea is
characterized with a diversified geological environment, comprising volcanic islands with a sedimen-
tary formation currently under intense underground activities (hydrocarbons development).

The seven sampling sites were dispatched around the Atlantic Ocean in the coastal region of Lit-
toral - Cameroon. Their classification as passive margin sediments confirm the fact that the Douala
basin tectonic plate belongs to an active plate because it was formed by a transient lithosphere-
determined by sedimentation process of an ancient rift. The Douala basin is therefore a transition be-
tween the oceanic and continental lithosphere. The result from X-Rays Spectrometry measurements
showed significant importance for various elements, both major and minor. It suggested the relevant
Si and Al amount that could be very useful for the raw material used in glassmaking manufacturing
process in Cameroon (and the sub-region) as well as the scientific involvement in the subgroup de-
scription. It also contributes to significant appreciation for the continent's characterization.

8.2.3. Monte Carlo simulation and GEANT4 Validation

As new capabilities are being established to tackle the high-energy research concerns, particularly
nuclear physics and y-ray spectroscopy, the increasing use of GEANT4 in other fields will also lead to
new developments in the toolkit. It is expected to model and provide more accurate geometry re-
sponse to y-ray spectrometry studies in the near future, with all components varying from protection
(shielding enclosure) to electronics and their contribution to the low background y measurements.
Monte Carlo methods in light of random sampling are widely used as a part of various fields for the
ability of tracking issues with a large number of coupled degrees of freedom. Simulating the geome-
tries of different samples and then, exporting computed measurement files in Gamma vision software
or in Genie 2000 can lower and reduce the difficulties faced during the process of efficiency calibra-
tion.

Monte Carlo methods in light of random sampling are widely used as a part of various fields for
the ability of tracking issues with a large number of coupled degrees of freedom. In this work, the
overview of Monte Carlo methods was effectively discussed for simulations in y-ray spectrometry
field. Details were presented in three parts: The Monte Carlo methods, a mathematical formulation,
and the Geant4 toolkit [42, 53, 306]. An overview of Monte-Carlo simulations methods has been pre-
sented here for the application of y-ray spectrometry. It reduces the difficulties encountered during
efficiency calibration of the detector in the laboratory. Therefore, when established, the actual dimen-
sion and shape of our sample geometry can be created from GEANT4 code and the simulated result
used for activity calculation. BE6530 detector's actual geometry was designed, and its efficiency re-
sponse was performed through MC simulation based GEANT4. Using Qt and OGL visualizations, 2D
and 3D geometries were created for geometry views and display. Because of the best views it offers,
rings have been used for geometry design in the displayed geometry results.
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For y-ray spectrometry simulation, the combination of y-ray spectrometry, the design of the relat-
ed Monte Carlo system, and the GEANT4 (GEometry ANd Tracking) toolkit has been established for
better feature. The main objective was to validate in our laboratory, the simulated models of broad
energy germanium (BEGe BE6530 model) detector geometry. This third part of the research was de-
voted to simulating the HPGe detector (BE6530 model) geometry and efficiency response. The Monte
Carlo methods have been used successfully in this section to model the HPGe detector. For experi-
mental measurements, the multi-y reference samples used in our laboratory were used. Comparison of
experimental and simulated efficiency calibration curves shows good matches for low y energies and a
slight difference for large y energy range. Discrepancies are likely due to a real “°Co coincidence
summing effect as it emits two different y-ray lines. It was found that the y spectrometry approach can
be used with MC methods based on GEANT4 developments. The obtained results were found to be
more accurate and precise compared to experimental values. Consequently, this approach was found
to be a reliable, affordable, accurate, and time-gaining alternative which additionally offers more
prominent adaptability when deciding the efficiency response of the detector during an environmental
monitoring [34].

