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ABSTRACT 

This thesis has threefold objectives: 1) attempting to propose a solution for the poor 

energy resolution problem of NaI(Tl) spectrometer using unfolding GRAVEL code; 2) 

detection efficiency measurement of large samples using Monte Carlo codes i.e., 

MC_Gamma and Geant4; and 3) the quantification of naturally occurring radionuclides 

232Th, 40K and 238U found in the environmental samples (biological, geological, and 

polyethylene) using Gamma spectrometry chain. To achieve the first objective, a prior 

knowledge of natural background level, detector response function, Gaussian Energy 

Broadening, and measured spectrum is required. Moreover, the second objective needs to 

describe the experimental setup, and therefore, that should be validated with standard 

sources. In addition, the third objective merges the methodologies adopted in the first and 

second objectives. 

The results have shown that 1) the escape peaks, Compton continuum, and background 

radiation had been successfully removed so the incident spectrum was restored; 2) the 

Monte Carlo computational code revealed satisfactory results where an experimental 

validation using 137Cs, KCl calibration sources was conducted. Therefore, satisfactory 

results were presented by Geant4, MC_Gamma, and GRAVEL; 3) Quantification of 

NORMs was performed in biological, geological, and polyethylene samples following the 

unfolding process and Monte Carlo calibration. The measured activities were used to 

evaluate the dosimetric parameters such as hazard indices, radium equivalent, threshold 

consumption, annual committed dose for the biological samples, and annual doses for the 

geological samples. 

The results show: 3.86 E2, 1.08 E2, and 9 E4 mSv of the annual doses (of 

geological samples) is received from brick, cement, and gravel respectiviely; the annual 

consumption of milk and wheat  for adult (biological samples), should be equivalent to      

98 g/day and 147 g/day respectively. 

Keywords: NaI(Tl), gamma spectrometry, Monte Carlo, Geant4, detection efficiency, 

econvolution, natural radioactivity, dosimetry. 

 

 

 



 

 

RESUME 

Cette thèse a trois objectifs : 1) tenter de proposer une solution au problème du 

chevauchement des en utilisant le code itératif GRAVEL ; 2) mesure de l'efficacité de 

détection des échantillons volumineux à l'aide de codes Monte Carlo : MC_Gamma et 

Geant4 ; et 3) la quantification des radionucléides naturels 232Th, 40K et 238U trouvés dans les 

échantillons environnementaux (biologiques, géologiques et polyéthylène) à l'aide de la 

chaîne de spectrométrie Gamma. 

 Pour atteindre le premier objectif, une connaissance préalable du niveau de bruit de fond 

naturel, de la fonction de réponse du détecteur, de l'élargissement gaussien (GEB), et de 

l'énergie et du spectre mesuré est requise. De plus, le deuxième objectif doit décrire la 

diapositive expérimentale, et donc, qui doit être validé avec des sources étalons. De plus, le 

troisième objectif fusionne les méthodologies adoptées dans les premier et deuxième 

objectifs. 

Les résultats ont montré que 1) les pics d'échappement, le continuum de Compton et le 

rayonnement de fond avaient été supprimés avec succès, de sorte que le spectre incident a 

été restauré ; 2) le code de calcul Monte Carlo a révélé des résultats satisfaisants où une 

validation expérimentale utilisant des sources d'étalonnage de 137Cs, KCl a été menée. Par 

conséquent, des résultats satisfaisants ont été présentés par Geant4, MC_Gamma et 

GRAVEL ; 3) La quantification des NORM a été réalisée dans des échantillons biologiques, 

géologiques et de polyéthylène après le processus de dépliage et l'étalonnage Monte Carlo. 

Les activités mesurées ont permis d'évaluer les paramètres dosimétriques tels que les indices 

de risque, le radium équivalent, le seuil de consommation, la dose annuelle engagée pour les 

échantillons biologiques et les doses annuelles pour les échantillons géologiques. 

Les résultats montrent : 3,86 E-2, 1,08 E-2 et 9 E-4 mSv des doses annuelles (d'échantillons 

géologiques) sont reçues de la brique, du ciment et du gravier respectivement ; la 

consommation annuelle de lait et de blé pour adulte (échantillons biologiques), devrait être 

équivalente à 98 g/jour et 147 g/jour respectivement. 

 Mots clés : NaI(Tl), spectrométrie gamma, Monte Carlo, Geant4, GRAVEL, 

efficacité de détection, deconvolution, radioactivité naturelle, dosimetrie.  
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GENERAL INTRODUCTION 

Many international organizations of human protection from radiation exposure are 

interested in the natural and/or artificial radioactivity evaluation; as an objective to measure 

and protect the public as well as the biota against the effects of exposure to ionizing 

radiations. The radiations are emitted from many sources including medical therapy, cosmic 

radiations, terrestrial radionuclides etc. For instance, the disintegration of terrestrial 

radionuclides produces the emission of radon and thoron which are transmitted through 

inhalation or ingestion and associated with the emission of alpha, beta, and gamma particles. 

In environmental sciences, scholars argued that there are about 340 Natural Occurring 

Radioactive Materials (NORM) also called terrestrial background radiations. Moreover, they 

assumed more than 60 radio  isotopes that could be found in different matrixes such as soil 

[1   8], sediments [9  14], foodstuff [15],construction materials [16  26], water [27], and 

in food chains. 

The international organizations of IAEA (2010) [28] and UNSCEAR (1988 [29], 

2000 [30]) reported that the majority of the universal dose is accruing from natural sources. 

Moreover,  the WHO 2012 [31] reported that 19.9 % of annual absorbed dose (mSv/year) 

for the world population is issued from medical diagnostic, 0.98 % from human  made 

sources, and more than 79 % emitted from natural radiations in which 15.7 % and 12.7 % 

from terrestrial and cosmic radiations respectively, 9.48 % from internal exposure, and    

41.2 % from the series decay of uranium and thorium isotopes i.e., radon and thoron. 

Other factors like agricultural and industrial human activities can also contribute to 

the annual absorbed dose by increasing the concentration of the NORM’s in environmental 

samples, which may cause radiological contamination and diseasessuch as cancers, chronic 

lung, etc. [32  33]. 

In agricultural soils, the concentration of thorium and uranium is increased due to the 

extensive use of fertilizers which are technologically optimized agricultural products and 

rich in phosphate [34]. The fertilizers absorption by plants’ roots can be successively 

involvedinthe food chain throughthe fast transmission to vegetables, fruits, leaves, plants, 

fodders, flowers, etc [35]. In addition, the mining activities can increase the radioactivity 

level, therefore the background level becomes higher. 
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In the ecosystem, research on radioactive radiation is still not properly quantified. 

Therefore,  many national and international studies were conducted to assess and control the 

concentration of the NORM’s (238U, 232Th, and 40K) in different environmental samples 

using many experimental technics e.g., NAA, INAA, Alpha spectrometry, radiochemical 

separation, Industry Coupled Plasma Mass Spectrometry (ICP   MS), and GSA, etc. 

Recently, more technological nuclear equipment for radiations measurements 

consists of a mobile gamma spectrometry system called in  situ and airborne (aerial) survey 

team. This was developed for the localization, identification, quantification, consumable 

inspection hygiene, and dose rate estimation for some radioelements such as 137Cs, 99Tr, 

NORM’s, etc., in live time. 

The most common gamma  ray spectrometers are High Purity Germanium detectors and 

light scintillators e.g., LaBr3, NaI(Tl), and other types of inorganic or organic detectors. The 

physical characteristics such as detection efficiency, response time, energy resolution, cost, 

empirical conditions like temperature are the main important criteria for spectrometer choice 

in laboratory, aerial, and in  situ measurement. This technic is very fast for qualitative 

and/or quantitative analyses as well as suitable forthe non   destructive method. 

The HPGe detectors have an excellent energy resolution of about 2 %1, which is very 

appropriate for peak searching. The spectrometry analyses require large size and low   cost 

detectors. However, HPGe detectors are characterized by low detection efficiency due to 

their limited size and their high market cost. 

On the other hand, the sodium iodine NaI(Tl) scintillator presents the lowest cost 

spectrometers. Their high detection efficiency attributed to their unlimited size make the 

NaI(Tl) to a large extent as the most detectors for radiation monitoring. The main 

disadvantage of the NaI(Tl) spectrometer is the poor energy resolution at a low energetic 

range. Where the interaction of high gamma energy produces secondary peaks e.g., first and 

second escape peaks in addition to scattered photons at different   angles. These factors 

prevent us from reliable analysis especially when quantification is needed. For solution, the 

quantitative problem can be solved using anti  Compton systems, unfolding process, etc, 

presenting significant and reliable data at the end. 

                                                             
1FWHM was measured for 60Co peak (1332 keV). 
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The present thesis aimed to develop a detection system coupled with a NaI(Tl) gamma 

spectrometer for natural radioactivity evaluation in different environmental samples.  

Three main objectives were pursued: the first objective endeavored the modelization 

of NaI(Tl) spectrometer using Monte Carlo simulation codes. The second consisted of the 

unfolding process for the experimental spectrum counted by NaI(Tl) detector. The third was 

to the quantification of NORMs in different environmental samples using combined 

methods of the first and second objectives. 

In this regard, the present thesis encompasses four chapters, two annexes, and a 

proposed algorithm applied for radioactivity measurements.  

The first chapter discusses the theoretical background of the radioactivity 

phenomenon, the interaction of gamma radiations with the matter, detection system, and 

dosimetry of ionizing radiations.  

The second chapter presents different methods e.g., mathematical expressions, 

experimental measurements, and Monte Carlo simulation for efficiency calibration. An 

example of the Monte Carlo model for large efficiency measurements was presented and 

tested by a standard source. 

The third chapter consists of gamma spectra unfolding using iterative code. The 

energetic response function and the mathematical model of the scintillator spectrometer 

were used to restore the emitted spectra. The validation of the measured and the followed 

methodology is presented.  

The forth chapter is dedicated to natural radioactivity evaluation combined with 

Monte Carlo calibration and unfolding process. The efficiency curves for different 

environmental matrixes were plotted taking into account the validated detector model, 

densities, and elemental composition of the studied samples. Then, the measured spectra 

were unfolded for two gamma windows corresponding to 40K and 238U. In this part, the 

background radiations, escape, and scattered peaks were successively subtracted. The net 

areas were calculated using the output unfolding files. The obtained results i.e., detection 

efficiency and the net surface will be used to calculate the specific activities and the 

dosimetric parameters.   

Finally, general conclusion with some perspectives is presented. In addition, 

appendices contain the Monte Carlo codes and effective atomic number measurement, and 
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the proposed algorithm for radioactivity measurement written in C++ language. The entred 

package such as densities, effective atomic numbers, efficiency curves, gamma line 

intensities, and unfolding surfaces are saved in the data program. Therefore, the manipulator 

can easily pass from density to mass activity in Bq.kg-1. 
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CHAPTER I: GAMMA SPECTROMETRY 

FROM RADIOACTIVITY TO DOSIMETRY 

 

 

 

 

 

 

 

 

 

The main purpose of this chapter is to describe the radioactivity sources and the interaction 

of the gamma radiations with the matter. In this description, we highlight the detection 

system and the main spectrometer used in gamma  ray spectrometry. Subsequently, we 

present the effect of the incident radiation on human bodies by defining the dose meaning.  

The main bibliographical sources of this Chapter are the books of G Knoll, N Tsoulfanidis, 

and F Khan. 
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1.1. Radioactivity 

In 1898, Antoine Becquerel discovered a new spontaneous and continuous 

phenomenon of non stable radioactive elements situated at exciting levels called the father 

nucleus. These elements disintegrated to a lower energetic level with the emission of nuclear 

particles  ...,  or wave radiation (photons). Accordingly, the new radioelement called the 

daughter nucleus is formed. The processes of disintegration should stop once having a stable 

daughter nucleus. In this context, two types of radioactivity can be distinguished: 

1.1.1. Artificial sources 

The man  made sources were discovered in 1934 by Irène and Fédéric Juliout-Curie. 

Their formation is due to the production of the non  stable nucleus through, for instance, 

the bombardment of stable elements by nuclear particles, e.g., neutron, to inducing nuclear 

reaction. Therefore, new radioactive nuclei were formed. These reactions are generally made 

in nuclear reactors, research centers, hospitals for an energetic production purpose, scientific 

research, medical applications (radio  tracers, radioisotopes, sterilization of medical 

instruments, radiotherapy, etc.), among others. Consequently, their existence level is a 

function of the technology development and the research works. 

It is worth mentioning that the anthropogenic radioelements have generally a short  

half  life. However, some of these are notable like 137Cs, 70Sr, and 84Kr with a half life of 

30, 28.1, and 10.73 years respectively. 

1.1.2. Natural radioactivity source 

This source is a spontaneous phenomenon, caused by whether natural particles 

originally cosmic or terrestrial radioelements which are called primordial. The cosmic 

radioactivity is due to the presence of galactic radiation, primary radiation, coming from the 

sun, stars, other galaxies outward the solar system, or by the interaction of primary radiation 

(high energetic particle) with atmospheric particles. Consequently, secondary particles like 

protons, neutrons, muons, photons are produced [36]. On the other side, the primordial 

radioelements are classed on three natural radioactive series, namely: Uranium  235          

(T = 7.1 × 108 y), Uranium  238 (T = 4.47 × 109 y), Thorium  232 (T = 14.05 × 108 y), 

and Potassium  40 (T = 1.24 × 109 y). The disintegration of 238U, 235U, and 232Th is 

presented in Figure1.1. These radionuclides can be found in natural matrixes such as sea or 

river waters, rocks, sediments, soil, food, etc. It is important to note that the natural 

radioactivity level can vary according to geological and time function. This is because of 
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natural factors such as soil moisture, snow, and atmospheric concentration of radium – 226   

[37  39]. From each series decay, it can be found four radio  isotopes of radium, namely: 

223Ra (Alpha emitter, coming from 235U decay with a half   life of 11.43 ± 0.05 day); 224Ra 

(Alpha emitter, coming from series decay of 223Th chain, with a half  life of 3.627 ± 0.07 

day); 226Ra (Alpha particle emitter, member of 238U series decay with a half  life of       

5.844 × 105 ± 0.025 × 105 days); and 228Ra (Beta minus particle emitter, member of 232Th 

series decay with a half  life of 2100 ± 11 days) [40]. As result, three primordial series 

decay forms approximately 33 radioisotopes and three stable elements. 

