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ABSTRACT 

The main objective of this study is to determine efficacy of aluminium, copper, and lead in suppressing 

gamma-rays transmission, scattering, and backscattering. The research was carried out using ceasium (Cs-

137) which emits gamma-rays with energy 0.662 MeV as the source of radiation and Sodium Iodide (NaI) 

detector as experiment materials. The same experiment was modeled and simulated using FLUKA Monte 

Carlo codes. It was clearly shown that in the experiment, the thick material thickness increases with 

decreasing photopeak while simulation showed that material thickness increases with decreasing count 

rate. Therefore, both experiment and simulation results were compared and it was revealed that 

aluminium is more efficient, followed by copper, and then aluminium.  

Keywords: FLUKA, Photopeak, count rate, backscattering, NaI detector. 

 

INTRODUCTION 

Radiation protection refers to the measures undertaken to protect people from the harmful consequences 

of ionising radiation (IAEA 2006). Therefore, effective techniques for protection are required, especially 

in industrial, research, and medical fields. Human exposure to ionising radiation leads to dose absorption 

that consequently results in deterministic or stochastic effect as functions of dose level.  However, it has 

been a normal practice that when designing and constructing most of the radiation production vaults, such 

radiations as neutron, proton, heavy ions, gamma rays, and x-rays, need to be effectively shielded. The 

shielding materials are selected so that photoelectric effect and pair-production cross-section will 

dominate the radiation interaction with matters. On the other hand, radiation scattering is mostly 

neglected, but the dose contribution to the total dose due to scattering is significant and needs to be 

addressed. 

It is highly imperative to determine the efficiency of some materials with respect to reduction of photon 

scattered dose. In this process, the effects of atomic number, density, and photon energy on penetration 

and scattering will be studied. According to (IRR 1999), the attenuation mechanisms for slowing down 

the photons are dependent on the atomic number, thickness and density of the shielding materials as well 

as the photon energy. At about 1 MeV incident photon energy, Compton scattering is the most dominant 

interaction across almost all atomic number (Z) (Alpen 1997). The cross-section of Compton scattering is 

related to the atomic number of the absorbing medium in direct proportion since the probability of 

scattering interaction per atom of the medium is dependent on the number of electrons. At the same time, 

the cross-section is inversely proportional to the energy of the incident photon given by  

   [1] 
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Moreover, Knoll (2010) further pointed that since all angles of scattering are likely, the energy 

transferred to the recoil electron varies from zero to a considerable portion of the incident photon 

energy depending on the angle. The phenomenon of scattering was first discovered by  Arthur 

Compton in 1922, he carried out the first study of photon-electron scattering according to which 

an incident photon of energy  interacts with a stationary electron of the absorbing 

material by transferring a portion of its energy to the electron (Podgorsak 2010). Subsequently, 

the photon changes direction and moves with an energy  at an angle θs from the original 

direction of the incident photon. On the other hand, the portion of the energy transferred to the 

recoil electron causes it to move at an angle θe with a kinetic energy Ek whose magnitude is equal 

to the difference between the energy of the incident and the scattered photon (Faw and Shultis 

2003) and (Podgorsak 2010).  

    [2] 

And the scattered photon energy is given by 

   [3] 

Where E and E’ are incident and scattered photon energies respectively, and moc
2 is the electron    rest 

mass. This relation implies that a small energy loss causes a significant photon deflection (Aruldhas and 

Rajagopal 2005). A photon of 0.511 MeV which loses 10% of its energy in Compton interaction, scatters 

at an angle greater than 25o. 

 

Figure 1 : The schematic diagram of Compton scattering 

 

Production of gamma-rays 

Many radioactive substances emit gamma rays (γ-rays) by process of radioactive decomposition or 

nuclear reaction with varying energies depending of the source substance. Co-60, Ba-133, and Cs-137, 

through these processes, emit γ-rays of different energies. By virtue of their respective energy, each 

radioactive substance can be identified through its peculiar energy (L’Annunziata, M. F, 2003). The 

emissions of γ-rays by some radioactive substances are shown below: 

   [4] 

       [5] 

This implies that any spectrum obtained from radioactive source having two visible peaks with 

energies 1.17MeV and 1.33Mev, that substance is definitely Co-60. Usually, γ-rays interact with 

matter by absorption, transmission and scattering (Collins, E. D., & Ottinger, C. L., 2003). 
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An incident γ-ray scatters on an electron giving part of its energy and momentum to the electron 

which is dependent on the scattering angle θ. The maximum energy transferred to the scattered 

electron is for θ = π known as Compton edge, and minimum for θ = 0 known as energy tail, and 

is given by the relation: 

       [6] 

Where Eγ is the energy of the incoming γ-ray. 