For the detector systems themselves, a combination of experimental work and Monte Carlo simu-
lation has been used to develop and validate computer models of the laboratory systems, which have
then been utilized to improve the performance of all system components. Monte Carlo models (using
the GEANT4 toolkit) were initially used to reproduce the detector response of a BEGe detector sys-
tem, with the geometry parameters tuned to reproduce the peak efficiencies for a range of photon en-
ergies. Simulations of the detector shielding materials revealed that the majority of ‘background’
events originated from source photons that scatter out of the shielding, and into the primary crystal.
This can be reduced by increasing the interior radius of the cave and minimizing the amount of low Z
material in the immediate vicinity of the detector. Experimental results were contrasted with the mod-
el performance curves using MC methods based GEANTA4. Calculation errors for simulation as well
as experimental efficiency curves were assessed to see if the results of the practical calculation came
below sufficient cut-off points [22]. Validated, the models developed were used for routine detector
characterizations, and proved to be useful for the efficiency calibration of sources that were supplied
in non - standard configurations.

8.3. Future Work

Building upon the tools and designs developed as a result of this project, several opportunities
have been identified that may improve the detection limits further for high sensitivity of the y-
spectroscopy systems and related techniques as XRF, PIXE, and PIGE. Also, the y-ray spectrometry
system based on Germanium detector is not perfect in term of efficiency calibration. Improvements
and optimization are still required and different ways of determining the efficiency curves. As the out-
come of the present thesis highlighted, the GEANT4 code built is still under optimization process tak-
ing into account the real geometry and shapes or the detector sensitive volume, the sample, and the
measurement environment. There are many tasks to be pursued as life goal or to be shared by other
researchers in the field with strong interest.

Firstly, the combined and simultaneous use of PIXE (Particle Induced X-ray Emission) and PIGE
(Proton Induced y-ray Emission) techniques for the analysis samples will be implemented in the fu-
ture. Interest on these nuclear technics has been shown with experiments performed on the samples
from Douala. The analysis and interpretation are one of the perspectives of this thesis. Using PIXE
and PIGE for geological sample characterization can be time gaining and very useful for transition to
the new technology and simulation capability of the accelerator systems using Monte Carlo Method
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based GEANT4 toolkit. This extension would be in term of experimental work in the laboratory, as
irradiation was performed on some samples from Douala.

Secondly, the use of Monte Carlo method based on GEANT4 toolkit to simulate the XRF
(EDXRF and WDXRF) would be planned soon. This will be with the objective to check whether or
not the calibration procedure using reference samples from institute of standards can be improved, and
how to improve it if so. This project would be held in parallel with the PIXE and PIGE Monte Carlo
validation by GEANT4. Since laboratory experiment or measurement is, as any simulation and physi-
cal measurements, affected by errors, the objective would be the reduction of uncertainties and the
optimization to fit the exact values. Considering the energies of emitted photons by the atomic de-
excitation package, the error values will be compared with NIST database (with the objective of set-
ting it down to less than 2.5 %), and well below for most of the transitions. Regarding K-Shell and L-
shell transitions, the relative error shows a clear dependency on atomic number; Iron falls within the
elements showing themselves to have a higher emission energy than Geant4's simulated one. Atten-
tion would be paid on K-Shell deviance in comparison to NIST database. For this purpose, we have to
implement a Geant4 code that simulates an energy dispersive X-ray fluorescence spectrometer as well
as wavelength dispersive X-ray fluorescence spectrometer [306, 321].

Finally, an elemental composition of samples from Cameroon will be largely developed and the
determination of the relation between radiation exposure/ attenuation that they may lead to the inhab-
itants or public in their daily life will be the main task. Additionally, it will be established the link be-
tween the elemental composition of these studied areas, the radioactivity they produce, and the rela-
tive dating of the sediment. Projection of Monte Carlo method will allow the characterization of sam-
ples from any other place in Cameroon as in the world. As other developed Monte Carlo Codes can be
used for detector simulation, comparison between different codes will be performed in view to use the
most appropriate setup for physical characterization in the laboratory. The Particle and Heavy Ion
Transport code System (PHITS) will be the next code for detector simulation in this regard.