 

Figure 1. 1: Disintegration chain of 235U, 238U, and 232Th. 

1.1.3. Radioactive equilibrium 

The transition from the excited to the low  excited ground creates a nuclear 

equilibrium whereby the ratio of the father to the daughter will be constant. Moreover, there 

are two types of nuclear equilibrium that can be distinguished [41]:   

Firstly, it consists of transient equilibrium that occurs when the half  life of the nucleus 

parent (T1) is not much greater than the halflife of the nucleus daughter (T2) as well as their 

relative activities decrease as a time function (equation 1.1). This type of equilibrium is 

applied in medical imaging where the half  life of 99Mo (67 hours) is greather than the 

99mTc (6 hours). 
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On the contrary, secular equilibrium is achieved when the half  life of the progeny, e.g., 

222Ra, is very smaller than the half  life of the father nucleus, e.g.,226Ra. Therefore, their 

corresponding activities are neither increasing nor decreasing over time (equation 1.2).  

12 AA                                                           (1.2) 

Finally, the induced photons, e.g., gamma decay, pass through any type of matter (density 

and atomic number), and, from this point, different types of interaction processes are 

produced.In the next section, only three types of gamma particle interaction have been 

discussed. 

1.2. Interaction of gamma radiation with matter 

1.2.1. Photoelectric effect 

In the photoelectric process, the incident photons interact with the atomic electron then 

it is entirely absorbed (Figure 1.2). The photoelectron particle is produced probably emitted 

from the K shell of the target atoms. The kinetic energy of the outgoing electron is [42  43]: 

electrontheofenergybindinge EEE                                          (1.3) 

 

 

 

 

 
 

 

 

Figure 1. 2: Photoelectric effect. 

1.2.2. Compton scattering 

In the incoherent scattering or Compton  effect, the incident    ray  E
 
is 

deflected with   angle on a free electron. A part of its energy and momentum is transferred 

to the recoil electron (Figure 1.3). Due to the variation of scattering angle, the energy of 

scattered photon  '

E
 
at   deviation can be written as following [42   43]: 
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The recoil electron (knocked electron) energy  eE
 
in the Compton process is:  
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The energy range of Compton electrons varies from  0MinE
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Figure 1. 3: Compton scattering. 

1.2.3. Pairs production 

The interaction between the incident photon and atom nucleons, in a Colombian field 

of a nucleus, generates a pair of e and e+ (Figure 1.4). The nuclear process is possible when 

the incident gamma energy is great or equal to  
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Figure 1. 4: Pairs production. 
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1.022 MeV [42 – 43] 
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Figure 1.5 describes the three important major interactions of gamma  ray in different 

absorber materials as atomic number and energy function. 

 

Figure 1. 5: Relative importance of the 3 major types of gamma interaction in different 

absorbers. From Evans (1955) [44]. 

In Chapter 2, we present a spectra example explaining the induced peaks after the interaction 

of high photon energy with scintillator crystal. 

As previously stated, other types of photon interaction as Rayleigh and Thomson, would not 

be mentioned in this section. 

1.2.4. Photon beam attenuation 

Interaction of   radiation with different mediums by different physical processes per 

unit of path length is defined by gamma-ray attenuation coefficient  E  or macroscopic 

cross-section [42  43].  

Let 0I and I , the intensity of the incident and transmitted photon are respectively crossed at 

X thickness of the target. This latter is characterized by density   and effective atomic 

number effeZ . In addition, the following Beer  Lambert law is given to calculate the linear 

attenuation coefficient of any sample as follows [53]: 

  









I

I

X
E 0ln

1
                                                (1.7) 

Experimentally, equation (1.7) is applied just in narrow beam geometry (Figure 1.6) where 

the incident photons are perpendicular to the target (sample). 



22 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)  : Narrow Beam Geometry (b)  : Broad Beam (bad) Geometry 

Figure 1. 6:  Narrow and broad beam geometry for measurement of attenuation in absorbing 

materials. 

It is important to note that the modeling photon attenuation through any traveled 

medium can be successively done using computer programs e.g., Geant4, MCNP, and 

XCom data (See, Appendix A). To conclude, the measurement of the interacted gammas is 

acquired using gamma  ray spectrometers. In the next section, the gamma detectors and 

their associated nuclear instrument will be presented. 

1.3. Gamma spectrometry measurement 

1.3.1. Scintillator spectrometers 

Solid, liquid, and gas are scintillator materials associated with the scintillation light 

emission. Two types of scintillator detector can be physically established: organic (e.g, 

liquid scintillators, plastic scintillators, and a crystal); and inorganic scintillator existed only 

in crystal format e.g., NaI(Tl), CsI(Tl), BGO, etc. 

The liquid scintillator generally has organic structure. It is often constructed by two 

elements, and in some cases, a third element can be added as an objective to shift the 

wavelength interval. In addition, it is applied for the quantification of β- and 12C particle, for 

example. This type of scintillator is very cheap in commercial stores, but it can be easily 

damaged under exposure to intense radiation [42  43]. The mechanism of fluorescence of 

this detector type is made by intermediate energetic states. 

The second type of organic spectrometer consists ofa plastic scintillator is formed by 

thermal polymerization reaction which is organic or inorganic materials added to the 

solvent. This scintillator is suitable for fast timing measurement with a decay time of 2 ns 
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order. They have lowcost and are easily fabricated, and available at different size processes 

[42   43]. 

The mechanism of scintillation in an inorganic detector is perfectly made by adding a 

small fraction of impurities (activator) in the crystal (Figure 1.7). The objective is to 

enhance the probability of returning electrons to the valence band with the emission of 

visible photons during the de-excitation process [42, 45].   

 

  

 

 

Figure 1. 7: Scintillation mechanism in the activator scintillator [43]. 

Afterward, the emitted light will be converted into electrons using the scintillator 

integral part that is located at the back of the crystal and called the photo  multiplicator tube 

(PMT). The process of collection, conversion, and multiplication are starting as follow 

(Figure 1.8): 

Firstly, the incident light of quantic energy that is equal to hν will be converted into 

electrons, called photo-electrons, inside the photocathode material. Then, the incident 

electron (primary) will be transferred to the first dynode and guided under the effect of the 

electrical field. This latter aims to lead the direction of the electrons. At this instant, 

secondary electrons are produced. Between each dynode, an electrical field was applied to 

succeed the amplification process (HV). Production of secondary electrons is explained by 

the amplification phenomenon (106 times) where the conversion and amplification 

mechanism are quickly made, in 10–9 seconds in general [42  43]. 

 

  

 

 

Figure 1. 8: Schematic of the photo - multiplicator tube. 
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1.3.2. HPGe spectrometers 

A semi  conductor diode with a P.I.N structure is fabricated. It is presented as 

excellent gamma spectrometers with different sizes and/or geometry. Three types of HPGe 

configuration can be distinguished (Figure 1.9) [42, 46]: 

 Planar Geometry: presented as a germanium disc (Figure 1.9.a) available in different 

diameters, having an electrical contact on the flat surfaces is applied. A thin window on 

Carbon or Beryllium was added to the front-end of the detector to collect the low energetic 

radiations. This type of geometry can be successfully used resulting in high energetic 

resolution and efficiency.  

 Coaxial Geometry: configured in a hollow cylinder (Figure 1.9.b), larger than planer 

configuration. The main characteristics are: high energy resolution, a good detection 

efficiency, and suitable for low energetic range (Beryllium window); 

 Well  Type Geometry: same configuration of a coaxial detector, but on the upside-

down (Figure 1.9.c). This type is suitable for low radioactivity levels, where the detection 

efficiency is 4π in order and small sample quantity, etc. It is extremely sensitive to the 

summing effect. 

Table 1. 1 : Energy resolution (%) of HPGe detector in different configurations. From 

Knoll, 2000. 

Energy (keV)        

                        Configuration 

122 1332 

Coaxial 0.80 3.40 

Planar 0.65 2.00 

Well  Type 1.2 2.1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 9: Hight Purity Germanium configuration: planar, coaxial, and well -  type. 
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Table 1. 2: Energy resolution (%) of HPGe and NaI(Tl) detector. 

Materials Size Energy resolution* Detection efficiency** 

HPGe Limited 2.18 % < 1 % 

NaI(Tl) Unlimited 23.33 % 3 %  10 % 

*Energy resolution of different detectors was measured for X-ray beam at 140 keV [43, 47].  

** [48 - 49] 

 Figure 1.10 presents gamma spectra distribution counted for NaI(Tl) and HPGe 

spectrometer. In practice, the choice of the nuclear spectrometer is depending on the 

application and the objective of the measurements. 

 

Figure 1. 10: Comparison of NaI(Tl) and HPGe spectra for cobalt - 60. Adapted from : 

Radioisotopes et méthodologies de rayonnement I, II. SooHyunByun, note des cours. 

Université McMaster, Canada[54]. 

1.3.3. Acquisition chain 

It consists of nuclear modules (Figure 1.12) composed of Amplificatory,                    

Pre  amplificatory, Multi-Channel Analyzer (MCA), and Analogic Digital Converter 

(ADC). The role of each instrument is [42  43]: 

 High Voltage Power Supply: it is an instrumental model that aims at the control and 

the monitoring of the High Voltage Power supply. In Figure 1.12, column a, the front panel 

of HVP with red light indicator aims to indicate the manipulator if the high voltage is 

On/Off; 

 Preamplifier: is the first nuclear instrument directly placed on the back of the 

detector. The main objective of the preamplifier is to minimize the source noise, attaching 

the detector output to the rest of the detection system, and converting the current impulsion 

that comes from the detector to the voltage impulsion (impedance). Figure 1.12, column b, 

presents the preamplifier interface; 
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 Amplifier: is an electronic module, located after the preamplifier, aimed to increase 

the amplitude of the pulse (signal), and also to convert the input signal that is coming from 

the preamplifier into a suitable form for the presentation to the next part (ADC). (See, Figure 

1.12, column c); 

 Analog  Digital Converter (ADC):  it consists of the measurement of amplitude (V) 

of the conditioned voltage pulse (input) which will be transferred to MCA after amplitude 

numbering (address); 

 Multi-Channel Analyzer (MCA): it is mainly aimed to measure the pulse height 

distributions and organize them as histogram data (See Figure 1.12, column d). The 

horizontal and the vertical axes correspond to the number of counts (per channel) and the 

channel number or energy values respectively; 

 Oscilloscope: is used to control the quality and noise of the measured signal and/or 

the noise change over time. 

 

 

 

  

 

 

Figure 1. 11: Block diagram for spectrometry system. 

 

 
 
 
 

 

 

 

(a) (b) (c) (d) 

Figure 1. 12: Nuclear instrument used in detection system (From ORTEC Catalog). (a) 

Hight voltage supply, (b) Preamplifier, (c) Amplifier, (d): Analogue Digital Converter. 
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1.3.3.1. Energetic calibration 

It consists of linear extrapolation between the energetic values  E  emitted from 

standard sources and their corresponding channel  C . The energetic calibration equation is 

written as follows [42]: 

.....2  CCE                                              (1.8) 

In practice, the manipulator must use a large number of standard sources to record their 

correspondent energies with their stored channels. After the affirmation of chain linearity, 

equation (1.8) takes the next form:  

CE                                                       (1.9) 

1.3.3.2. Efficiency calibration 

It consists of an appropriate formula (polynomial, exponential, etc) fitted to relate the 

detection efficiency (in %) to energy as a function. Chapter 2 presents more details on the 

detection efficiency calibration for a point or extended sources. 

1.4. Dosimetry of ionizing radiation 

It aims to evaluate the biological damage received from the exposure of ionizing or 

non  ionizing radiation whether on human bodies called the individual dosimetry or on 

geological sites called the area dosimetry. Many international organizations, like 

UNSCEAR, ICRU, EC, etc., defined some rules, procedures, and limits, etc., to protect the 

individuals from the harmful radiation effects. Three main classes of radiation protection can 

be classified into physical, protection, and operational quantities. They can be explained as 

the followings: 

1.4.1. Physical quantities 

They are used to characterize the particle field and the physical effects of the deposed 

energy in the traveled medium, corresponding to radiometric and dosimetric parameters, 

respectively. They are classified to [41, 50  51]: 

 Radiometric Parameters: consists of the fluence  (number of particle per surface 

unit), flux field 


 (number of particle per surface and time unit), and the intensity (number 

of particle per time units); 
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 Dosimetry Parameters: it consists of the absorbed dose (Gray) and KERMA. The 

absorbed dose describes the quantity of the transferred energy that is delivered by the 

charged particle to the matter by any type of ionizing radiation. Whilst the KERMA2 

describes the sum of the kinetic energy of charged particles that is originally produced by 

the interaction of non-charged particles e.g., photons or neutrons, per mass unit (kg). 