At θ = 180o (maximum angle) and, ,  . Thus, the maximum energy of the scattered 

electron is half of the energy of the incident photon and the total cross section is directly proportional to 

Z. 

 

FLUKA Monte Carlo Codes 

FLUKA is an integrated package for simulating particles and nuclei interaction with matter based on the 

Monte Carlo models. It is applied in a wide varieties of area such as:  radiation protection, radiotherapy, 

and dosimetry among others (Ferrari et al. 2005). Monte Carlo is a massive repository for computational 

algorithms which evaluates outputs by using iterative random sampling. The Monte Carlo models are 

applied in evaluating mathematical and physical phenomena especially in events where mathematical 

methods are limited. Monte Carlo solves both simple and complex phenomena which especially require 

probabilistic analysis (Binder 1997). There are various established MC codes that are efficient for 

modelling and simulation. One of the most efficient and robust code is FLUKA code which is developed 

to execute the MC methods. It is applied to model and simulate with superior accuracy the interactions 

and transport of particles and photons in different materials, behavior of magnetic force in different 

materials, as well as all other physical experiments. Other MC codes are MCNP and Geant4 which are 

also efficient enough. However, the choice of codes depends upon the user’s requirements and choice.  

 

Radiation Shielding 

Radiation shielding has always been a paramount aspect of radiation physics as it is highly pertinent in 

radiotherapy, nuclear medicine, nuclear reactor facilities and particle accelerator vaults among others 

(NCRP, 1977). Ionizing radiations such as gamma rays and x-rays are basically shielded by materials of 

high atomic number and high density with appropriate thickness. The shielding capacity is measured by 

the required thickness to reduce the photon intensity by half of its original value normally referred to as 

half value layer (HVL) (Kaplan, 1989). In shielding computation, the study is more focused on the 

thickness of the shielding material, and most importantly, the minimum thickness that is required to give 

maximum shielding of the emitting radiation from the source. The idea of HVL paves way for the 

determination of the appropriate thickness for protection of radiation from a given source (Nwosu, O. B, 

2015). In this study, we put Aluminum, Lead, and copper to test. These metals, Al, Pb, Cu, have constant 

densities of 2.7gcm-3, 11.34 gcm-3, 8.96 gcm-3 respectively.  

Furthermore, the transmission of photon through matter is determined by the linear attenuation coefficient 

which is the probability that a photon interacts by one or the other process per unit length (Turner, J. E, 

2018). The linear attenuation coefficient (μ) of Aluminum at the energy of Ceasium (0.662 MeV) is 0.21s-

1, for Lead, it is 1.29s-1 and for copper, it is 1.67s-1  

 (Hubbell and Seltzer, 1995; Etherington, 1958). Throughout this study, the source intensity (Io) is 

maintained constant and the parameter of interest is the thickness of any of these metals that is capable of 

attenuating the source intensity to half its initial value.  
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RESEARCH METHODS 

Calibration of NaI Detector 

The detector (NaI) was connected to the output monitor and the γ-rays source (Co-60) was placed at a 

short distance from the surface of the detector as shown in figure II. The spectrum and the channel 

number were recorded. This experiment was repeated for Cs-137, Ba-133, and Cd-109. The results were 

recorded and plotted to calibrate the NaI detector since the sources used have known standard energies. 

 
Figure II: Source of γ-rays at a distance d from NaI detector 

 

Experiments with NaI Detector 

After calibrating the NaI detector, Cs-137 was placed at the same point and the count rate was recorded. 

Since there is nothing between the detector and the source, it is considered as 0.0 cm of the metal 

absorber. Then, a plate of aluminum of thickness 0.6cm was placed between the source (Cs-137) and the 

detector as shown in figure III. The count rate was also recorded and the plate was replaced with 1.2 cm 

and 1.8cm aluminum. This experiment was repeated with copper plates and lead plates having the same 

thicknesses as the aluminum plates. For each metal plate, the corresponding count rate was recorded in 

table II and plotted in figure IV. 