155






Appendix A: Decay Chains

Appendix A: Decay Chains

There are four major naturally occurring decay chains, and each is known by the most stable iso-
tope within it. Three of these (**Th, %*°U, and ***U) are long lived that they are still present within the
earth in significant quantities, allowing us to measure them today. Small amounts of the fourth series
(*"Np) may also be present in the environment due to the artificial production of **'Pu (the head of
the 2’Np decay chain) since the 1940’s. Naturally occurring ores of these materials are generally as-
sumed to be in secular equilibrium, however geological activity or isotope extraction/ore processing
can significantly alter their concentration and equilibrium. Each decay chain is detailed below (note
that where additional decay branches are identified in the captions, these are restricted to branches
that decay via a and  modes) with illustrations [53].

A.1. The **Th decay chain.

All nuclides in the decay chain will be present in samples that contain thorium, and if left undis-
turbed for a sufficiently long time, be in equilibrium with 2**Th (with the possible exception of *°Rn,
which may escape the sample as it is a noble gas). ***Th makes up almost all of the natural thorium
found in the earth.
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A.2. The #3U decay chain

In addition to the nuclides seen, there is a weak decay branch from 3/Th, which may decay
through the a decay process into “>’Ra before decaying back into the main branch. This decay chain
actually starts at **’Pu, however as 2°U has a much longer half-life only this is found in (natural) ter-
restrial sources.
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A.3. The 2*U decay chain.

Weak decay branches include ***Po B decaying through 2'®At to '®Rn (with both daughter nuclides
also o decaying back into the main chain).
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A.4. The ®"Np decay chain.

The head of this chain is **'Pu, which B decays into **' Am. This subsequently a decays into >*’Np,
which is the longest lived nuclide in the chain. This decay chain has gained importance since the pro-
duction of Plutonium for early nuclear weapons.

Neptunium
J| 237

Uranium
233

Protactinium
233

Thorium
229
Actinium
225
“e
.
o*
Radium
225

Astatine
217

Bismuth
213

160



Appendix B: HPGe and EDXRF methodology

Appendix B: HPGe and EDXRF methodology

The present section summarizes the sample preparation method for both y-ray spectrometry and
Energy Dispersive X-ray spectrometry.

I. y- & X-ray spectrometry
1. Sampling method

- The sampling method was a combination of simple random sampling and stratified sampling.
Sampling point geographic coordinates were taken with a Global Positioning System (GPS);

- 2 kg of soil was taken at 5-25 cm depth to avoid contamination with new raw material and
human activity;

- Collection of 5 sub-samples at each sampling point (04 at the corners of a 2.5 x 2.5 m* surface
squares and 01 at the center). The 5 sub-samples form one sample for each sampling location;

- Packing samples in polyester bags to avoid contamination. Cleaning of the sampling tools;
- Labeling of samples and transfer to the laboratory for preparation;

2. TI'-ray spectrometry preparation

- In the laboratory, samples were dried in two steps: 1* step consists of drying at ambient tem-
perature for several days, up to one week. The 2" step consists of drying at 105°C for 24
hours in an oven dedicated for y spectrometry sample preparation;

- Samples were grounded and sieved to achieve a particle size of 250 pm maximum. This is
done for homogeneity of the sample so that the density could be considered as uniform when
correcting the self-absorption effect of the sample. The process is described in the figure be-
low;

- Samples were weighed and transferred into a 120 ml cylindrical polyester backer and sealed.
The cylindrical container was labelled accordingly;

- Sealed samples were stored for secular equilibrium. The storage time was set as 30 days be-
fore the acquisition. Checking the availability of the High Purity Germanium (HPGe) detector
for measurements (cooling down the detector);

- After radioactive equilibrium between Ra-226 and its daughter isotopes, the samples were
ready for acquisition. Both energy (using europium multi-y source) and efficiency (using
LabSOCS Monte Carlo code) were done before the acquisition of the sample spectra;

- Background measurement for 48 hours was followed by sample acquisition of spectra using
Genie 2000 [21] software;

- Spectra analysis and activity calculation based on the following equation described in chapter
3. The activity calculation process included several steps as the nuclide library search, the en-
ergy calibration, the efficiency calibration, the background subtraction, the ROI location, the
surface integration, and the activity calculation;
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- Radium equivalent activity calculation based on the values of activity concentration of ***Ra,
#2Th, and “K and frequency distribution of different radionuclides evaluated based on the
range of their radioactivity in the investigated soil samples.