1.4.2. Protection quantities 

The International Commission of Radioprotection (ICRP) defined these quantities to 

predict the effects of ionizing radiation on individuals. Two kinds of protection quantities 

were determined as: 

 Equivalent Dose or HT  Sv : it is used to describe the biological effects when 

individuals are exposed to ionizing radiation. Moreover, it is related to the type  RW  and 

the energy of the incident particle. It is calculated by multiplying the absorbed dose by the 

radiation factor  RW ;  

 Effective Dose: it is defined to describe the sensibility of the organs  TW , whereby 

1 TW
 

for all organs, as well asofequivalent dose. In addition, the effective dose 

function is given as TR HW  ; the unit of efficacy dose is Sievert. Table 1.3 presents the 

radiological factors corresponding to energy and particle type, as the followings: 

Table 1. 3: Radiological factors corresponding to energy and particle type [51 - 52]. 

Particle type Energy 
RW  

Photon, electron and muons All Energies 1 

Proton and Peon All Energies 2 

Alpha, Fission fragment All Energies 20 

Neutron 
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Table 1. 4: Tissue weighting factors (ICRP, 103) [52]. 

Organ Thyroid Stomach Skin Colon Lung Rest of the body 

WT 0.05 0.12 0.01 0.12 0.12 0.05 

 



30 

 

CHAPTER II: EFFICIENCY COMPUTATIONAL MODEL 

 

 

 

 

 

 

 

This chapter summarizes the physics of gamma  rays for both point and voluminous 

sources using mathematical, experimental, and Monte Carlo methods. 

It presents an accurate description of experimental and computational codes that aim to 

validate the geometrical model of the NaI(Tl) detector applied for large efficiency 

calculations. In addition, Appendix A. provides more details about the program running. 
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2.1. Introduction 

The detection efficiency is one of the most key energetic characteristics for radiation 

measurement. It covers a large number of definitions including intrinsic, absolute, full 

energy peak, conversion, and multiplication efficiencies, etc. [42  43]. However, several 

methods aim to evaluate the detection efficiency either by mathematical formulas, Monte 

Carlo simulation, or semi  empirical methods. In the Monte Carlo codes, the detection 

efficiency is defined by the ratio of the number of recorded particles  1s  to the number of 

emitted photons at  4  a solid angle  1s . It can be calculated using the following 

equation:  

 
emiN

N
E det                                                         (2.1) 

 

 

 

 

 

Figure 2. 1: Representation of point efficiency measurement. 

Experimental measurements require functioning: the net photo  peak area  r  which 

represents the recorded counts' rate minus background noise at their corresponding energy; 

the activity of standard sources  A  in Bq ; the emission probability decay corresponding to 

each gamma   ray; and the spectroscopy time per second. The general expression used for 

the efficiency of the detector of isotropic source radiations with emission at a solid angle   

[42]: 

 
   %... 


IAEF

r
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                                                (2.2) 

Where:  r  is the number of recorded counts in
1s ;  A  is source emitting particles per 

second;  EF  is corrections factors added to efficiency formula. Concerning large sources 

(not point), it is necessary to underline the effects of the density and geometrical shape i.e., 

including  EF  factors. 
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The detection efficiency of any spectrometric system depends on the geometrical 

characteristics (length, diameter, large, solid angle), the density of the sensitive part of the 

detector, the type, and the energy of the incident radiations [42, 55  57]. The next sections 

describe three different methods for efficiency measurement. It should be noted that all 

interactions of gamma radiations can occur inside the detector crystal. Then, the method 

used in this work for the calculation of environmental gamma spectrometry is described. 

The following brief introduction is addressed for experimental practitioners, Monte Carlo 

manipulators, and theoretical readers where the efficiency measurements are briefly 

explained. 

2.2. Detection efficiency measurement 

2.2.1. Mathematical model 

Previous studies indicated that there are different analytical expressions, or/and 

approaches aimed to calculate the photo  peak efficiency for a point or extended sources, 

considering the source and the detector configuration. Numerous mathematical models and 

statistical equations were adapted to obtain the solution of particle transport in various 

geometry configurations as well as a special situation. To summarize, Irfan & Prasad (1970) 

[72] developed a model for efficiency calculation using mathematical expression.Their 

model was applied for isotropic coaxial radiating point sources. However, Gehreck (1990) 

[58] presented another mathematical formula that was limited for the asymmetrical source-

detector position. Later, Gauss  Legendre (1994) [59] contributed to a semi  empirical and 

integral method for an application in large sample sources. Furthermore, this method was 

used to calculate spatial efficiency as a function of energy and coordinates. It includes the 

linear attenuation coefficient and the virtual center of the detector in the integral formula. 

Later, Salim & Abbas (1995; 2002; 2006) [73, 61  62] and Abbas (2001; 2007)       

[60, 64] provided other detailed approaches for different detector  source configurations 

using more simplified mathematical expressions. Additionally, many other approaches 

consisted of the combination of the average length path inside the active volume of the 

detector, solid angle [63], and the coincidence effect for extended source [64]. Moreover, 

other researchers added correction factors such as self  absorption (Sf) [65] and the 

coincidence summing effect correction factors (CSF) [66] for the equation of efficiency 

measurement in bulk samples.These mathematical equations were validated either 

experimentally and/or in simulation data [67]. 
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The present work studied the mathematical model using Gauss  Legendre integration. 

It can be experimentally calculates the spatial efficiency of the punctual source  Ezyxps ,,,
 

at each  zyx ,,  position and the linear attenuation coefficient  E  using multi  rays point 

source e.g.,152Eu. Otherwise, these experimental quantities could be compensated with 

values resulted from a validated Monte Carlo model. The results of the linear attenuation 

coefficient and the values of the virtual center of the detector should be included in the 

Chebyshev transformation [75]. This latter is a transition from integral calculation to sum 

discrete domain. the efficiency of large sample volume (V) can be expressed as:  
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                      (2.3) 

Appendix (A) presents the algorithm in the MATLAB program implemented for the 

efficiency calculation of large samples using equation (2.3). This algorithm allows the 

efficiencies measurements considering the self  absorption factors, dimensional geometry, 

and experimental values of the virtual center of the detector  EZ c . 

2.2.2. Experimental method 

For large detection efficiency, the experiment requires the utilization of the same 

radionuclides regularly distributed in reference material whereby the experimental 

conditions e.g., size, density, effective atomic number, etc., should be preserved. It is 

necessary to ensure the homogeneous distribution of the radioelement on the sample [68]. 

These types of measurements imposed the correction of the self  absorption and/or 

summing effect phenomena. 

2.2.3. Monte Carlo model 

One of the most important characteristics of the Monte Carlo method is the 

effectiveness of efficient tools for tracking particles through complex geometries using 

computational computers. In comparison to the mathematical models, the physical problem 

might be particularly solved for the complex interactions. In recent years, the Monte Carlo 

simulation has become the most widely and suitable method for particle transport. The user 

of Monte Carlo should be aware during the process of entering data input description of the 

physical problem to avoid false physical results. The objective of the simulation is to 

construct an equivalent experimental setup i.e., source and detector for avoiding and/or 

reducing the complexity of the laboratory measurement. In terms of implication, the user 
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must involve the cross  sections, particle characteristics (configuration, energy, type, etc), 

and the detector configuration. The simulation results can accurately succeed after the 

validation of the constructed model. The following Monte Carlo codes are presented as 

powerful computational software for radiation detection, nuclear sites, radiological 

protection, shielding, and several other applications, e.g., MCNP [69], FLUKA [74], Geant 

(firstly developed at CERN in 1974), Geant4 [70] toolkits, PENELOPE [76], etc. 

It should be noted that the reliability of the different methods must be experimentally 

verified. Figure 2.2 presents the history of the incident particle from starting to the end of 

the particle at the detection. Appendix (A) presents more details on cross  section definition 

in Monte Carlo language, mechanism of interactions, and some examples of Monte Carlo 

codes for calculations of detection efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2: Schematic diagram showing the simulation process in Monte Carlo codes. See, 

for example: [70]. 
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This work focuses on two types of Monte Carlo codes for efficiency calculation: 

MC_Gamma and Geant4 toolkit.  

2.3. Materials and methods 

This part aims to construct a validated geometrical model for detection efficiency 

measurements. For this latter, it used the simulation model of 3” × 3” scintillation 

spectrometer NaI(Tl) and the standard gamma source prepared in the laboratory. Since the 

constructed geometry is validated, its model can be used in the next chapters for efficiency 

measurement applied in large environmental samples (See, Chapter 4). 

2.3.1. Detection equipment 

The experimental setup for large efficiency calibration is shown in Figure 2.3. It 

consists of NaI(Tl) detector maintained in the vertical position and KCl sample deposed on 

the detector facade. The synthetic sample was used because of the emission of the gamma 

line at 1460.8 keV corresponding to the natural radioelement 40K. It should be noted that the 

detection system must be energetically calibrated at the first phase using 137Cs (662 keV) 

and 60Co (1172 and 1332 keV) standard sources (See, Chapter 3 section 4.1) . To reduce the 

effect of the background radiation on experimental data, the detection system was 

surrounded by cylindrical lead shielding. 

  

Figure 2. 3: Experimental setup used for KCl detection efficiency. 

2.3.2. Efficiency calibration for large standard source 

This study used a fine and dried powder of potassium chloride  KCl i.e., salt substitute 

particle, potted in a 200 mL cylindrical polyethylene bottle(R = 4 cm; H = 12 cm)adapted 



36 

 

for gamma spectrometry measurement. The sample was directly put on the top of the 

detector providing a high solid angle value. Experimentally, it is favorable to keep the 

distance source  detector as minimum as possible. To achieve this purpose, an estimation of 

a 1.mm distance was kept.  The KCl efficiency calibration was recorded for 24 hours. The 

gamma spectra were acquired by Gamma Vision (Version 7) software. The performance 

parameters of the detector crystal: GEB function and efficiency measurement are discussed 

below. 

2.3.3. NaI(Tl) configuration 

It consists of 3” × 3” NaI(Tl) spectrometer modeled according to the description of the 

manufacturer. The density of NaI(Tl) crystal, MgO powder, and the aluminum cover were 

3.667, 2.0, and 2.7 
3. cmg , respectively. The dimensions, element composites, and densities 

were briefly defined. The SiO2, reflection part, and the PM tube are not modeled. Figure 2.4 

presentsthe constructed NaI(Tl) model using Geant4 and MC_Gamma. 

To validate the detector energetic response, the Gaussian Energy Broadening (GEB) is 

considered in the Geant4 (See, Chapter 3). Using Geant4, the output data file of the pulse 

height distribution will be normalized on the photoelectric peak by the source activity. To 

obtain the net value, the experimental data subtracted the radiation background. These two 

steps allowed us to validate the Gean4 code applied for a voluminous source. However, 

efficiency calculations in MC_Gamma code require the data entry of NaI and source 

geometry, number of histories, and batch number. The outputs of MC_Gamma should be the 

values of the efficiency at each selected energies. 
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Figure 2. 4: Geometry of NaI(Tl) 3” × 3” scintillator detector. 
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2.4. Results and discussions 

2.4.1. Validation of Geant4 model 

Figure 2.5 indicates the simulated geometry with the Geant4 whereby the KCl sample 

was deposited on the detector top. It is produced using the Gnuplot program. It should be 

noted that the simulated geometry in Chapter 3 was re  used but this time for a large source. 

 
 

(a) (b) 

Figure 2. 5: (a) Reproduced geometry structure of detection system, (b): simulation 

geometry: NaI(Tl) detector and KCl sample. 

Figure 2.6 presents the experimental spectra issued for the KCl sample after 24 hours. 

Different energetic peaks can be observed. The origin of the selected peaks (from (a) to (h)) 

can be referred by:  

 (a): photo  peak energy corresponds to 1460.8 keV; 

 (b): Multiple diffusions of the incident photon at close θ angle; 

 (c): Edge Compton (θ = π) corresponds to energy 1243 keV; 

 (d): Single escape peak corresponds to 950 keV (1460.8 – 511); 

 (e): Double escape peak corresponds to 438 keV (1460.8 – 2 × 511); 

 (f): Retrodiffusion peak at 217.8 keV (1460. 8 – 1243); 

 (g): Some peaks around 60 keV, corresponding to the photoelectric absorption in the 

materials immediately surrounding the detector and can lead to generation of a caracteristic 

X-ray that may reach the detector. 

It can be explained by the energy degradation of incident photons according to several 

Compton diffusions.Using Origin Pro (2016) software, Figure 2.6 presents graphs of the 

comparison between Geant4 data and the experimental spectra counted for the KCl sample. 

It can be observed that there is a good agreement around the photo peak region, especially 

Al Housing 

NaI(Tl) Crystal 

MgO Powder 
KCl Powder 
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between the measured and the simulated GEB function. However, some discrepancies at the 

low energetic range can also be observed. The obtained results indicated that the simulated 

Geant4 model can accurately simulate the transport of gamma particles for large sources.  

300 600 900 1200 1500 1800
0,00E+00

2,50E+03

5,00E+03

7,50E+03
C

o
u

n
ts

E (keV)

 Experimental

 Geant4

 

Figure 2. 6: Experimental and simulated spectra of KCl sample 

2.4.2. MC_Gamma execution 

Figure 2.7 summarizes a scheme of the steps of execution processes in the 

MC_Gamma program. Appendix (A) further details the MC_Gamma input data.  

 

 

 

 

 

 

 

 

 

 

Figure 2. 7: Complete simulation steps in MC_Gamma language. 
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2.4.3. Comparing results: Geant4, MC_Gamma, and experimental data 

Using whether Geant4 or MC_Gamma, the experimental validation of the Monte 

Carlo codes aimed to acquire reliable software for efficiency measurement. Typically, the 

experimental value of efficiency was calculated at 1.46 MeV using equation (2.2). This 

energy value is attributed to the disintegration of the natural element 40K. Equation (2.2) 

considered the counting time, net area, sample weight, and source activity. Whereby, the 

source activity was calculated using equation (2.4): 

aN
M

m

T
NA

21

2ln
                                                      (2.4) 

Where: m is sample mass in  g ; M  is molar mass in  1. molg ; 21T is half  life in  s ;

aN  is Avogadro's number. Table (2.1) illustrates the experimental value of the efficiency at 

1.46 MeV of the KCl sample in comparison to the Geant4 and MC_Gamma software. It 

revealed an apparent agreement between Geant4, MC_Gamma, and the experiment. 