 
Figure III: A metal place between γ-rays emitter and NaI detector 
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Validation of FLUKA MC Codes with Co-60 Energy 

The computation of percentage-depth dose was carried out using FLUKA codes. The sagacity of this task 

is to measure, assess, and compare the results with measured and standard data. If the computed 

percentage doses deposited at depths correspond to the standard and measured data, the FLUKA code is 

assumed to be reliable, and henceforth all results will be trustworthy. The simulation considered the 

protocol of IAEA TRS-398, the set up was also experimentally used by Memon et al 2015 for measuring 

Co-60 depth-dose and comparing with BJR 25 data (Memon et al. 2015, Andreo et al. 2000). 

For the simulation, a parallelepiped water phantom of dimension 30x30x20cm was created, and a series 

of smaller and same size (1x1x0.1cm) parallelepiped water detectors were placed inside the bigger water 

phantom for scoring doses at various depths. Water was chosen as detector material as recommended by 

Aukett et al in IPEMB code of practice (Aukett et al. 1996). A conical photon beam of radius 5.65cm was 

used to irradiate the surface of the phantom giving an equivalent square of 10x10 cm beam field. The 

SSD is kept 80 cm for Co-60 measurement, the first detector is placed at the depth of 0.5 cm, and the 

second is placed at 1 cm depth inside the phantom while each of the subsequent detectors is placed at the 

next 1 cm deeper. The MC simulation was run 5 times for a 106 photon histories. 

Monte Carlo Simulation 

The experimental set up in figure III has been modeled using FLUKA Monte Carlo codes. This was 

modeled and, the simulation was run in order to compute the gamma-rays peak intensity after passing 

through aluminium, copper and lead sheets of various thicknesses. The gamma-rays source was assigned 

the energy of Cs-137 (0.662 MeV) and, for the simulation of the detector, a parallelepiped water phantom 

of dimension 30x30x20cm was created. Each metal sheet and its various thicknesses as in the experiment 

was simulated and placed between the gamma-ray source and the water phantom. The MC simulation was 

run 5 times for a 106 photon histories. 

 

RESULTS AND DISCUSSIONS 

Calibration of NaI Detector 

The standard energies for the radionuclides are given in table I below and their corresponding photopeaks 

obtained in the experiments have also been presented. The conformity indicates that the NaI detector 

gives accurate results and worthy enough to carry on with the experiments. It also confirms that the 

experiment results to be obtained can be trusted. 

Table I: Calibration of NaI detector by recording channel number and corresponding photopeaks for 

each radionuclide 

NUCLIDE CHANNEL NUMBERS PHOTOPEAKS (Kev) 

Co-60 3814 1173.228 

Co-60 4325 1332.492 

Cs-137 2179 661.657 

Ba-133 1326 383.8485 

Cd-109 332 88.0336 

 

Experimental Results 

The count rates for aluminium, copper and lead using various thicknesses of each metal sheet have been 

presented in table II and the graph is plotted in figure IV. The zero thickness means no metal sheet is 

placed between the source of radiation and the NaI detector. It is clear from the data presented in the table 

that count rate decreases with increasing metal thickness. 
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Table II: Count rate for Aluminium, Copper, and Lead metals at various thickness 

ALUMINIUM COPPER LEAD 

Thickness 

(cm) 

Count Rate 

(Hz) 

Thickness 

(cm) 

Count Rate 

(Hz) 

Thickness 

(cm) 

Count Rate 

(Hz) 

0.0 73.3 0.0 73.3 0.0 73.3 

0.6 66.6 0.6 52.1 0.2 66.6 

1.2 57.5 1.2 33.5 0.4 57.5 

1.8 52.2 1.8 20.5 0.6 52.2 

 

The comparison of the attenuation capacity of each metal has been plotted in figure IV. It is apparent that 

with increasing metal thickness, the count rate falls indicating that the penetration of radiation through 

metals reduces with increasing thickness. At the same time, the graph reveals that lead attenuates 

radiation comparatively more efficiently, then copper and lastly, the aluminium. 