3. Energy Dispersive X-Rays fluorescence

- Using the same samples as used in y spectrometry

- In the laboratory, samples were drying in two steps as for y spectrometry for the 1* step of
drying at ambient temperature for several days, up to one week. But the 2™ step consists of
drying at 60°C for 48 hours in an oven since pellet will be made instead of glass discs (used
for WDXREF analysis only);

- Samples were grounded and sieved to achieve a particle size of 100 pm maximum. This is
done as the X-ray beam diameter should cover several particles in the sample, and for homo-
geneity of the sample so that the density could be considered as uniform on the surface of the
sample under investigation;

- No additional flux or component was added to the sample as in WDXRF measurement where
borate fluxes are used. 100% pure samples were prepared;

- Sample weighted and density measurement. A similar density of different sample led to the
use of the same pressure for pellet making;

- Both powder sample and standard reference material for calibration were pressed directly into
20 mm-diameter pellets under 4.0 tons.cm™ for five minutes;

- Effective cleaning system after each prepared sample to avoid contamination of the next sam-
ple to be prepared;

- Five minutes’ acquisition for each point on a sample and three measurement points per sam-
ple for statistical achievement. A total of 15 minutes were needed for acquisition per sample.
The concentration per sample is the average of the three measurement points;

- DR-N, BE-N, MESS-3, SRM-610, PACS, UB-N, and MA-N standard reference materials
(SRMs) from National Institute of Standards and Technology (NIST) were used as reference
material to validate the obtained results;

- Result validation by analyzing some reference material and compared the result to the certi-
fied value referred by the manufacturer. If the values of the standard deviation are all lower
than 5%, the measurement method is acceptable and achievable. All the obtained values in
this research were lower than 6%, which is scientifically sounded;

- Using PyMCA for elemental concentration assessment and output data as color graphs based
on the concentration ratio using temperature color bar chart;

- Excel sheet for compound concentrations determination. Correction of Ag, W, and other ele-
ments present in the background measurement as in the detector system or the collimator. Re-
port of the result for the next step;

4. Sand classification and Provenance

- Using major and minor element concentrations to draw the sedimentary classification dia-
grams (ratio of K,O/NaxO; log (SiO2/Al,03) and log (Fe.03/K»0));
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- Using diagram for the tectonic discrimination of sediment provenance: TiO, (%) as a function
of the Fe,O3; and MgO (%) diagram; Al,O3/Si0O: (%) as a function of Fe,O3; and MgO (%) to
draw the origin formation of the samples;

- Deduction from the previous diagrams and Heron diagram, the investigated area class and the
origin of the geological formation.

Process step | I Material form | |

Description of Process step

Sampling Sampling Target Collection of several increments (five = 4 square
corner + center) combined into composite sample
|
'
Physical sample Primary Sample Sample Comminution and/or splitting (one or
preparation several time (s))
P |
Sub-Sample or Physical preparation: Drying, sieving, splitting,
laboratory sample homogenization, weighting, sealing / pressed pellet
]
Test sample Secular equilibrium in appropriate geometry (y),
passive acquisition/ sample irradiation
J
+
Analysis Spectrum (Energy Data collection, processing and interpretation:
or Wavelength) Genie 2000 (y-rays) & PyMCA (X-rays)
B |
Outcome / results Count rate = Activity concentration & sample
Elemental Composition

Figure B1. Sampling process, Sample preparation steps, and analysis description of the methodology

used
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