 

Table 2. 1: Comparison of experimental and simulated efficiencies of KCl sample. 

 Geant4 MC_Gamma Experiment 

 MeVKCl 46.1  3.15 E5 (%) 3.34 E5 (%) 3.185 E5 (%) 

 

2.5. Conclusion 

In radiation measurement, researchers are interested to obtain many analytical and/or 

non  analytical methods for detection efficiency calibration. Selecting the appropriate 

method is critical in achieving accurate results approximated to the experimental values. In 

this context, the simulation of Monte Carlo is considered fast and effective in measuring 

important physical values, especially when the geometry is complex and the particles are 

hard to track. Therefore, the current study used two programs of Monte Carlo simulation 

applied to gamma spectrometry. It aimed to supply to researchers a comparison of two 

techniques of the efficiency calibration Geant4 and MC_Gamma that might meet their 

analysis requirements. The selection of code is related to the user's needs whereby the used 

code will be adapted to suit the specific or non habitual application.  

This study results revealed that both programs indicate an impressive strong 

agreement of the simulated results in comparison to the experimental data. However, there 
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are some discrepancies in efficiency values that might be attributed to the non  simulated 

PMT and the inaccuracy of the GEB function. Hence, this calls for more optimization in the 

GEB function by reducing errors using more standard sources e.g., 152Eu.  

The next Chapter (4) will present the utilization of one of the validated codes for the 

efficiency measurement of environmental samples. 
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 CHAPTER III: GAMMA SPECTRA UNFOLDING: 

INVERSE MATRIX METHOD 

 

 

 

 

 

 

 

 

This chapter attempts to solve the effect of poor resolution of sodium  iodine (Tl) 

scintillation detector for the quantification of interest radioactive elements found in gamma 

 spectrum. Therefore, it studies the unfolding of the gamma  rays counted by gamma 

spectrometer and response function construction. Accordingly, it proposes a GRAVEL 

computer code based on inverse matrix  0

1 , EER 

 
calculation, response function 

 0, EER
 
construction, and NaI(Tl) detector modeling. The first step test the unfolding 

process using standard radioactive source 133Ba on 81 keV gamma peak whereby the matrix 

response function ranged from 20 to 110 keV. Appendix (A) provides a detailed description 

of  GRAVEL execution. 
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3.1. Introduction 

Technically, the radiation unfolding idea is based on restoring the incident spectrum 

that already distorted by electronic noise and experimental data e.g., statistical fluctuations, 

scattered photons with detector periphery, recoil electrons, scattering peaks at small angles, 

background radiation, escape peaks, and especially the poor energetic resolution of the 

sodium iodide NaI(Tl) spectrometer. All these factors are unsuitable for peak searching, 

identifying, quantifying, and spectrum subsequent, especially if the spectral characterizing 

(net area) is very low. 

The unfolding, or called deconvolution too, is recommended for collected complex spectra. 

It consists of presenting the spectral problem like matrixes convolution multiplications the 

following [42  ̶  43]: 

Measured spectrum  EZ  = Detector response function Incident spectrum  E  

Where: the original spectrum is presented by a column vector  EZ , the incident spectrum 

is presented by  E  a column vector, and the instrument response at each collected 

radiation of 0E energy is described by the column of the response matrix  0, EER . By 

which the physical solution, called the original spectrum, can be obtained by transforming 

the instrument matrix function  0, EER
 
into a triangular format. 

In this regard, many authors proposed several deconvolution techniques to solve the 

inverse problem. They suggested a stripping method where Compton continium is 

subtracted in descending order from each channel. Other suggestions for spectra unfolding 

used empirical methods, and/or iterative massive computer codes such as GRAVEL, 

MAXED, and FAZO, etc.The inverse problem revealed very good results especially for fast 

neutron spectra, calibration sources, and dose assessment, etc. The current study proposed 

an iteration algorithm (GRAVEL) applied for a collected gamma spectrum in few energetic 

channels. 

3.2. Theoretical background 

Let  E  is the registered gamma spectrum by  detector (output signal),  EZ  is 

the original spectrum emitted by a radioactive source (input signal),  is an electronic noise 

presented as an additional term ,and  0, EER
 
is the ideal response function of the 
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detection system at different energy E for emitting gamma  ray 0E as shown in Figure 

3.1. 

 

 

 

 

 

 

Figure 3. 1: Illustration of gamma spectra deconvolution. 

 Mathematically,  EZ ,  E ,  0, EER , and  could be related as a single integral 

expression,  namely convolution product [99    ̶ 100]. It can be expressed as: 

        


dEEEREZE 0

0

,.                                     (3.1) 

In linear algebra, equation (3.1) can also be expressed as the following matrix equation: 
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The results of random electrical signals, symbolized by  , generated by electronic 

devices can’t be separately estimated from the detector response matrix. Consequently, 

equation (3.2) can be modified as the following:   
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Each element of the response matrix represents the contribution of a sub  ̶  matrix response 

corresponding to 0E
 
photon energy. The ijR value is related to the response at  j channel for 
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i energy. Therefore, the inverse matrix  0

1 , EER

 
and the measured spectrum  E  must 

be calculated for the unfolding process. 

Practically, the matrix elements can’t be calculated for different energetic points. This 

is due to the lack of monoenergetic point sources. Hence, it is highly recommended to use 

the Monte Carlo method as a solution for matrix construction. Once the  0, EER
 
matrix is 

constructed, the inverse problem can be successfully done using the unfolding software     

[96 − 97]. As previously mentioned in the introduction, this study employed a modified 

version of SAND II code (renamed GRAVEL) GRAVEL [94 − 95], where the inversing 

matrix process  0

1 , EER

 
was made in RSPGW class. 

3.3. Materials and methods 

3.3.1. Gamma spectrometry chain 

A gamma spectrometry system was used to collect the measured gamma spectra  E . 

The NaI (Tl) detector was maintained in a vertical position and rounded by a cylindrical 

shield in 5 cm thick and 60 cm height. The emitted spectrum was collected at 10 cm from 

the spectrometer façade. The specific characteristics of the NaI(Tl) detector as volume is 

already presented in Chapter 2 section 3.3. Figure 3.2 shows the experimental setup utilizing 

NaI(Tl) detector housed by lead shielding and multi  gamma emitted source 133Ba.  

 

 

 

 

 

 

 

Figure 3. 2: Experimental setup for 133Ba acquisition. 

3.3.2. Detector modeling 

A Geant4 of Monte Carlo code was employed to solve the problem of the matrix 

construction in several selected energy points. In this manner, the methodology initially 

consists of validating the mathematical model of the spectrometer by a punctual source. 

133Ba 

NaI(Tl) NaI(Tl) 
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Then, the adapted code will be able to simulate at any energy the response of this detector at 

each incident gamma particle. 

For the experimental validation, the simulator should accurately define the 

dimensions and the compound of the simulated detector (See, Chapter 2). Also, it is 

obligatory to incorporate the Gaussian Energy Broadening function (GEB) in the input data 

files. In practice, two punctual sources (137Cs and 60Co) were used to establish the FWHM

and the resolution curves as an energy function. A simple formula of Gaussian energy is 

given as the following [42 − 43]: 

 
 

2
2ln2 0













 



FW HM

EE

AeEf                                           (3.4) 

A , E and 0E are the normalization factors, broadened energy, and centroid energy of the 

tally, respectively. The FWHM function is given as the following: 

2cEEbaFWHM                                            (3.5) 

a , b , and c are the energetically constant coefficients provided from the least square 

fitting of equation (3.5).  

3.3.3. Formation of response matrix using Geant4 code 

To deconvolve the principal gamma of the 133Ba window at 81 keV, the response 

function was simulated at a bin width of 1 keV along with the energetic range of 20 keV to 

110 keV. For statistical calculation, Geant4 generated 106 events in each 0E . The GEB 

energy function must be considered before starting the simulations. The user should take 

into account that the number of the simulation depends on the dimensions of the problem in 

the interested window, where a fixed bin width must be selected.  

The energetic responses of each simulated energy, or sub  responses, should be then 

arranged in ascending order. This aimed to construct one input data file that presents the 

global window matrix [94].Chapter (4) presents an example of two response matrixes 

written in HEPROW format. It is previously mentioned that the single response function, 

 0, EER
 
must be then transformed into an inverse single response function  0

1 , EER

using RSPGW class from the HEPROW program [94]. 
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3.3.4. GRAVELrunning 

GRAVEL running should incorporate the following input files: the inverse response 

function and the net pulse height spectrum called multichannel file. This latter should first 

subtract the registered background level. 

For the input pulse height files, UMSPHW will automatically perform the 

multichannel calibrations by introducing the bin width, channel number, number of escaped 

channels, number of the channel to be read, and the number of pulse in each channel. In 

addition, the resulted file will be written in HEPROW language. Furthermore, the user must 

select the convoluted zone (window), the distribution format, GEB function, iteration 

number, and interest gamma lines. It should be recalled that the analytical expressions for 

spectrum restoring and chi  square equation are integrated into the GRAVEL code (See, 

Appendix (A)). The resulted file is a deconvoluted pulse height spectrum as energy 

distribution. 

3.4. Results and discussions 

3.4.1. Validation of Geant4 model 

The applicability test of the Geant4 model for the NaI(Tl) detector depends on the 

experimental validation by employing 137Cs punctual source and 3” × 3” NaI(Tl) scintillator 

detector. Figure 3.3 provides a left view of the NaI(Tl) detector obtained by Geant4 code 

considering the compositional elements of the employed spectrometer, the distance of the 

137Cs source, and the gamma scintillator1 cm. 

 

Figure 3. 3:  3D visualization of NaI(Tl) detector in Geant4 simulation. 

In Figure 3.3, only the impacting elements have been used in the simulated model. Whereas, 

electrical connections and silicon dioxide (SiO2) located on the back of the crystal are not 

described. However, the SiO2 reflector intervenes just in the photons’ reflection effects that 

NaI(Tl) 

 

137Cs 

 



47 

 

do not modify the total absorption peaks. Before the experimental validation of the 

simulated model, the MCA must be firstly calibrated to assure the linearity between the 

energy and the channels. Figure 3.4 shows that the MCA interface was calibrated using 

known checked sources (137Cs and 60Co). This was started from the first channel (142) 

containing the energy information to channel (276). Thus, energetic information was stored 

in 1022 channels and linearly fitted to know photo peaks for the yield of energy calibration. 
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Figure 3. 4: Energy calibration using 137Cs and 60Co sources. 

Nevertheless, the empirical values of FWHM and the resolution of the NaI(Tl) detector are 

presented below. Figure 3.5 and Table 3.1 show that the adjustment parameters of the 

FWHM are extrapolated through appropriate  Power  law relation. The adjustment 

parameters (equation 3.5) are presented in the following table. 

Table 3. 1: The adjustment parameters of FWHM. 

 keVa   1keVb   1keVc  

-88.7888 8.57634 0.000558254 

From figure 3.5, it can be observed that the energy resolution of the 137Cs peak is estimated 

at 7.19 %. The values of other peaks are also reported corresponding to 1172 and 1332 keV. 

Moreover, it can be noticed that there is an inverse correlation between energy and the 

resolution; whereby more energy is increased, the more resolution will be accordingly 

decreased.   



48 

 

600 800 1000 1200 1400
47

48

49

50

F
W

H
M

 (
k

e
V

)

600 800 1000 1200 1400

3

4

5

6

7

3

4

5

6

7

R
e
s
o

lu
ti

o
n

 (
%

)

E(keV)
 

Figure 3. 5: FWHM and energy resolution (%) curves for NaI(Tl) detector. 

Figure 3.6 illustrates the effect of the GEB function on the simulated gamma spectra. 
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Figure 3. 6 : Effect of energy resolution in gamma spectra simulation by Geant4 code 

for cylindrical NaI(Tl) detector. 
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Figure 3.7 shows a comparison between the simulated spectrum with the experimental 

data. It is evident that there is good agreement amongst the spectrums, under the photo – 

peak region,  but some incompatibility can also be observed. 

The Compton background is less than the reference spectrum if the energy is lower 

than 300 keV. The difference may be attributed to the scattered photons in the closed 

cylindrical shielding system around the scintillator. The KX ray peaks of the 137mBa source 

[96] and the effect of the photo multiplicator tube are not considered in the Geant4 

simulation. 

In conclusion, a reliable Geant4 model can be efficiently used to simulate the response 

function of the NaI(Tl) spectrometer. 
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Figure 3. 7: Comparison between experimental and Geant4 results for 137Cs source. 

3.4.2. GRAVEL results 

Figure 3.8 designs the plot of the unfolding signal obtained for the 133Ba source and 

compared to the original spectrum. In this example, the background was not subtracted. It is 

observed that the FWHM of the deconvoluted spectrum is lower than the experimental data.  

From the same figure, the peak position was not changed after the unfolding process. In 

addition, some miscellaneous of semi – Gaussian peaks are observed.  
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Figure 3. 8: Original spectrum and unfolded spectrum obtained by GRAVEL algorithm 

after 10000 iterations using 133Ba source. 

3.4.3. Validation of unfolding results 

A direct comparison between deconvolving and certified activity is made to examine 

the deconvolution results with the experimental data. 

Obviously, the estimated error of the deconvolution surface with the empirical data is 

approximately within 4 %. Subsequently, the unfolding code shows very good computability 

and efficiency for mother peak restoring. Also, the simulated NaI(Tl) model and GRAVEL 

algorithm are typically operational for the other deconvolution problem. 