  

 
Figure IV: A graph of count rate against thickness for Aluminium, Copper and Lead metal 

 

Validation of Monte Carlo Codes 

Validation of MC code is done by considering percentage depth dose (PDD) to ensure that the codes are 

trustworthy for further modelling and simulation. Thus, the manner in which photon dose is distributed as 

it traverses a medium can be studied by the amount of its reduction relative to the initial intensity (Memon 

2015). The fall of beam intensity on entering a material can be attributed to beam attenuation (Buzdar, 

2009). In order to study this behaviour, the PDD was computed by MC FLUKA and compared with BJR 

25 and measurement by Memon 2015. This comparison was shown in table 6.1. Using equation 5.1, 

percentage depth-dose at 0.5, 1.0, 2.0 up to 10 cm was calculated and compared with the depth dose data 

published by BJR 25. The maximum dose was observed at the depth of 0.5cm which corresponds with the 

BJR 25 data and the measured data by Memon 2015 as shown in table 6.1. The percentage dose falls 

almost exponentially with depth and the maximum statistical error of 2.08% was observed at the depth of 

1.0 cm. However, for the measured data, the maximum error is 1.55% also observed at the depth of 

1.0cm.  
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Table III: Comparing measured data, BJR25 data, and FLUKA data for validation of FLUKA codes 

DEPTH BJR25 MEASURED 

ERROR 

(%) BJR25 FLUKA 

ERROR 

(%) 

0.5 100 100 1.0 100 100 1.0 

1 98.1 96.6 1.55 98.1 96.1 2.08 

2 93.3 92.4 0.97 93.3 90.6 1.30 

3 88.3 87.6 0.79 88.3 86.7 1.85 

4 83.4 82.6 0.96 83.4 82.5 1.09 

 

The comparison of PDD is graphically represented in figure V. It is explicitly shown that, as the depth 

increases, the percentage depth-dose decreases for BJR25, measurement, and FLUKA calculation. As a 

result of conformity between the data shown in table III and the curves shown in figure V, the reliability 

of FLUKA is assumed to be valid at photon energy similar to the average energy of Co-60 beam (1.25 

MeV). 

 

 
Figure V: A graph comparing measured data, BJR25 data, and FLUKA data for validation of FLUKA 

codes 

 

Monte Carlo Simulation Results 

In the case of MC simulation, the peak intensity for each thickness has been retrieved and recorded in 

table IV. For each metal, the peak intensity reduces as the thickness increased. This shows that photon 

energy is transferred to the absorber with increasing thickness. 
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Table IV: Peak intensity for Aluminium, Copper, and Lead metals at various thickness using Monte 

Carlo codes 

ALUMINIUM COPPER LEAD 

Thickness 

(cm) 

Peak Intensity 

(Hz) 

Thickness 

(cm) 

Peak Intensity 

(Hz) 

Thickness 

(cm) 

Peak Intensity 

(Hz) 

0.0 2.7×10-2 0.0 2.4×10-2 0.0 2.2×10-2 

0.6 2.3×10-2 0.6 2.0×10-2 0.2 1.8×10-2 

1.2 1.9×10-2 1.2 1.5×10-2 0.4 1.5×10-2 

1.8 1.5×10-2 1.8 1.2×10-2 0.6 1.2×10-2 

 

It is apparent from figure VI below that increasing the thickness of shielding materials decreases the peak 

intensity after transmission. This clearly reveals that lead is more effective, then copper and lastly, 

aluminium in attenuating gamma rays. 

 
Figure VI: A graph of peak intensity against thickness for Aluminium, Copper and Lead metal 

 

The results obtained from the experiment and that of the MC simulation have shown conformity. Since 

equation [1] has shown that the scattering cross-section and that of absorption increase with atomic 

number and of the shielding material, this implies that lead is more efficient in suppressing both radiation 

penetration and backscattering. In this work, lead is followed by copper then aluminium. This work is 

suggesting the placement of the NaI detector at certain angles on the same side with the gamma rays 

source instead of placing the metal sheets between them. This will ensure the direct measurements of 

backscattered radiation. 

 

CONCLUSION 

This study is aimed at investigating the effectiveness of aluminium, copper, and lead in shielding. The 

study considers atomic number, thickness, photon energy and density as the variables. Incident energy as 

shown in equation [3] is related the scattering angle in direct proportion and thus scattering and 

backscattering are dependent on photon energy, density, atomic number, and material thickness.  
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