Table 3. 2: Real activity and deconvolved value for Barium radioactive source3 

Isotope Activity Real value (kBq) GRAVEL (kBq) Relative error (%) 

133Ba 29.2 28.0 4.11 

3.5. Conclusion 

This chapter presented a procedure for unfolding gamma spectra for γ-spectrometry 

measurement. Validation of the mathematical model of NaI(Tl) detector was made using 

                                                             
3 The comparison was made after the subtraction of the natural background level. 
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137Cs punctual source. The results have shown a better agreement with a statistical error of 

less than 5%.   

The matrix response function of the scintillator counter is determined by Geant4 code. 

The unfolding method using the GRAVEL algorithm allows obtaining the arrived spectra to 

the detector. The difference between the calculated (GRAVEL) and the certified activity is 

less than 5 %. 
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 CHAPTRE IV : ENVIRONMENTAL RADIOACTIVITY AND 

DOSIMETRY EVALUATION 

 

 

 

 

 

 

 

 

Precise knowledge of gamma spectra distribution originally emitted from NORM’s 

materials required a reconstruction of measured spectrum following the unfolding process. 

The natural radioactivity level in six different types of environmental samples used in 

Algeria had been investigated by gamma spectrometry chain. The analyzed materials were 

examined following the unfolding method employing GRAVEL code and Monte Carlo 

simulation for efficiency calibration. The radium equivalent activities, hazard indexes 

(external and internal), as well as absorbed and annual doses were estimated. 
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4.1. Introduction 

This chapter selected six types of environmental samples including three geological 

samples (cement, gravel, and brick), two biological samples (wheat flour and milk powder), 

and a polyethylene sample (rubber). Moreover, it discussed the following phases of 

measurement: 

 Phase I consisted of spectra collection  E , in which the laboratory measurement 

was carried out for six non-identical environmental samples; 

 Phase II consisted  of restoring the incident spectra  EZ  using GRAVEL code; 

 Phase III consisted of efficiency calibration using Monte Carlo code whether Geant4 

or MC_Gamma; 

 Finally, a radiological assessment was carried.  

4.2. Materials and methods 

4.2.1. Sample collection and conditioning 

Solid random types of geological, biological, and polyethylene samples were collected 

from various locations of Blida and analyzed by gamma – ray spectrometry. The collected 

samples were kept in plastic bags, then brought to the Civil Engineering laboratory at the 

university of Blida1. They were crushed, dried in the ovens at 1000C for 24 hours, and after 

that, ground using a grinder machine until they were transformed into powders. To achieve 

the homogeneity of samples, the powdered samples are sieved at 200 μm mesh, then stored 

in similar cylindrical polyethylene beakers (weighted for 200 g), correctly cataloged, and 

coded according to the type of sample. Before the estimation of the natural radionuclides, 

the prepared samples were stored for 28 days to achieve radioactive equilibrium between the 

radium and its progeny. Figure 4.1 shows the prepared samples used for gamma 

spectrometry measurement. 

 

Figure 4. 1: Sample preparation and conditioning. 
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4.2.2. Gamma spectrometry chain: radioactivity measurement 

All gamma spectrometry analysis were performed in the LPTHIRM laboratory at the 

university of Blida – 1. The concentration of the natural radionuclides 232Th, 238U, and 40K 

were determined using a gamma spectrometry chain equipped with 3” × 3” ORTEC 

digiBase – RH SN 15014904  NaI(Tl) scintillator detector (See, Chapter (3)). To reduce the 

natural background level, the NaI(Tl) detector was placed vertically, and surrounded by the 

whole cylindrical lead with 5cm of thick, 50 cm in height, and 31 cm corresponding to the 

internal diameter of the shielding. For spectra acquisition, the detector was coupled to a 

computer with commercial GammaVision software (Version 7). The specific activity of 

238U, 232Th, and 40K was measured from the energy lines corresponding to gamma 

transitions: 1.76, 2.61, and 1.46 MeV, respectively. For quantitative analyses, the specific 

activity  1. kgBq  was calculated with equation (2.2). 

4.3. Radiological hazard indices 

4.3.1. Radium equivalent activity (Raeq) 

The common index should be used to compare the radiological effect of different 

materials containing 232Th, 238U, and 40K, in one parameter called radium equivalent activity. 

This latter demonstrates the sum of weighted activities of the NORMs. It assumes that 1

1. kgBq  of  226Ra, 0.7 1. kgBq of  232Th, and 13 1. kgBq of 40K generates the same rate dose 

of emitted gamma radiation. Therefore, it can be written as the following equation [83 − 84]:  

KThRaeq AAARa 43.143.1                                           (4.1) 

RaA , ThA
 
and, KA are the activity concentration in dry weight  1. kgBq  of 238U, 232Th, and 

40K respectively. Whereby the maximum value of eqRa
 
is recommended at 370 1. kgBq  in 

the literature see, for example [83  ̶  84]. 

4.3.2. External and internal hazard index 

In 1985, Mathew & Breketa defined two dosimetric indices called external  exH
 
and 

internal  inH
 
hazard indexes to limit the radiation dose to an equivalent dose. They 

described the radiological and non – radiological hazards associated with the internal 

(digestion) and the external (by inhalation) exposure to radon (inert radioactive gas) and 

itsshort – life progeny.They can be calculated using the following equations [83 − 84] : 
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1
4810259370

 KThRa
ex

AAA
H                                             (4.2) 

1
4810259185

 KThRa
in

AAA
H                                              (4.3) 

It’s assumed that 370, 259, and 4810 1. kgBq  are emitted in the same gamma source. 

4.3.3. Absorbed dose resulted from the external exposure of construction materials: 

It describes the absorbed dose (D) in the air of 1 meter high on the ground attributed to 

the terrestrial gamma emitters. The global average value of absorbed dose rate is 55 1. hnGy

[85]. The absorbed dose is determined using the following equation (4.4): 

  550417.0604.0426.0. 1 

KThRa AAAhnGyD                       (4.4) 

4.3.4. Annual effective dose rate in construction materials 

To estimate the health effect of exposure to natural radiation in one year, the annual 

effective dose rate (AED) is calculated by using the following formula: 

        110.7.08.0.8766.. 61111   GySvyhhnGyDymSvE          (4.5) 

Where 0.7 1. GySv  is the conversion coefficient from absorbed dose rate to an effective 

dose, 0.8 is the indoor occupancy factor proposed by UNSCEAR, and 8766 is the number of 

hours in one year. The worldwide average of annual affective dose rate is estimated to be 1

1. ymSv . 

4.3.5. Threshold consumption rate (kg.y-1) 

The threshold consumption rate (DIThreshold) represents the maximum amount 

consumption of swallowing a dose of food and beverages superior to 290 Sv  per one year. 

This value is recommended by the UNSCEAR (2000a, 2000b, 2008) as an effective dose 

through the ingestion path. The ThresholdDI
 
was calculated according to the UNSCEAR 

formula: 
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Where Daverage  represents the threshold average annual committed effective dose due to the 

ingestion of NORMs via foodstuff (UNSCEAR, 2000a, b), Ai is the radionuclide activity 

concentration of each i radionuclides, and Dingestion is the ingestion conversion coefficients in 

1. BqSv  for each i radionuclides. 

 

4.3.6. Yearly intake of natural radionuclides from the consumption food (Bq.y-1) 

This is used to describes the annual radioactivity level taken from the ingestion of the 

powdered milk and the powdered wheat4, separately. It can be estimated by using equation 

(4.7) [91]: 

 
p

ci

ake
A

FA
yBqY


1

int .                                              (4.7) 

Where akeYint  is the consumed radioactivity level in a year  1. yBq , iA  is the specific 

activity of “i” radionuclides (in 1. kgBq ), cF  is the annual weight consumption of 

foodstuffs  kg , and PA  is the Algerian population. 

Algerian office of statistics demonstrated that the population of Algeria was estimated 

at 43.85 million inhabitants in 2020 (ONS, https://www.ons.dz). According to the GAIN 

report, the American department of agriculture revealed that the annual consumption of 

wheat is approximately estimated at 10.6 MMT in 2019/2020. (USDA, 2019). This 

represents an individual annual consumption of 100 kg per inhabitant which is about double 

the individual consumption in the European Union and the triple of the rest of the world 

(https://www.alaraby.co.uk/economy/). 

In 2018, the GAIN report indicated that wheat importation was 6.932685 MT which 

forms around 36.09 % of total imports in Algeria whereby the main foreign source is France 

with 4.376604 MT5. On the other hand, the annual consumption of milk in Algeria was 

estimated at 200.000 tonnes, where the universal amount determined the annual threshold 

consumption at 90 Litres per year. 

It should be mentioned that the estimated values of the annual consumption rate for 

either milk or wheat may contain some uncertainty due to the number of consumers, wheat 

and/or milk allergy, and breastfeeding age…etc. 

                                                             
4 The measurement is carried out forAlgerian statistics. 
5 MT: Million Tonne 

https://www.ons.dz/spip.php?rubique327
https://www.alaraby.co.uk/economy/
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Chapter 4 presents an application of the estimated values of akeYint  
in committed effective 

dose measurement. 

4.3.7. Effective committed dose in foodstuffs (µSv.y-1) 

The committed effective dose is used to estimate the stochastic health effect on the 

human body due to the ingestion of radionuclides materials throughthe foods chains. 

Notably, the measured values do not represent the generic individual consumption dose, but 

it represents the committed dose of a person exposed under some consumption conditions. 

In this context, the following formula of Khandaker  (2019) was adopted to estimate the 

committed effective dose, by: 

 
iingestionntakeiieffective DYySvD 1.                                     (4.8) 

Where
effetiveD

 
is the effective committed dose of i radioelement (in 1. ySv ), and 

ingestionD
 
is 

the ingestion dose coefficient of i radionuclide (in 1. kgSv ). Table 4.1 presents the ICRP 

(2012) ingestion coefficient of dose factors.The total of 
effectiveD

 
values is the sum of the 

ieffectiveD
 
values.  

Table 4. 1: Conversion factors (in ) for 40K, 238U and 232Th (See ICRP (1996)). 

Age groupe 40K 238U 232Th 

Children (2-7 y) 2.1 × E–8 6.2 × E–7 3.5 × E–7 

Children (7-12 y) 1.3 × E–8 8.0 × E–7 2.9 × E–7 

Children (12-17 y) 7.6 × E–9 1.5 ×E–6 2.5 × E–7 

Adults (>17 y) 6.2 × E–9 2.8 × E–7 2.3 × E–7 

 

4.4. Results and discussions 

4.4.1. Experimental spectrum emitted from natural radionuclides: deconvolution of 40K and 

238U regions 

This section uses the unfolding code GRAVEL to restore the original γ – distributions

 EZ issued from environmental samples, which were already counted by NaI(Tl)                 

3” × 3” spectrometer. The interest regions will be deconvoluted selecting the photo – electric 

peaks of 40K and 214Bi (daughter of 238U) at 1.46 and 1.76MeV, respectively, and following 

the same unfolding methodology that was already applied and validated by the calibration 
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source (See, Chapter (3)). As mentioned in Chapter (3), the dimensions of the response 

function depend on the energy borders of experimental spectra   3,3  . The instrument 

response function at the selected energies 1.46 and 1.76 MeV should be constructed using 

the validated spectrometer model used in Chapters (2) and (3). Table 4.2 summarizes the 

interest energetic regions of 214Bi and 40K. The given data windows consisted of                 

two –  response energetic functions. 

Table 4. 2:   Energetic windows of the relevant natural radioactive elements: 40K and 238U6. 

Radioelement Centroid peak energy (keV) Energetic window (keV) Iγ (%) 

40K 1460.8 189 10.66 

214Bi 1764.5 145 15.28 

 

 

Figure 4. 2: Selection of interest ROIs regions showing by GammaVision software. 

The recorded countsand the background radiation levelmust be firstly transformed in the 

HEPROW language7 and saved as UMS_MES.PHS and UMS_INU.PHS, respectively (See 

Figure 4.3). Then, the recorded counts subtracted the background level to get the net counts

 E  that also saved as OPR_1.PHS. Figure 4.2 represents an example of the gamma pulse 

height distribution issued from the cement sample. Figure 4.4 represents the interest region 

ROIs that will be used for spectra unfolding. It should be mentioned that the 232Th 

concentration was directly calculated using a 2.61MeV gamma line. This is because that 

                                                             
6 The bin width of the simulated matrixes at 1.46 and 1.76 MeV was fixed at 1 keV. 
7More details for input data file can be found in Chapter (3) 

40K 

238U 232Th 
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232Th is not affected by the first, second escape peaks, and Compton diffusions, in addition 

to the fact that is far from these diffusion radiation factors as illustrated below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3: Example of pulse height spectrum in HEPROW format. 
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Figure 4. 4: Selected range chosen for gamma spectra unfolding in cement sample for 238U 

at 1764.5 keV and 40K at 1460.8 keV. 

Secondly, the detector response function at the ROIs must be constructed following 

the provided data in Table 4.2. Figure 4.5 presents an example of the energetical response 

 0, EER
 
of  NaI(Tl) detector measured by Geant4 code and ranged from 1 MeV to 1.7 MeV 
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Figure 4. 5: Convolution process in scintillator detector, the total response function matrix 

represents how the detector will respond to different incident gamma energies from 1 MeV 

to 1.7 MeV. 
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Figure 4. 6: Example of photon response matrix for 20 and 21 keV, counted for NaI(Tl) 

detector and translated in HEPROW format8. 

Figure 4.6 represents an example of the sub – response functions transformed in HEPROW 

format. From the represented matrix, the following information can be explained as: 

 The first record corresponds to the bin width (EKA); 

 The second record attributed to the energy of incident photon (E0 = 2.0000E 02 

MeV), number of channels of the response function (for E0 =2.0000E 02 MeV , number of 

channels =130), the left boundary correspond to (E(1)=0.0000E+0), and the right boundary 

correspond to (1.29987E 01 MeV); 

 n record corresponds to En energy, i.e., new values for En, channel number, left 

boundary always E(1) =0, and the new value of right boundary. 

For the deconvolution process, two separate input data files corresponding to the resulted 

file (OPR_1.INP) and the inverse response function (ORIGINAL.RSP) must be used.  

                                                             
8 It was suitable to present tow consecutive response matrix of 40K or 238U, but the huge size of the sub – matrix 

avoid use from the presentation.  

R
esp

o
n
se fu

n
ctio

n
 fo

r 2
1
 k

eV
 

R
esp

o
n
se fu

n
ctio

n
 fo

r 2
0
 k

eV
 

etc… 



62 

 

To assure the convergence of the unfolding results regardless of the experimental data, 

the significance level (a) of χ2 should be considered as well. The execution has been 

performed for an equal 10000 iteration number to get a value of χ2 significance level as 

lower as possible (See, HEPROW). 

The present work presented a deconvolution of 12 different ROIs windows provided 

from geological (cement, brick, gravel), biological (milk and wheat), and polyethylene 

sample (rubber), therefore, the incident gamma spectra were restored. The results of 

unfolding for the environmental sample were presented in the next figures. It should be 

noted that the key “Deconvoluted” is the calculated surface obtained after the deconvolution 

procedure, and the “Convoluted” is the measured surface provided from experimental data. 

In the same Figures, the GRAVEL results and experimental pulse height are presented for 

the 3” × 3” NaI(Tl) detector. The deconvolution results indicated that the GRAVEL code 

allowed obtaining the expected results. In case of negative values in OPR_1.PHS, i.e., the 

background level is higher than the measured pulse height,  the output of unfolding is 

always positive. It can be noticed that the form of the deconvoluted spectrum depends on the 

measured spectrum form  E . In other words, measures are more reliable if the counts' 

number as higher as possible providing significant statistical results. Consequently, the 

spectrometry analysis should be enhanced by the unfolding process especially for poor 

resolution detector and complex spectrum. Hence, the peak searching, i.e., qualitative 

analysis, and net peak area calculation, i.e., quantitative analysis, should become easier and 

faster. 

To investigate the effect of deconvolution per measured spectrums, Table 4.3 

represents the difference between the measured data and the reconstructed default spectra. 

Table 4. 3:Values of the ratio between measured and deconvolved gamma spectra for 40K 

and 238U. 

 Difference (Experimental\GRAVEL) 
40K (1.46 MeV) 238U (1.76 MeV) 

Wheat 66 E–1 ± 8 E–1 57 E–1 ± 3 E–2 

Milk 34 E–1 ± 2 E–2 09 E–1 ± 1 E–4 

Cement 14 E–1 ± 8 E–2 10 E–1 ± 1 E–4 

Brick 17 E–1 ± 8 E–2 03 E–1 ± 8 E–4 

Rubber 11 E–1 ± 5 E–2 11 E–1 ±12 E–3 

Gravel BDL 49 E–2 ± 8 E–5 
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According to the obtained results in Table4.3, it can be observed a significant decrease due to 

the removal of all distortions noises.  

For 40K energetic peaks, there are more recorded events due to the scattering of high energetic 

peaks inside the sample, scattered photons in the surrounded lead, single, and                  

double –  escape peaks. Moreover, an elevation of radiation level in 40K can be clearly 

observed in comparison to the 238U. This can be recorded for each used material whatever 

wheat, milk, cement, or brick. From the other side, Figure 4.7 presents the hypothesis of the 

scattered photons (with blue color) in the inner wall of lead.   

 .  

 

 

 

 

NaI(Tl) 

Sample 

Figure 4. 7: Track of scattered photons in lead shielding wall. 
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Figure 4. 8: Superposition of measured and original pulse height distribution issued for 40K, and counted by 3” × 3” NaI(Tl) detector. 
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Figure 4. 9: Superposition of measured and original pulse height distribution issued for 238U, and counted by 3” × 3” NaI(Tl) detector. 
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4.4.2. Modelization of  experimental set up: efficiency calibration 

In this phase, the Monte Carlo methods have been applied for detection efficiency 

curves for each modeled sample. In which it used one measurement geometry consisted of 

an identical model of NaI(Tl) detector and cylindrical polythenes beakers. In this context, 

the NaI(Tl) detector was already simulated and validated by standard radioactive sources 

(See, Chapter (2) and (3)). Also, the cylindrical polyethylene beakers were filled with six 

different types of each environmental sample. For routine measurement, the Geant4 code 

was used. Where this simulation yields the detection efficiency values that were defined by 

equation (1.1) (See, Chapter (1)). It should be recalled that the GEB function was included 

in the model to obtain the FWHM realistic response of the sodium iodine spectrometer 

NaI(Tl). 

Six different sets of the simulation were run after the modeling of volumetric source 

definition considering the interesting gamma lines corresponding to 40K (1.46 MeV), 238U 

(1.76 MeV), and 232Th (2.16 MeV). For the modeling of environmental matrixes, it should 

define the finite volume of sample, elemental composition, and density values. This step is 

addressed to the description of measurement geometry. Regarding the chemical 

compositions, the powdered X-Ray Fluorescence technic (XRF) was used for cement, brick, 

gravel, rubber, milk, and wheat samples9. Accordingly, the samples are dry – sieved to 

eliminate any wetness or humidity, and also to assess the homogeneity of the samples. After 

that, the prepared samples are in form of smooth capsules with a dimension of 30 mm in 

diameter, and 5g of weight. Figure 4.10 represents a picture of the prepared environmental 

capsule format used for XRF analyses. Appendix B Table B.1 summarizes the XRF results 

of the studied materials. It was used to report the elemental composition in one single 

parameter called effeZ . This latter’svalues were calculated using the reported equation used 

by [86 – 88]. Table 4.4 lists the density and the effective atomic numbers effeZ
 
of the 

analyzed materials. 

Table 4. 4: Density and effective atomic number of different biological and geological 

samples. 

Sample Cement Brick Gravel Rubber Milk Wheat 

Density 2.08 1.87 2.06 0.7 1.17 1.207 

Zeff 17.66 16.6 15.53 15.97 8.63 7.31 

                                                             
9The XRF analysis was conducted in CRAPC expertise SPA, Bousmaïl, Tipaza, Algeria. 
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Figure 4. 10: Some geological samples prepared for XRF analyses. 

Figure 4.11 shows a 3D visualization of the simulated experimental setup modeled by 

Geant4 code. The polyethylene – filled beaker was vertically deposed above the detector to 

obtain high – efficiency values i.e., approached measurement geometry. It should be 

mentioned that the approached geometry enhances the importance of the summing effect 

phenomena. Hence, there is a necessity to add energetic correction factors in respect to 

activity measurements. Thus, it is recommended to use the Marinelli beaker for augmenting 

detection efficiency values especially for low radioactivity levels. For the same purpose, the 

study of the optimum sample geometry (diameter and height) as density and Zeff functions 

remains very important. 

 

Figure 4. 11: Illustration of the NaI(Tl) model (left) used for Geant4 simulations together 

with an example of photon tracking (right) for the 40K, 238U, and 232Th gamma  ray 

emissions. 

Cement Gravel 

Brick Rubber 

Cement Gravel 
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Figure 4.12 presents the efficiency curves plotted by “Origin Program”. It can be observed 

that the efficiency values are inversely related to gammas energy due to the cross section 

probability of the photoelectric phenomenon. For the same geometry and at selected energy, 

different efficiency values can be observed between two dissimilar samples. It can be 

explained by the effect of the elemental composition and mass fraction of the different 

samples. 
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Figure 4. 12: Efficiency curves obtained by Monte Carlo calculation. 

Beyond 1.46 MeV, another interesting observation can be stated that the effeZ
 
did not 

significantly affect the detection efficiency as it is shown in Table 4.5 and Figure 4.13. 

 

Table 4. 5:  Dependency of effective atomic number to efficiency values 

effeZ   (1460.8keV)  (2614.5keV) 

Milk (8.63) and cement (17.66) 0.03 0.01 

Brick (16.6) and cement (17.66) 0.03 0.2 

 

From the obtained results, the reported values of the examined bottle will be used to 

calculate the activity concentration of the environmental samples. 
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Figure 4. 13: Dependency of efficiency to effective atomic number, density, and energy. 

4.4.3. Application for environmental samples: activity and radiation dosimetry 

4.4.3.1. Activityconcentration 

Figure 4.14 illustrates the activity concentration of the studied environmental sample. 

Obviously, the assessed NORM activity concentrations were varied from 0.10 to 5.37, from 

0.2 to 3.7, and from 404.73 to 1793.25 1. kgBq  for 238U, 232Th, and 40K, respectively. For 

gravel samples, the assessed activity could not be experimentally measured because the 

background level was higher than the emitted radiation from 40K.  

It should be mentioned that the worldwide average of the NORM in construction material 

and the foodstuffs are outlined in the following table (by UNSCEAR): 

Table 4. 6: UNSCEAR limit concentration of 226Ra, 228Ra, and 40K in foodstuff. 

 226Ra (parent 238U)  228Ra (parent 232Th) 40K 

Foodstuff 30 35 400 

Construction materials 82 67 310 

               *The given limits are in Bq.kg-1. 

Figure 4.15 presents that a good correlation of 0.99 ris observed for all 

environmental samples. These results indicate that the secular  equilibrium between 238U and 

232Th daughters’ radionuclides have been attained. 
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Figure 4. 14: Specific activity of 238U, 232Th, and 40K. 
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Table 4.7 shows the range and the average values of the measured activities as well 

as their corresponding uncertainties of 238U, 232Th,  and 40K in powdered environmental 

samples in comparison to previous studies despite different methodologies used around the 

world. Accordingly, it has been recorded the existence of a high value of 40K in order of 

almost 1800 1. kgBq  in the powdered brick. This value is 4 times higher than the 

UNESCEAR worldwide average corresponding to 400 1. kgBq . The measured values of 

232Th and 238U were compatible with similar mentioned studies. In addition,  Table 4.7 

indicates that the measured values of 232Th and 238U in the cement sample were rather 

Figure 4. 15 : Correlation curve between 238U and 232Th. 
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similar to those obtained by M Gullyas (1984) from Hungary [18]. Moreover, the value of 

40K is lower than those calculated by M Gullyas (1984) [18] and O Baykara (2011) [20] 

from Hungary and Turkey, respectively. Based on these disparities, the concentration 

variance can be due to many factors including environmental characteristics (geological 

formation); background radiation level; and Radon concentration; etc. Regarding biological 

samples, the values of 238U and 232Th are in accord with those calculated by T Hosseini from 

France (2006)10, F.L Melquiades from Brazil (2021) [79], I.U Khan  from Pakistan (2020) 

[81], and F Alshahri from Saudi Arabia (2016). The activity concentration of 40K measured 

in the milk sample was double of the measured values of T Hosseini from France (2006), W 

Priharti from Malaysia (2016) [80], S.A  Amin from Iraq (2016) [78], and the UNSCEAR 

limit. The disparities of the specific activities of 238U, 232Th, and 40K in the biological 

samples might be due to agricultural practices; environmental radiation; the geological 

structure of agricultural lands; the utilization of contaminated irrigation water in agriculture; 

consumption of milk of domestic animals consuming contaminated fodder, etc. 

4.4.3.2. Radiological parameters 

4.4.3.2.1. Radium equivalent 

Figure 4.16 presents a graphical representation of the radium equivalent (Req) 

activities. For the geological samples, the values of Raeq is ranged from 0.42, 40.88, to 138.6 

Bq.kg-1for gravel, cement, and brick, respectively, with a mean value of 59.97 Bq.kg-1. 

However, for the biological materials, the values of Raeq is ranged from 32.04 to 66.32 

Bq.kg-1 for wheat and milk, respectively, with a mean value of 49.18 Bq.kg-1. It should be 

mentioned that the measured values did not exceed the permissible safe limit (370 Bq.kg-1). 
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10 The present values was obtained from the analyses of imported foodstuff in Iran. 

Figure 4. 16: Radium equivalent activity in Bq.kg-1of some environmental samples. 
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Sample Country 226Ra (Bq.kg–1) 232Th (Bq.kg–1) 40K (Bq.kg–1) Reference 

Brick  Min Max Min Max Min Max  

Italy (2006) 20 ± 2 110 ± 9 25 ± 2 97 ± 8 160 ± 10  680 ± 60 (Righi, 2006) 

Italy (2015) 41.4 ± 1.5 74.4 ± 1.9 64.9 ± 3.5 87.6 ± 2.4 986.5 ± 3.7 1156.8 ± 12.7  

Iran (2021) 20 39 19 34 167 535 (Imani, 2021) 

China (2020) 45 49 647 (Fei, 2020) 

Present Work 0.1095 0.28126 1793.2517  

Cement  Min Max Min Max Min Max  

Hunguray (1984) 0.6 228 0.6 199 7 709 (Gullyas, 1984) 

Turkey (2011) 2407 207 2493.1 (Oktay, 2021) 

Italy (2015) 41.04 ± 2.4 82.8 ± 2.2 58.6 ± 4.6 67.7 ± 2.6 915.4  ±  12 1033.3  ±  12.7  

Iran (2021) 24 38 11 18 145 312 (Imani, 2021) 

Present Work 0.0981 0.20246 525.83227  

Gravel   Min Max Min Max Min Max  

Greec (2005) 17.8 ± 2.4 66.0 ± 1.0 4.9 ± 0.7 78.8 ± 2.2 1000 ± 13 - (Papastefanou, 2005) 

China (2013) 56.7 90.6 92.2 138.6 324.4 448 (Guang, 2013) 

Egypt (2018) 4.59 6.01 0.89 2.95 12.57 31.6 (Moussa, 2018) 

Iran (2021) 31 81 17 25 243 454 (Imani, 2021) 

Present Work 0.106 0.22191 BDL  

Rubber  Min Max Min Max Min Max  

Iraq (2017) 8.484 ± 3.470 5.102 ± 2.550 337 ± 20.760 (Karar, 2017) 

Present Work 5.3693 3.69427 7.49788  

Milk  Min Max Min Max Min Max  

France (2006) 0.05 ± 0.011 0.142± 0.026 434.1± 13 (Hosseini, 2006) 

Malaysia (2016) 24.8 3.21 7.18 (Priharti, 2016) 

Iraq (2016) – – 203.43 355.88 (Amin, 2016) 

Brazil (2021) – 

– 

<0.5 ± 35.4% 

<0.3 ± 38.22% 

489 ± 2.65% 

475 ± 2.53% 

(Melquiades, 2021) 

Present Work 0.213 0.4342 850.42131  

Wheat  Min Max Min Max Min Max  

Pakistan (2020) 1.075 ± 0.128 11.824 ± 1.031 0.321 ± 0.061 2.153 ± 0.022 39.248 ±  0.081 189.378 ±  1.005 (Ullah Khan, 2020) 

 Saudi 

Arabia 

(2016) 

WF 1.075 ± 3.7 34.6 ± 4.1 8.56 ± 1.7 28.3 ± 3.3 200 ±  15 379 ±  19 

Wb 14.9 ± 3.5 25.7 ± 3.1 10.6 ± 3.2 26.0 ± 3.1 203 ± 26 297 ±  23 

Bb 8.67 ± 1.0 37.3 ± 4.4 6.9 ± 0.8 2.153 ± 0.022 241 ± 19 432  ±  20 

 Present Work 0.4306 0.30823 404.72863  

Table 4. 7: Comparative study between the measured activities of 238U, 232Th, and 40K in different types of samples. 

 

(Alshahri, 2016) 
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4.4.3.2.2. Radiation hazard indexes 

It should be noted that the concept of the internal hazard index  inH  is defined to 

control the internal exposure of radon and its short – life decay products. Also, it is defined 

to evaluate the harmful and the radium effect on respiratory organs. On the other side, the 

 exH  index is used to examine the external exposure of gamma radiations. Whereby, the 

values of 
exH and 

inH  
must be always less than the unit limit. 

For biological materials i.e., milk and wheat, the external hazard index is varied from         

8.8 E–2 to 1.79 E–01, and the internal index is ranged from 8.7 E–2 to 1.8 E–1. For the 

construction materials, the external hazard index is ranged from1.43 E–3 to 3.75 E–1 and the 

internal index is varied from 1.2 E–3 to 3.7 E–1. 

The obtained results confirmed that the radiological and non – radiological risks derived 

from these samples are well below the limit (Figure (4.17)). 
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Figure 4. 17: External and internal hazard indices of analysed sample 

4.4.3.2.3. Absorbed dose in construction materials  

Figure 4.18 illustrates the absorbed doses attributed to gamma radiation in the 

different geological samples. The absorbed doses of gravel, rubber, cement, and brick are 

ranged from 5.02 to 74.99 1. hnGy  with the highest value recorded for the brick sample. The 
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radiological indices indicated that the investigated brick in Blida province, Algeria, is not 

acceptable for life long construction. 

4.4.3.2.4. Annual effective dose due to the external exposing of construction materials 

Figure 4.19 presents the measured annual doses 1. ymSv calculated for a geological sample 

and provided from the annual exposing of primordial radioelements. It should be noted that 

the showed values are calculated for adults. During one year, received radiation of 3.68 E–2, 

1.08 E–2, 2.47 E–3, and9 E–4, mSvare emitted from brick, cement, rubber, and gravel, 

respectively.  
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4.4.3.2.5. Yearly intake of natural radionuclides from the consumption food  (Bq.y-1) 

Figure 4.20 shows the annual intake of NORMs radioactivity via the ingestion of 

wheat and milk samples by algerian population (adult > 17 y). The values of Yintake (%) show 

the greatest value of ~ 96 % of wheat and 3.67 % of milk. In this example, we have 

suppososed that the individual consumption is limited for wheat and milk. Thereford, more 

statistical studies on the yearly intake of natural radionuclides from the consumption of 

foodstuffs for children and adults is suggested. 

 

Figure 4. 18: Annual dose  for 

environnemental sample 

 

Figure 4. 19: Absorbed dose  of 

environmental sample 
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Figure 4. 20: Annual intake of radionuclides in milk and powdered wheat. 

4.4.3.2.6. Annual commited dose received from the foodstuffs: 

Figure 4.21 represents the annual committed dose of wheat and milk samples 

comparing to the UNSCEAR reference limit corresponding t 290 mSv.y-1. In this study, the 

annual committed dose was calculated for the age group > 2 years i.e., the infants less than 

two years are considered to be non – wheat consumers as they are fed on breastfeeding only.  

Firstly, for the wheat sample, the obtained value corresponding to 7.88 µSv.y-1 is very 

greater than the reported UNSCEAR limit. This value can be explained through several 

factors such as the agricultural activities and/or the over – use of fertilizers in agricultural 

soils; contaminated irrigation water; industrial and mines activities; the sample might be 

industrially contaminated and/or mixed with imported wheat; the high rates of the Algerian 

consumption of wheat (~11 MMT per year); anda higher concentration of 40K (850.42 

Bq.kg-1), etc. 

UNSCEAR report (2000, Annex B Table 5) indicates that the high concentration of 

40K is directly related to their natural abundance in soils. At this point, the wheat and/or 

wheat derivers e.g., flour, breakfast cereals, semolina, pasta, etc should be carefully 

consumed.  

Secondly, the analyzed milk powder showsan annual consumption dose of 2.28 E ̶ 5      

µSv.y-1 which is very low than Sarker (2021); Bangladesh milk, and UNSCEAR limit. 
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It is important to highlight that the assessed value, represents the consumption of powdered 

milk samples and not their derivers (cheeses, yogurts, ace creams…etc.) 
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Figure 4. 21: Annual effective dose due to the consumption of milk, powdered wheat and 

compared to Sarker study and UNSCEAR limit11. 

21,78%

78,21%

0,01%

 Milk

 Wheat

 Other consumption food

 

Figure 4. 22:  Distribution of the annual committed dose for investigated powdered milk 

and wheat samples. 

Figure 4.22 presents the annual distribution of committed doses for investigated milk 

and wheat powders. Fractionally, 0.01 % of the annual dose was taken from the ingestion of  

                                                             
11 PW : Present Work 
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40K, 238U, and  232Th series. Therefore,  an individual adult person receives 7.88 µSv per 

year. In the same way, the effective dose due to the consumption of wheat sample was 

estimated at 78.21% while the rest at 21.78 % of the annual consumption food was coming 

from the ingestion of other foods. The given values indicated that the wheat food should be 

carefully consumed, or the annual threshold consumption should be as low as possible. A 

statistical study on the annual threshold consumption for children and adults can be 

presented in the next subsection. 

4.4.3.2.7. Threshold consomption of foodstuffs  

Figure 4.23 shows the annual consumption weight of wheat and milk sampleswas 

estimated at different age groups: children (2 – 7, 7 –12, and 12 – 17 years) and adults ( >17 

years). According to the UNSCEAR threshold, the individual consumption of any foodstuffs 

present always a significant value of intake dose provided from the NORM’s.  

Therefore, radiological health always exists. The results indicate that the individual 

consumers should decrease the annual consumption of wheat where the annual committed 

dose is approximately three times greater than the UNSCEAR limit (290 µSv.y-1). Building 

upon this point, the annual Algerian consumption of wheat should be decreased to less than 

one – third (~ 3 Ton per year) to reduce the radiological health risks. Thus, it means that the 

estimated annual consumption should be less than one-third of 32.7, 50.3, 76.3, and 107 kg 

for children of 2 – 7y, 7–12y, 12–17y, and adults  > 17y, respectively, which are equivalent 

to ~ 22g/day, ~ 46g/day, ~70 g/day, and ~98 g/day, orderly.  

For the powdered milk, the annual threshold consumption was estimated at 16, 25.6, 42.1, 

and 53.4 kg for groups age 2 –7y, 7–12y, 12–17y, and >17y, respectively. Therefore, the 

daily consumption share should be estimated at ~ 44g/day, ~ 70g/day, ~ 115g/day, and           

~ 147g/day for each age group, orderly.Therefore, the reported values for the milk powder 

sample are lower than the results of Sarker (2021). Accordingly, more sample types should 

be called for more significant results including infant milk and different markets, etc. 
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Figure 4. 23:  Annual intake consumption  (kg.y-1) of investigated  environnemental 

samples for different age groups. 

4.5. Conclusion 

This chapter aimed to evaluate the radioactivity level of 238U, 232Th, and 40K in the 

samples of cement, brick, gravel, rubber, wheat, and milk. The evaluation of dosimetric 

parameters was made by combining the unfolding process (for photopeaks area) and Monte 

Carlo calculation (efficiency curves). The results have shown that: 

 Good gaussian shape was observed after the unfolding process for 238Uand 40K. 

Therefore, the net area can be quickly analyzed. However, the unfolding of the 40K area of 

gravel was impossible because that the input data was lower than the detection limit; 

 A combination of NaI(Tl) spectrometer with the unfolding process can solve the poor 

resolution problem; 

 It is observed that the detection efficiency was related to density, energy, and atomic 

effective number; 

 The specific activities of the studied materials compared with other areas around the 

world have shown that the obtained results are comparable to Italy for brick corresponding 

to 40K, Hungary for cement, Egypt for gravel, Iran for rubber, France, Malaysia, and  Iraq 

for Milk, Pakistan, and Saudi Arabia for Wheat; 

 It is observed that the majority of the gamma  emitting had come from 40K; 
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 The radium equivalent average (Raeq), external (Hex), and internal (Hin) indices were 

below the recommended limit; 

 The absorbed doses were within the permissible worldwide average (55 nGy.h-1), 

except the brick sample that had shown a value of 75 nGy.h-1; 

 Annual external exposure of  NORMs emitted from walls is estimated at 3.68 E–2, 

1.08 E–2, 2.47 E–3, 9  E–4 µSv.y-1 of received radiations from brick, cement, rubber, and 

gravel, respectively, where the time of exposure (in offices, home…etc) was chosen at 80 %; 

 The daily consumption share of the milk samplewas estimated at ~ 44 g/day, ~ 70 

g/day, ~ 115 g/day,  and ~ 147 g/day for the children group 2 – 7 y, 7 – 12 y, 12 – 17 y, and 

adults ( >17 y) respectively; 

 The daily consumption of wheat should be equivalent to ~ 22 g/day, ~ 46 g/day,       

~ 70 g/day, and ~ 98 g/day, for age group 2 – 7 y, 7 – 12 y, 12 – 17 y, and ( >17 y) 

respectively; 

 The annual consumption of the wheat sample should be divided into one third where 

the annual committed dose shows ~ 3 × of UNSCEAR limit; 

 The present data are estimated to protect and help the consumers and/or the people 

from exposureto natural radiations. 
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GENERAL CONCLUSION 

 

The main objective of this thesis is the development of laboratory gamma 

spectrometry technic employing NaI(Tl) detector applied for environmental measurements 

(dosimetry). Two main objectives are treated: a) detection efficiency of large samples 

employing Monte Carlo code, and b) solving the poor energy resolution of NaI(Tl) 

spectrometer. The first part required experimental validation of the NaI(Tl) detector 

modelled according to the manufacturer information. Two Monte Carlo codes have been 

used: MC_Gamma and Geant4.  The employed codes are firstly tested by standard gamma 

sources (137Cs and KCl),  and satisfactory results have been presented.  Next, the detection 

efficiency for environmental samples was calculated using the validated code. The chemical 

characteristics as the densities and the elemental composition of different matrixes were 

determined using X-Ray fluorescence technic (XRF). The results show the dependency of 

the elemental composition, density, and energy on the detection efficiency values. The 

simulation results show that the feasibility of the Monte Carlo code for gamma – ray 

interaction requires the use of the detector and source parameters as size, chemical 

parameters, GEB function etc., where the simulator should be careful in data entering. 

Fortunately, the detection efficiency for large or point source, detector response function, 

etc., can be made employing computer code (complexity in experimental and theoretical 

measurements). Further, numerical simulation is necessary for energetic spectrometer 

purposes. 

The next part consisted of solving the overlap spectrum problem. For this purpose, the 

GRAVEL iterative algorithm is used to restore the initial spectrum (interest ROIs regions) 

emitted by the gamma source. It requires the:  construction of the instrument response 

function, outcome spectrum, background radiation level, energy bin width etc. The iterative 

code was examined by a standard gamma source (133Ba). The unfolded window was used to 

calculate the source activity and therefore compared to the certified source activity. The 

unfolding results report the power of the used code on the subtraction of the: background, 

scattered and, secondary radiations issued from the diffusion or escape peaks. The results of 

this part (tested part) offer the validity of the followed methodology for gamma spectra 

unfolding.  For application purposes, the concentration of the 40K, 238U, and 232Th in 

different environmental samples are calculated from the photoelectric regions corresponding 

to 1.46, 1.76, and, 2.61 MeV respectively. It should note that: the expansion time in 
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GRAVEL is less than the experimental measurements and the response function 

construction.  

The end part is interested in radioactivity and dosimetry evaluation. The radium 

equivalent parameter, external and internal indices, absorbed and annual doses, consumption 

dose (for foodstuffs), yearly intake of natural radionuclides from the consumption food, and 

threshold consumption rate are measured.  

From these results, several conclusions can be presented:  firstly, the coupling between 

the unfolding algorithm and the Monte Carlo method can solve the quantification and/or 

qualification of the interest radioactive elements; secondly, the followed methodology can 

also be applied as a routine method (for the same source and detector geometry) especially 

when the gamma spectrometer has poor resolution; thirdly, the radiological parameters can 

be calculated employing the created database. Where the manipulator can easily pass from 

density to mass activity. The purposed code is created according to the laboratory needs. It 

offers a simplified code (in C++ language) for activity measurement in different matrixes.  

From this point, the usefulness of our algorithm is the measurement in the live – time, where 

the bibliographical box contains the experimental and simulated data including the detection 

efficiency curves, density, effective atomic numbers, mathematical equation etc. Therefore, 

the output results reflect the experimental value.   
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PERSPECTIVES 

 

 The obtained values of Zeff can be used in XCom or Geant4 code to calculate the 

linear attenuation coefficient of the sample.Therefore, the mathematical Gauss – Legendre 

equation can be used to calculate the efficiency of large samples. In the same way, the Zeff 

values can be used in MC_Gamma to calculate the detection efficiency at 1.46, 1.74, and 

2.61 MeV. 

 It was very interesting to compare similar results obtained by GRAVEL code with 

other unfolding methodssuch as experimental technic, mathematical calculations, etc. 
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Appendix A Monte Carlo Simulations 

 

 

 

 

 

 

 

 

 

The present Appendix describes numerical Monte Carlo used for detection efficiency 

measurement. In addition, it presents the execution steps for gamma spectra unfolding using 

Gravel code. 
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A.1.Modeling interaction mechanisms 

The process of interaction of the incident history with the target in any Monte Carlo 

program is done by sampling X random number uniformly distributed between 0 and 1. The 

total cross – section and the geometrical path length should be considered. 

If the distance “X” traveled by the incident photon is higher than the thickness L of the 

target, the incident photon will not interact in the active volume of the detector, and it will 

be dead (not counted). Au contraire, if the path length is less than the traveled distance, the 

cross – sections of interactions will be considered. 
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A.2. Monte Carlo simulation codes 

A.2.1. MC_Gamma: photo – peak efficiency measurements 

The matrix compositions, the geometry of the detector and the sample, the distance 

between them must be introduced during MC_Gamma execution. The next example is 

written in MC_Gamma language for efficiency measurement (Figure A.1 and A.2).  

A.2.2.  Geant4: efficiency, attenuation, and response function construction 

The triangular response function of the NaI (Tl) scintillation counter was done using 

the Monte Carlo code based on Geant4 (GEometry ANd Tracking) code (Figrue A.3). The 

physic list used in this study is G4EmStandardPhysicsList. The detector and source 

geometries are structuredusing the Detector Construction class. Or, it should define the 

dimension, orientation, density, material composition of the detector, surrounded materials, 

and the characteristics of the sample. For the incident particle, it should define the type, the 

energy range in Primary Generator Action (electromagnetic). The last step is to define the 

number of primary particles in the Run Action class. The process of interaction and the 

cross – sections of any primary particle are defined in the Physic List class. 
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Figure A. 2: Execution process in MC_Gamma code for KCl large sample 

 

 

 

  

 

 

 

Object     n 1 : Cylinder  

Centre  : (0,0, 0.1) Polythylene beaker 

Dimensions  : (4.72 ,4.72, 4.52)  

Object     n 2 : Cylinder  

Centre  : (0,0, 0.2) KCl sample 

Density  : 50  mass % of  Z= 19 

50 mass % of  Z= 17 

Object is a SOURCE 

 

Object    n 3 :  Bar...(Air)  

Centre  : (0, 0, 0) Air 

Object     n 4 : Cylinder  

Centre  : (0,0, -0.1) Aluminium 

Dimensions  : (3.85, 3.85, 7.7)  

Density 

 

 

 : 2.7 g.cm-3 

100 mass % of  Z= 13 

 

Object     n 5 : Cylinder  

Centre  : (0,0, -0.3) MgO 

Dimensions  : (3.85, 3.85, 7.7)  

Density 

 

 

 

 : 2.0 g.cm-3 

50  mass % of Z= 12 

50 mass % of  Z= 8 

 

Object     n 6 : Cylinder  

Centre  : (0, 0, -0.4) NaI(Tl) 

Dimensions  : (3.81, 3.81, 7.62)  

Z 

Legend 

KCl  

MgO 

NaI(Tl) 

Al 

 

Figure A. 1: Extended source geometry and NaI(Tl) 3” × 3” detector used for 

efficiency measurement. 

0 
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Main() 

My Detector.CC 

G4UserDetectorConstruction 

G4UserDetectorConstruction.cc and .hh 

G4UserPrimaryGeneratorAction 

G4UserPrimaryGeneratorAction.cc and .hh 

G4UserPhysicList 

G4UserPhysicList.cc and .hh 

G4UPrimaryGeneratorMessenger 

G4UPrimaryGeneratorMessenger.cc and .hh 

G4GeneralPhysics 

G4GeneralPhysics.cc and .hh 

G4URunAction 

G4URunAction.cc and .hh 

G4UEMPhysics 

G4UEMPhysics.cc and .hh 

G4URunActionMessenger 

G4URunAction.cc and .hh 

G4UEMPhysics 

G4UEMPhysics.cc and .hh 

G4URunRecord 

G4URunRecord.cc and .hh 

G4UHadronhysics 

G4UHadronPhysics.cc and .hh 

G4UEventAction 

G4UEventAction.cc and .hh 

G4UMuonPhysics 

G4UMuonPhysics.cc and .hh 

G4UserSteppingAction 

G4UserSteppingAction.cc and .hh 

G4UIonPhysics 

G4UIonPhysics.cc and .hh 

G4VisManager 

G4UVisManager.cc and .hh 

 

Figure A. 3: Geant4 diagramm. By CERN, Geant4. 

 

A.2.3.   XCom and Geant4: Self-absorption measurements 

A.2.3.1.  XCom 

Open access to the open database called XCom adapted to the mass attenuation 

coefficient for any energy range and any type of target (mixture, compound, or element) is 
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presented. The particle cross – sections are introduced in XCom program. The output file 

contains the total attenuation coefficient as energy function (in a table and figure format). 

A.2.3.2 Geant4 

In Figure A.4, I0 and I are the incidents and the transmitter number of photons 

traversed at X thickness. 

  

a. Without target (I0) b. With target (I) 

Figure A. 4: 3D visualization of experimental set-up simulated for linear attenuation 

measurement using Geant4 code. 

 

Figure A. 5: Experimental setup. 

A.2.4 GRAVEL: unfolding algorithm 

The description given in Matzke reference for computing HEPROW code enables the 

user to construct any input file easily in HEPROW format. In this thesis, only the next 

classes were used for spectra unfolding, by priority order. From the same reference, the 

original (deconvolve) spectrum is: 

NaI(Tl) 3" × 3" 

  Target 

Collimators 
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Or the incident gamma spectrum is given by: 

  i

i

iki

i

ikk ZRZR lnexp   

In the next equation, TAYLOR series at second term is introduced: 
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During GRAVEL running, the iteration procedure stopped for the minimum value of the 

covariance matrix 2 (minimum value of uncertainty). The value of 2  per degree of 

freedom is defined as:  
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It should be noted that a very good solution 1
2


n



 
should be considered as consistent. So, if

n

2

 
is almost 1, the iteration is convergent.   

UMSPHW Transformation of the measured pulse – height of the radioactive source and 

the background in HEPROW format “extension .phs”.The objective is to have 

the same energy structures for two input files. The energy calibration, XI0 

channel number related to energy 0, the bin width “EKA” in MeV, counting 

time, number of pulse in each channel “UNS”, number of channels, dead time 

“Tcorr” and the name of input “extension .PH” and file are needed. 

OPERAW Applied for the subtraction of background from measured spectrum. The input 

files have the same energy and MODE parameter (0 for point value F(i), 1 for 

average value ie F(i) and, 2 for σ(i)  group value (MC and multichannel 

values), 3 for group value per unit of lethargy. The input file must be in 

HEPROW format “extension phs”. The resulting file is a single input pulse 

height file without background. The name of the output data file is 

“OPR_1.phs”.  

RSPGW The ideal response function R is continuing only in a single file. The Gaussian 

energy bordering or the FWHM must be introduced. 

GRAVEL Unfolding program applied for particle spectra in selected energy range.    

Figure A. 6: Steps of unfolding gamma spectra using GRAVEL code. 
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Figure A. 7: Execution process for inversing matrix. The input data file is ORIGINAL.RSP 

N=60 //degree of precision 

PI=3.14 // п value 

A=2 // distance between the detector and the scal of cylindrical counter  

B=12 // distance between the detector and the top of cylindrical counter 

ALFA=0.5*(B-A)// parameters of Chebychev transformation 

BETA=0.5*(B+A)//parameters of Chebychev transformation 

S=0 

Do     H=1*K 

Z(K)= cos((PI*float(2*k+1))/(2*(N+1))//the transformation function 

COF=sqrt(1- Z(K)* Z(K)) 

S=S+ COF*eps(Z(K)) 

Continue 

S=(ALFA*PI)/(float(N+1))// effciency values 

Stop 

End 

Output file: R-1(E0, E) 

Energy and FWHM 

Unfolding Energy interval 

Bin width of pulse 

height spectrum 

Gaussien distribution 

Bin width of simulated 

response function 

Execution processes stop 

following the R(E0, E) 

broadening 

Figure A. 8: MATLAB language for efficiency measurement (Gasse – Legendre method). 
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Appendix B Effective Atomic Number 

 

 

 

 

 

The detector model and the gamma-ray source must be introducedfor efficiency calibration 

using either MC_Gamma or Geant4 codes. To facilitate the definition of source geometry, a 

single quantity called Zeff (of atoms not for charges) can be used as a single parameter to 

calculate the gamma-ray efficiency at chosen energies. 
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B.1.     Effective atomic number calculation 

The following equations were used in this study for Zeffcalculation: 
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iieffe ZZ   

Zithe atomic number, Aimasse number and Wi mass fraction of i element. 

B.2. Application 

For environmental materials, the elemental composition is presented in the next table. As 

any environmental matrix, the oxides as SiO2, CO2, MgO, Al2O3, MnO, Na2O, P2O5, SO3, 

K2O, CaO, TiO2, Cr2O3, Fe2O3, NiO, ZnO, Rb2O, SrO, Y2O3, ZrO2, and Nb2O5 in the 

selected matrix are found.  

Table B. 1: Elemental composition in mol fraction (Wi (%)) of environmental sample. 

Code B01 B02 Ci01 L01 G01 B03 

B2O3 - 1.1907 1.5551 - - - 

CO2 98.3241 55.1987 40.7576 97.0258 58.8993 14.5546 

Na2O 0.0094 0.1248 0.0883 0.1372 - 0.5902 

MgO 0.1514 0.774 1.2411 0.0578 1.0416 2.5093 

Al2O3 0.0077 2.0961 2.9327 - 0.2071 11.8756 

SO3 0.1867 0.3746 - 0.2449 0.03 3.3987 

SiO2 0.0253 11.8103 11.3851 0.0033 0.7579 50.4724 

P2O5 0.5644 0.0356 0.0695 0.7596 0.0104 0.1828 

K2O 0.3223 0.2824 0.485 0.6289 0.0211 1.6602 

CaO 0.0392 27.2902 37.8041 0.4565 38.931 9.6602 

TiO2 - 0.0609 0.1316 - - 0.5517 

Cr2O3 - 0.007 0.0039 - - 0.0258 

MnO 0.0019 0.019 0.022 - - 0.0334 

Fe2O3 0.0029 0.699 1.487 - 0.0746 4.3309 

NiO 0.0004 0.0016 0.0039 - - 0.0044 

CuO 0.0005 - - - - - 

ZnO 0.0024 0.0026 0.0028 0.0016 0.003 0.0088 

Rb2O - 0.0008 0.0013 0.0009 - 0.0075 

SrO - 0.0154 0.0488 - 0.0158 0.0396 

ZrO2 - 0.0027 0.0042 - - 0.0166 

Nb2O5 - - - - - 0.0023 

Y2O3 - - - - - 0.0023 
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CONSTRUCTION ALGORITHM FOR ENVIRONMENTAL 

RADIOELEMENTS ANALYSES IN GAMMA SPECTROMETRY 

TECHNIQUE 

Step 1: 

Global Monte Carlo simulation                                               Data base 

 

 

 

 

 

Step 2: 

Deconvolution process                                                   GRAVEL (data base) 

 

 

 

 

 

 

 

Step 3: 

Activity measurement                                                               Database 

Step 3: 

 

 

 

 

 

 

 

Experimental data: 

 Elemental composition 

 Density of sample 

 Energy of incident 

particle 

 Ndet 

Experimental data: 

 Detectedcounts 

 Background 

 Counting time 

 FWHM (GEB function) 

 Distribution type 

 E=f(C) 

 Dead time 

Convoluted spectrum and(R-1(E0,E)) 

 

Efficiency curves as energy, Zeff 

and density functions.  

Experimental data: 

 Density of sample 

 Incident particleenergy 

 Sample weight in kg 

 Gamma intensity 

 Efficiency values 

 Deconvoluted spectrum 

 
   IEF

r
kgBqA

...
. 1




 

GammaSpectrum 
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Dosimetry evaluation  
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DOSIMETRY ORGANIGRAMM 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chemical parameter 

Density Zeff 

XCom 

μ(cm-1) 

MCGamma 

Transmission method 

Gauss-Legendre 

Detection efficiency 

Gamma 

spectrometrymeasurements 

Calibrated measured spectrum Φ(E) 

Activity (in Bq.kg-1) 

Radiological protection 

Sample preparation 

Calibration 

FWHM 

Geant4 model  

Convolution 

Response functionR(E0, E) 

 

Deconvoluted spectrum  Z(E) 

Dosimetry evaluation (in mSv.y-1) 

 

Geant4 
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